
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proceedings 



  
Dear, all distinguished participants of Asia Lighting Conference 2023. On behalf of the IEIJ, 
it’s my great pleasure to extend my sincere greetings and gratitude to all of you. 
 
As the effects of covid-19 infections are still lingering, the ALC2023 is being held in both a 
face-to-face and online environment after careful consideration by the committee members. I 
am very pleased to be able to resume face-to-face meetings, even if it is limited for some of the 
participants. I hope that academic exchanges in a face-to-face environment will have a strong 
and constructive impact on young participants. In ALC2023, academic exchanges in an online 
environment complement face-to-face exchanges. As for academic exchange in an online 
environment, we have had two successful online conferences, ‘ALC2021 Forum’ and ALC2022, 
organized by the Chinese ALC committee. I would like to express my deep gratitude to the 
Chinese ALC committee for successfully organizing the two conferences under difficult 
circumstances. 
 
Let me briefly introduce ourselves. The IEIJ is based on the tradition of 107 years since its 
foundation in 1916. Now we have positioned the following three points as the most significant 
principles for our activities. 

1. Promoting the presentation of academic research and revitalizing academic activities 
through human exchanges among researchers, engineers, and practitioners. 

2. Promoting the use of digital technology. 
3. Stabilization of the financial balance on the basis of an appropriate budget plan. 

The activities of the ALC are in accordance with these principles. 
 
We are connected to each other on a single earth. With everyone here, I’d like to contribute to 
the growth of the lighting industry in Asia as well as academic activities. 
 
Finally, I’d like to express my sincere appreciation to all the participants, the members of the 
International Organizing Committee, the Local Organizing Committee, and the supporting staff 
of IEIJ for their outstanding efforts to support this wonderful ALC2023.  

Furusho Masao 
The President of the Illuminating Engineering Institute 
of Japan 



 

 
Dear ALC colleagues, who love lighting design and engineering. 
 
It has been four years since the 12th Asia Lighting Conference (ALC2019) was held in Daegu. 
After the conference, we were attacked by the Covid-19 pandemic, which severely restricted 
our academic activities and daily lives.  
 
ALC2020, which was to be held in Beijing, was postponed due to the effects of the pandemic. 
Although we were unable to hold the formal conference in the year 2021, the warm-up activity, 
‘ALC2021 Forum’, was held in an online environment and we were able to restart academic 
exchanges thanks to the excellent efforts of Chinese colleagues. And in the year 2022, with the 
strong will and dedication of Chinese colleagues, the official ALC, the 13th Asia Lighting 
Conference, was resumed in an online environment. 
 
The ALC committee in Japan had a long and deep discussion about how to organize the 
conference. The decision to include face-to-face participation was a bit of a gamble. Fortunately, 
we won our bet and much more people than expected will be able to join ALC2023 in person. 
 
When we held ALC2018 in Kobe, despite the accident at Kansai airport, Chinese and Korean 
colleagues overcame difficulties to participate in the conference. The first face-to-face 
participation after the Covid-19 pandemic will also be a participation in the midst of many 
difficulties and anxieties. We are deeply grateful to those who will be attending in person under 
these circumstances, and to those who will be contributing academically to the ALC even if 
they will participate in an online environment. 
 
I am looking forward to seeing you in Tokyo. 

Hirotaka Suzuki 
The Chair of ALC2023 
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THE EFFECTS OF DAYLIGHT CHANGES IN APARTMENT 
BUILDING ON PSYCHOPHYSIOLOGICAL ASPECTS OF 

RESIDENTS
Emi Murayama1, Jaeyoung Heo1, Hiroko Kubo2, Shinji Yoshida1

(Residential Architecture and Environmental Science, Nara Women’s University, Nara, Japan1

Faculty of Engineering, Nara Women’s University, Nara, Japan2)

ABSTRACT 
It has been pointed out that, despite the fact that the amount of sunlight is secured by the 

Building Standards Law in Japan, sufficient sunlight is not ensured. In addition, in commercial 
areas, where no regulations are established to ensure the amount of sunlight, residential 
construction is permitted, and because of the convenience of that districts, residential buildings 
are often built, resulting in a situation where residential buildings are intermingled with commercial 
facilities. However, as a result, there are many voices pointing out the sunlight blockage even in 
unregulated districts, and it can be said that the sunlight problem is often pointed out from a 
composite perspective. However, the impact of sunlight blockage has not been clarified from 
several perspectives. Therefore, this study conducted experiments to analyze the changes in the 
residential environment caused by sunlight blockage from an apartment building on the land to 
the south and its effects on residents from the subject apartment building in terms of 
psychological, physiological, and physical quantities. As the result of the experiment, it is clarified 
that blockage of sunlight caused by a proximate building led the significant decrease in 
illuminance. In addition, the results of impression evaluation showed that the impressions of the 
residential environment decreased, confirming that the change in the residential environment has 
a significant impact on the psychological aspects of the residents.

Keywords: Daylight, Apartment Building, Impression Evaluation, Illuminance, Commercial District

1. INTRODUCTION
In Japan, buildings are regulated by the Building Standards Law to ensure sunlight. However,

the fact that buildings are built within the scope of the law does not necessarily mean that the 
surrounding residential environment and residents are unaffected, and this has been long 
discussed [1]. Even more, there are some districts from which these regulations ensuring sunlight 
are exempted. One of them is commercial districts. Commercial districts are the districts 
designated to promote the convenience of commerce and other businesses. However, there are 
no restrictions on the construction of residences, and houses and apartment houses can be built 
in commercial districts. Because of the convenience of the commercial districts, houses and 
apartment houses are often mixed in with commercial facilities, etc. [2] As a result, sunlight 
problems have long been pointed out from various aspects.

Ensuring the amount of sunlight is considered to have an indirect effect on improving the 
residential environment in terms of lighting, ventilation, privacy, etc., and sunlight is regarded as a 
comprehensive indicator [3]. On the other hand, the impact on the psychological and physiological 
aspects and lifestyles associated with changes in the residential environment caused by 
surrounding buildings blocking sunlight has not been fully clarified. In this study, we investigate 
the effects of daylight changes on residents and residential environment from the combined 
perspectives of psychological, physiological, and physical quantities.

2. METHOD
The experiment in this study was conducted on a seven-story apartment building. An eight-

story apartment building was under construction on the adjacent land to the south side of the 
subject apartment building, and this study was conducted in parallel for one year from the early 
stage of its construction in spring (April-May), summer (July-August), and winter (December) of 
2022, and in spring (March) of 2023. The duration of each experiment was one week, and twenty 
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residents from subject apartment building participated in this experiment. They were divided into 
groups of ten participants for one week each. The schedule is shown in Table 1.

In the experiment, twenty participants were asked to complete seven questionnaires and a 
Stroop test to measure psychological quantities. Moreover, they were asked to wear activity 
meters and record their heart rate to measure physiological quantities, such as sleep variability 
and blood pressure. In addition to that, illuminance, temperature, and humidity were measured in 
the rooms of participants’ apartments and recorded at two-minute intervals for each one week. 
Besides, noise of the construction was measured during Stroop test. Psychological quantities 
were measured through two questionnaires with all sixty-nine apartments as well. 

We report results of the impression evaluation of residential environment, and the illuminance 
measurement in this paper.

Table 1. Schedule of the Experiment

2.1 Impression Evaluation
The impression evaluation of the residential environment was conducted to all sixty-nine 

apartments (response rate: 75%). The residents were asked to evaluate impressions of their 
residential environment using the semantic differential method on a scale of one-five based on 
pairs of opposing adjectives consisting of 20 items (Table 2).

Table 2. Items of the Impression Evaluation

1st (Spring) 2nd (Summer) 3rd (Winter) 4th (Spring)

date 2022/4/14~4/21, 
4/24~5/1

2022/7/23~30, 
8/2~9

2022/12/9~16,

12/18~23
2023/3/9~16, 

3/18~25

Evaluation Scale
Dark :1 5: Bright

Unpleasant :1 5: Pleasant
Anxious :1 5: Safety
Closed :1 5: Opened

Stiff :1 5: Soft
Chilly :1 5: Mild

Listless :1 5: Energetic
Unusual :1 5: Usual

Tense :1 5: Relaxing
Gloomy :1 5: Cheerful

Unrefined :1 5: Refined
Dewy :1 5: Lively
Cool :1 5: Warm
Plain :1 5: Colorful

Unclear :1 5: Refreshing
Boring :1 5: Delightful

Unfamiliar :1 5: Familiar
Unshowy :1 5: Showy

Glare :1 5: Low Glare
Dislike :1 5: Like
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2.2 Illuminance Measurement
Illuminance meters (RS-13L, Espec Mic Corp.) were set up in the one of the two rooms facing 

the balconies that were used most frequently in the apartments of twenty participants, and the 
illuminance was measured and recorded at two-minute intervals for each one week.

3. RESULTS

3.1 Impression Evaluation
The results of the impression evaluation were analysed for each direction of apartments 

classified as south, east, and west, and for each floor level. Of the sixty-nine apartments in this 
apartment building, forty-five apartments face south, twelve apartments each face east and west. 
As the results of evaluation in each direction, the evaluation of south side showed a tendency to 
decline with each passing experiment. On the other hand, no significant changes were observed 
on the east and west sides throughout the whole experiments (Figure 1). Although the changes in 
evaluation could be due to seasonal and weather effects, the fact that the evaluation of the east 
and west sides, which are not affected by the construction, did not change suggests that the 
changes in evaluation of the south side is due to the environmental changes caused by the 
construction. The process of the construction is show in Table 3.

In addition, in the evaluation by floor level, there was a tendency for the evaluation of each 
floor on the south side to decline as the construction progressed. The evaluation on the lower 
floor (first-second floor) declined significantly from summer (Figure2), while middle floor (third-fifth 
floors) declined significantly from winter (Figure 3). On the other hand, there were no significant 
changes on east and west sides. The fact that the evaluation significantly declined when the 
eight-story apartment building was constructed up to the height of each floor on the south side 
suggests that environmental changes may have influenced the decrease in evaluation on the 
south side. In addition, the evaluations on the upper floor (fifth-sixth floors) on the south side 
declined at regular intervals as the experiments progressed unlike the tendency observed in the 
lower and middle floors (Figure 4). 

The gradual decrease in the evaluation from the upper floor on the south side suggests that 
not only environmental changes caused by the apartment building blocking sunlight, but also 
other environmental changes including noise and dust from the construction work affected the 
evaluation. The second spring results showed slightly higher ratings than winter on all floor levels 
only on the south side, but no significant changes on both the west and east sides were observed. 
Although second spring results showed slightly higher ratings than in winter on the south side, the 
second spring ratings did not exceed those of the first spring. Thus, it is indicated that the 
changes in evaluations were less influenced by the seasons and more by the environmental 
change caused by the new apartment building built on the south side.

Table 3. Process of the Construction

2022/4/14~4/21,

4/24~5/1

2022/7/23~30,

8/2~9

2022/12/9~16,

12/18~23

2023/3/9~16, 

3/18~25
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Figure 1. Average Scores of the Impression Evaluation on the East and West Sides

Compared by the Each Experiment (Whole Floor)

Figure 2. Average Scores of the Impression Evaluation on the South Side 

Compared by the Each Experiment (Lower Floor)
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Figure 3. Average Scores of the Impression Evaluation on the South Side 

Compared by the Each Experiment (Middle Floor)

Figure 4. Average Scores of the Impression Evaluation on the South Side 

Compared by the Each Experiment (Upper Floor)
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3.2 Illuminance Measurement
As for the result of illuminance measurement, illuminance may be affected by lighting 

equipment, seasons, and weather, but decreases in illuminance were observed in rooms facing 
south with each successive experiment, even though the south side usually receives the greatest 
amount of solar radiation in the winter and has longer daylight hours than in the summer. It was 
obvious that the illuminance of the rooms facing south tended to decrease with the construction of 
the apartment building. When the participants' apartments facing south were classified into lower
floor (first-second floors), middle floor (third-fifth floors), and upper floor (sixth-seventh floors), the 
illuminance on the lower floor decreased after first spring, and that on the middle floor and upper 
floor decreased after summer, at different times, and significantly decreased when the 
construction of the apartment building reached each floor. The same significant decreases in 
illuminance were observed regardless of the length of room stay time. The illuminance changes 
for each floor level on the south side are shown in Figures 5, 6, and 7, using one room each as an 
example.

In addition, even there were only two apartments facing east, and west sides, lowest 
illuminance was observed in winter. This was because of the amount of all-day solar radiation and 
daylight hours due to the direction of the apartments. Therefore, the results of this experiment 
suggest that the influence of lighting equipment was relatively small and the changes in 
illuminance was large due to changes in brightness caused by the apartment building blocking 
sunlight. In addition, some rooms showed a slight increase in illuminance in the second spring. 
This may be due to the removal of the scaffold sheeting and the dismantling of scaffolding, which 
widened the distance between adjacent apartment buildings and allowed sunlight to shine in.
However, the illuminance did not exceed that of the first spring, and the comparison of the 
illuminance in the same season showed a significant decrease, suggesting that the significant 
decrease and tendency in illuminance was caused by the presence of the adjacent apartment 
building blocking the sunlight.

Figure 5. Illuminance on the South Side (Lower Floor)
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Figure 6. Illuminance on the South Side (Middle Floor)

Figure 7. Illuminance on the South Side (Upper Floor)

4. CONCLUSION
Although the impact of the changes in the duration of sunlight on residential environment and 

residents in surrounding areas have been unclear, the impression evaluation of the residential 
environment revealed that changes in the environment caused by the changes in the duration of 
sunlight have a significant impact on the psychological aspects of residents. The results of the 
illuminance measurements also revealed that the illuminance decreased on the south side where 
apartment is blocking sunlight. The results obtained in this study suggest that environmental 
changes such as shortened hours of sunlight associated with the proximate apartment building
have impact on not only physical impact on the residential environment, but also affects the 
psychological aspects of residents. As a future issue, in addition to the psychological and physical 
quantities affected by changes in the residential environment, it is necessary to analyse how 
psychological quantities such as circadian rhythm was affected, and correlation between them.
Moreover, it is necessary to further understand the changes in the amount of sunlight during the 
year and the heating and cooling load using simulation.

P.22



14th Asia Lighting Conference (Tokyo, Japan)

8

REFERENCE
[1] Hitoshi, K., Hitomi, K., Masahiko, N., Sanae, S., Akihiko, O. Enact process and operational

change of shadow regulations: contemporary significance and issues as urban form 
regulations. Journal of the city planning institute of Japan, Vol. 49 No. 3, October, 2014.

[2] Tetsu, K., Masao, M. A field survey on sunshine and residents’ consciousness in commercial 
district: A study to residents in mid-to-high-rise apartment houses in the commercial district 
near Kawaguchi station. J. Archit. Plann. Environ. Eng., AIJ, No. 562, 89-96, Dec., 2002.

[3] Moriaki, H., Nobuaki, M., Akiko, O., Joji, A. Studies on sunshiny conditions of dwelling places 
in urban district (Part1): Effects of sunshine on life. Architectural Institute of Japan, No. 178, 
Dec., 1970

ACKNOWLEDGEMENTS
We would like to thank the people who provided guidance and encouragement in this 

research. We would like to express our deepest gratitude to them. We would also like to thank the 
people involved in the apartment building who willingly cooperated with the survey despite their 
busy schedules in carrying out this study.

Corresponding Author Name: Jaeyoung Heo
Affiliation: Residential Architecture and Environmental Science, Nara Women’s University, Nara, Japan
e-mail: heo@cc.nara-wu.ac.jp

P.23



O -2

P.24



P.25



P.26



P.27



P.28



P.29



P.30



P.31



14th Asia Lighting Conference (Tokyo, Japan)

1

3D VISIBLE LIGHT POSITIONING METHOD FOR DRONES WITH 
TILT CONSIDERATION
Ryunosuke Inoshita, Saeko Oshiba

Graduate School of Science and Technology, Kyoto Institute of Technology

ABSTRACT
In recent years, drone cameras have attracted attention for crime prevention and indoor facility 

inspection. Waypoint flight, in which a target location called a waypoint is specified in advance along 
a desired flight route, is widely used for autonomous drone flight. The drone passes through the 
waypoints in succession based on its own position information acquired from its onboard global 
positioning system. However, in indoor locations such as inside buildings or underground, radio 
waves are blocked and accurate positioning is not possible.

In this study, we focused on light-emitting diode (LED) lighting, which is rapidly gaining popularity,
and investigated an indoor visible light positioning method that uses light from LED lighting and 
image sensors. Previously, we demonstrated that three-dimensional (3D) visible-light positioning 
with an error of approximately 10 cm is possible when an image sensor is placed horizontally with 
respect to the ground. However, horizontal positioning is essential and tilted image sensors lead to
errors. We used information from the angle sensor to demonstrate that 3D visible light positioning 
with the same level of accuracy is possible with only two reference points, even when the image 
sensor is tilted.

Keywords: 3D self-position estimation, visible-light identification, image sensors, indoor 
autonomous drone navigation

1. INTRODUCTION
In recent years, drone cameras have attracted considerable attention for crime prevention and

indoor facility inspection [1]. Conventionally, security based on video analysis using fixed security 
cameras has been widely adopted. However, fixed-position security cameras have disadvantages 
such as the inability to clearly capture distant objects and the existence of blind spots. In contrast, 
freely moving drones can capture images of distant objects and blind spots using security cameras.

A waypoint flight, in which a target position called a waypoint is specified in advance on a desired 
flight route, is widely used for autonomous drone flight. The drone passes through the waypoints 
consecutively based on its own position information acquired from its onboard global positioning 
system (GPS) [2]. However, accurate position estimation is not possible indoors, such as inside
buildings or underground, because the GPS radar waves are blocked. 

In indoor locations, where GPS signals are insufficient because of shielding by buildings, 
simultaneous localization and mapping (SLAM) based on feature points in images obtained by 
monocular, stereo, and RGB-D cameras that can simultaneously acquire RGB and depth images,
may be used. Despite the popularization of SLAM technology [3], obtaining sufficiently fast and 
reliable results for small drones remains challenging owing to the limited computational power of 
onboard-embedded computers.

We focused on light-emitting diode (LED) lighting, which is rapidly gaining popularity as an 
alternative to GPS, and investigated an indoor visible light positioning method using light from LED 
lighting and an image sensor. We showed that three-dimensional (3D) visible light positioning with 
an error of approximately 10 cm is possible when the image sensor is placed horizontally to the 
ground [4]. However, an error occurred when the image sensor was tilted because the method was 
examined and verified under the constraint that the image sensor was installed horizontally with 
respect to the ground. Therefore, we used the information from the angle sensor to verify whether 
3D visible light positioning with the same level of accuracy as horizontal positioning with only two 
reference points was possible even when the image sensor was tilted.
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Figure 1. Schematic of the system configuration 

 

 
Figure 2. Image captured by image sensor 

 

2.  PROPOSED METHOD 
In this section, we describe the proposed location estimation method. In the proposed method, 

the positions of the LED lights were obtained by visible light identification (ID) [5] and the receiver 
side estimated the position by image processing using two or more LED lights and image sensors. 
Figure 1 and Figure 2 illustrate the system configuration and images captured by the image sensors, 
respectively. Three LED lights were placed at a height of 1450 mm in the z-direction from the plane 
where the image sensor, which was the target for position estimation, was placed. The image 
sensor was illuminated by the images from each LED light. The coordinates of the LED lights and 
the pixels of the image sensor that represent the center of the LED light were , and , 
respectively. At this position, the intensity of the LED light was at its maximum value. The intensity 
was determined using the RGB values output from the image sensor, where R, G, and B denote 
red, green, and blue LED light, respectively. The positional relationship between these values is 
represented by equations –  using a perspective projection transformation [6]. 
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Here,  is an arbitrary constant;  are the perspective camera matrices;  and  are 
the focal lengths;  and  are the center pixels of the image sensor;  and  are the 
image sensor coordinates; and  and  are the rotation angles of the  axes. 

Next, equations  and  were obtained by expanding and rearranging Equation . 
, and , which included the coordinates of the image sensor, were used to estimate the 

position of the image sensor. 

Minimum two LEDs with known coordinates are required to obtain , and . In this study, 
the LED lights R , G , and B  (all units 
are in mm) were used to estimate the position with three sets of LED lights: R and B, R and G, and 
B and G. 

 

3.  CONFIGURATION OF THE EXPERIMENTAL SYSTEM 
We constructed the experimental system shown in Figure 1 and conducted position-estimation 

experiments based on the proposed method using LED light and image sensors. The experimental 
system comprised an LED light and image sensor as a transmitter and receiver, respectively. These 
are described in sections 3.1 and 3.2. 

 

3.1   Transmitter 
In this experiment, a smart light (PHILIPS Hue, full-color single-lamp E26) with variable color 

and brightness, using a mixture of three RGB LED colors, was used for lighting. The smart light 
was connected to a power supply (AC 100 V, 60 Hz), and the light intensity and color were controlled 
using the PHILIPS Hue app. 

 

3.2   Receiver 
A Raspberry Pi camera module (Raspberry Pi Camera Module V2.1) from RS was used as the 

image sensor for the receiver. Its output signal was connected to a Raspberry Pi 4 Model B / 8GB 
from SWITCH SCIENCE for image signal processing. Subsequently, image signal processing was 
performed using Python as the programming environment, and the RGB values were obtained 
using the OpenCV library. 

 

3.2.1   Sensitivity settings of the image sensor 
When the smart light was set to red, the output was 100%. The sensitivity setting of the image 

sensor was set to automatic and the center of the captured light was white, as shown in Figure 3(a). 
In this case, the RGB values were R = 255, G = 255, and B = 255. Therefore, the receiving sensitivity 
of the image sensor is saturated, and the G and B values that do not emit light are high. Table 1 
lists the conditions under which only the value of R can be correctly received by changing the output 
of the smart light, ISO sensitivity of the image sensor, shutter speed, and other settings to reduce 
the amount of light received by the image sensor. 

The RGB values of the images captured with these settings were R = 241, G = 11, and B =37, 
with the value of R being twice as high as the other B and G values. Figure 3(b) shows the 
photographs obtained. The B and G values are non-zero because of the built-in filter of the image 
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sensor. However, because these values are sufficiently suppressed and the values of R are 
unsaturated, the proposed method is suitable for color discrimination.

Table 1. Image sensor sensitivity settings

Smart light output Lighting R: 3%, Lighting G: 8%,
Lighting B: 1%

ISO sensitivity (0~1600,0 is auto) camera.ISO = 100

Shutter speed (unit: microseconds, 0: automatic) camera.shutter_speed = 50000

Exposure compensation (-25 to 25) camera.exposure_compensation = 0

Metering mode camera.meter_mode = 'average'

White balance mode camera.awb_mode = 'off'

Manual white balance adjustment (0.0-8.0) camera.awb_gains = (1.6,1.6)

(a) Image before sensitivity adjustment (b) Image after sensitivity adjustment.
(R=255, G=255, B=255) (R=241, G=11, B=37)

Figure 3. Image taken with an image sensor

(a) 90 x 90 pixel resolution (b) 1000 1000 pixel resolution
Figure 4. Images of red LED light by resolution

(a) 90 x 90 pixel resolution (b) 1000×1000 pixel resolution
Figure 5. R-value of red LED light by resolution
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3.2.2   Optimization of image sensor resolution 
The RGB values measured by the image sensor were used to determine the position of the LED 

light on the image sensor. For the red LED, the pixel with the largest value of R measured by the 
image sensor was used as the position of the LED light. As shown in Figure 4(a) and Figure 5(a), 
many pixels show the maximum value of R in the case of a 1000 × 1000 pixel high-quality image. 
Therefore, the resolution of the image sensor was set such that only one pixel showed the maximum 
value at a resolution of 90 × 90 pixels, as shown in Figure 4(b) and Figure 5(b). Furthermore, 
measurements of low quality images reduce the amount of computation required. 

 

4.  EXPERIMENTAL MEASUREMENTS 
   In the experimental system shown in Figure 1, the height z of the image sensor and LED light 
was fixed at -1450 mm and the image sensor was moved to 9 points on the  plane at 

 (all units 
are in mm). In this study, to verify the position estimation accuracy when the image sensor was 
installed in an inclined manner, we rotated  and  around the - axis and - axis in four steps 
of 5° each, as shown in Figure 6. The position estimation results in the x–y plane are shown in Figure 
7. The vertical and horizontal axes represent the measured positions on the  plane. Bg, rb, 
and rg denote the results of position estimation with the LED lights B and G, R and B, and R and 
G, respectively. However, most of the estimated points did not accurately estimate the position. In 
particular, there was a point where the solution was not uniquely determined when the position was 
estimated using LED lights R and G because these LED lights were not used during position 
estimation. This may be attributed to the fact that these LED lights were installed parallel to the y-
axis. 
   In the experimental results shown in Figure 7, we consider the correction of the position 
estimation results in the  plane. Because the position cannot be estimated using LED lights R 
and G, we consider only the results of position estimation with LED lights B and G, and R and B. 

Figure 8 illustrates the position estimation errors in the -direction for rotations around the -axis 
without changing the rotation angle  around the -axis. Figure 9 presents the position estimation 
errors in the -direction when for rotations around the -axis without changing the rotation angle 

 around the -axis. The position estimations in the x-and y-directions exhibit angular correlations 
with the y-axis and x-axis rotations, respectively. Analysis of this correlation showed that the error 
could be approximated by the product of the height  and . Therefore, the correction 
equations (  and (  are used to correct the estimation results shown in Figure 7. The corrected 
results  are shown in Figure 10. 

 
 

   As shown in the figure, the error between the estimated and measured values is less than ±10 
cm at all the measurement points. The error means and standard deviations are listed in Table 2. 
   Table 3 lists the mean and standard deviation of the errors in height estimation for the cases 
where the position is estimated by LED lights B and G, and by R and B. 
 

 
Figure 6. Example of angular change of an image sensor 
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Table 2. Results for position estimation in the plane

Table 3. Results of height estimation

Figure 8. Position estimation errors in the direction

Figure 9. Position estimation errors in the direction

Figure 7. Estimation results for plane
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Figure 10. Corrected results for the  plane 

 

5.  EVALUATION OF THE ACCURACY 
We evaluate the accuracy of the proposed method based on the experimental results presented 

in Section 4. 

The measured results were used as the sample and the interval estimation of the population 
mean  was used to obtain the probability P that the error was higher than 10 cm. The sample and 
population were assumed to be normally distributed because the sample error was not dominant. 

When the mean  and unbiased variance  are obtained for the sample values, the 
confidence interval at the confidence level of  for the population mean  is expressed by 
Equation  [7]. Here, n is the number of degrees-of-freedom (number of measurement 
points).

 

From this interval estimate of the population mean μ, the probability  of the error being 10 cm 
or more was calculated using the mean value , that had the largest probability of being 10 cm 
or greater. The calculation method is based on Equation . 

 

Using Equation , Table 4 and Table 5 list the mean value  and the unbiased variance 
 that maximize the probability of the error being greater than 10 cm, based on the error means 

and standard deviations in Table 2 and Table 3 for the 95% confidence level. Additionally, the 
provided information includes the depiction of the degrees of freedom  and the probability  
indicating that the error is higher than 10 cm. 

 
Table 4. Accuracy of the estimation of the  plane location 

 
 

Table 5. Accuracy of the height estimation 
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Table 4 shows that for position estimation in the  plane, the probability  of obtaining 
errors that exceed 10 cm is less than 1% at a 95% confidence level. The objective of this study is 
the autonomous flight of the drone, and if a 60 fps camera is used for estimation, the highest 
probability of error is 10 cm or more once every 42.7 s for the plane direction estimation. Further, 
the  plane is sufficient to achieve the goal in terms of navigation. However, Table 5 shows that 
height estimation is insufficient for achieving the target. 

Table 5 shows that the probability  of an error of 10 cm or more exceeds 30% at a 95% 
confidence level for height estimation. In the case of an error probability of 25 cm or more, it is less 
than 1%, and the accuracy is approximately 25 cm. 

Thus, the position estimation method using the two lights and an image sensor can estimate the 
3D position with accuracies of 10 cm and 25 cm in the  plane and height direction, respectively. 

 Further studies are required to improve the accuracy of the position estimated in the height 
direction. 

 

6.  CONCLUSION 
In this study, we focused on LED lighting to obtain indoor location information where GPS is 

unavailable, proposed an indoor location estimation method using optical ID from LED lighting and 
an image sensor, and discussed its location estimation accuracy. In particular, by using LED lighting 
as a reference point and an image sensor as a receiver, we experimentally demonstrated that 3D 
position estimation is possible using only two reference points, with accuracies of 10 cm and 25 cm 
in the  plane and height direction, respectively. 
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PUPIL SIZE AND SUBJECTIVE LIGHT EVALUATION 
DIFFERENCE OF ELDERLY PEOPLE BETWEEN DARK AND 

LIGHT CONDITIONS
Noriko Umemiya, Saki Tahara, Tomoyuki Minami

Osaka City University

ABSTRACT
Pupil size and subjective light environment evaluation were measured for elderly and young 
people in experiment chamber where illuminance was set two levels of about 2800 lx and about 
450 lx on the center of the desk. Brightness, brightness for writing, glare, comfort, preference and 
performance of the environment were evaluated. 

Pupil suze was larger for young participants than for elderly participants under boty dark and light 
conditions. Larger difference in light evaluation between light and dark conditions were found in 
elderly participants than in young participants. Significant differences were found in all light 
evaluations between dark and light conditions for elderly participants. No difference was found in 
glare evaluation between elderly and young participants under light condition. No difference was 
found in performance evaluation between young and elderly participants under both dark and light 
conditions.

Pupils under light condition were smaller for elderly participants with better eyesight than for 
elderly participants with worse eyesight. Pupils under light conditions were larger for elderly 
participants who had reported ‘difficulty seeing in a dark environment’ or ‘easy to be tired in eyes’ 
than those of elderly participants without these characteristics. Pupils under dark conditions were 
larger for elderly participants who ‘prefer a uniformly lit environment’ than for elderly participants 
without these characteristics.There found no difference in pupil diameter by vision awareness for 
young participants in light condition.

Pupil size was found to be related to the subjective evaluation of brightness, brightness for writing, 
glare, comfort, preference and performance for young participants, whereas it was found to be 
related only to the evaluation of brightness for writing and performance for elderly participants.

Pupils were smaller for elderly participants who evaluated dark condition as brighter and as more 
preferable than those of elderly participants who evaluated dark conditions as darker and less 
preferable.

Keywords: Pipil size, Light evaluation, Elderly people

1. INTRODUCTION

Recently, increasingly elderly workers are expected to be employed in highly aging
societies with lower birth rates. The rate of retirees under the age of 59 was 60.3% in 
1980 in Japanese enterprises. The rate decreased to 0.8% in 2000, where of the rate of 
retirees under 65 was 2.7% in 1990. It increased to 12.8% in 2010. The Law of 
Employment Stability of Senior Workers, which was enforced in 2013, obligates job 
security until 65 years old to employees working before April 2025. Despite these 
protections for older workers, the physical environment of the workplace is not 
necessarily prepared for elderly workers. This study was conducted to improve the light 
environment for elderly workers. Pupil size and subjective light environment evaluation 
were measured in dark and light conditions for elderly and young people. Then they were 
compared.

2. METHODS

In these experiments, 132 elderly people over 65 years old and 85 university students
participated. Pupil sizes were measured at intervals of 30 Hz using a view tracking 
device fixed by a belt on the head. Figure 1 shows the experiment chamber and 
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experiment room. Participants began to fill in questionnaire sheets about the light 
environment about ten minutes after entering the experiment chamber. Brightness, 
brightness for writing, glare, comfort, preference and performance of light environment 
were evaluated. Two conditions of the illuminance were examined. Illuminance of the 
questionnaire sheets on the table in the experiment chamber was set as about 2800 lx 
for the LIGHT condition and about 450 lx for the DARK condition.  

 

 
Figure 1. Plan of the experiment chamber and the experiment room 

 

After the evaluation, participants stood up and walked out of the chamber to the 
experiment room and into the corridor. After walking in the corridor about four minutes, 
they returned to the experiment room and into the chamber. This procedure was 
repeated three times for each participant in the order of LIGHT, DARK, and LIGHT 
conditions. Pupil sizes were investigated in the chamber and experiment room. 

3. RESULTS AND DIDCUSSION 
3.1 Pupil diameter comparison between elderly and young participants under LIGHT and 
DARK conditions 

Figure 2 shows the frequency distribution of pupil diameter. Mean and standard 
deviation of pupil diameter were 54.3  8.3 mm under the DARK condition and 47.4  
8.1 mm under the LIGHT condition for elderly participants, and 60.9  7.7 mm under the 
DARK condition and 53.8  7.47 mm under the LIGHT condition for young participants. 
Pupils of young participants were larger than those of elderly participants both under 
LIGHT and DARK conditions. No significant difference was found between young and 
elderly participants for individual pupil sizes between the first LIGHT and DARK condition 
(p=0.0693), but the difference between the DARK and second LIGHT conditions was 
greater for young participants than for elderly participants (p=0.0335).  
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Figure 2. Distribution of pupil diameter under dark and light conditions for elderly and young participants 

 
3.2 Frequency distribution of subjective light evaluation 

Figure 3 shows frequency distribution of light evaluation of young participants under 
LIGHT condition, young participants under DARK condition, elderly participants under 
LIGHT condition and elderly participants under DARK condition. Table 1 compares 
subjective light evaluations between young and elderly participants under DARK and 
LIGHT conditions. Subjective light evaluations under DARK and LIGHT conditions are 
also compared between young and elderly participants.  

Significant differences were found in light evaluation between young and elderly 
participants except in performance evaluation under DARK condition. Significant 
differences were found in light evaluation between young and elderly participants except 
in glare and performance evaluation under LIGHT condition. Significant differences were 
found in light evaluations between under DARK and LIGHT conditions for young 
participants except in preference evaluation. Significant differences were found in all light 
evaluations between DARK and LIGHT conditions for elderly participants.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Frequency Distribution of subjective light evaluation 
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Table 1. P values of the uniformity test between young and old and between dark and light 

DARK LIGHT Young Elderly
Young vs Elderly Young vs Elderly DARK vs LIGHT DARK vs LIGHT

Brightness 1% 1% 1% 1%
Brightness for w riting 1% 1% 1% 1%
Glare 2% N 1% 1%
Comfort 1% 2 5% 1%
Preference 1% 1% N 1%
Performance N N 1% 1%  

 
3.3 Personal attributes and pupil diameter 

Table 2 shows the results of t-test of diameter difference by eyesight, grip and two 
step value under LIGHT condition. Two step value is an index of falling risk, which is the 
ratio of full stride length of two steps to the height. Pupils under the LIGHT condition 
were smaller for elderly participants with better eyesight than for elderly participants with 
worse eyesight (p=0.0087). Diameter difference between elderly under and over 75 
years old but no difference was found. No difference by personal attributes were found in 
pupil diameter under DARK condition. 

 
Table 2. Diameter difference between personal attributes for elderly and young people in light condition 

difference difference
p(%) p(%)

154 47.0 47.7 180 157 54.5 54 88 w oman
age 65-74 160 48.0 46.9 174 75-

>
0.87

> <
0.9 0.07

2-step valuesmaller 152 48.2 46.7 174 68 56.1 54 67 largerer

54.4 59 68 stronger

dia. dia.

grip w eaker 168 48.5 46.2 166 70

man

LIGHT COND.

n dia. dia. n

5657.5 betterw orseeyesight 162 16246.148.5 57 64

elderly young

nn

 
 

3.4 Vision awareness and pupil diameter 

Table 3 shows the relation of vision awareness and pupil diameter under LIGHT and 
DARK conditions. Pupils under LIGHT conditions were larger for elderly participants who 
had reported ‘difficulty seeing in a dark environment’ or ‘easy to be tired in eyes’ than 
those of elderly participants without these characteristics (respectively, p=0.0182 and 
p=0.0086). Pupils under DARK conditions were larger for elderly participants who ‘prefer 
a uniformly lit environment’ than for elderly participants without these characteristics 
(p=0.0395).  

There found no difference in pupil diameter by vision awareness for young 
participants in LIGHT condition. Pupils under DARK conditions were smaller for young 
participants who ‘prefer a uniformly lit environment’ than for elderly participants without 
these characteristics (p=0.0016). 
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Table 3. Diameter difference between vision awareness for elderly and young people

difference difference
p(%) p(%)

prefer to uniformly 
light environment

yes 124 48.1 47.0 206 94 54.7 54.2 97 no

1.82

0.86

54.682

53.654.712617046.2

no

yes

yes

no69

hard to see in dark 
environment
easy to be tired in 
eyes

46.1 146

diam
eter

n

180

160

48.2

48.5

54.1 113

LIGHT COND.

n diam
eter

diam
eter

n

elderly young

n diam
eter

difference difference
p(%) p(%)

> <
3.95 0.16

hard to see in dark 
environment

yes 92 54.7 53.7 72 40 60.6 62.9 56 no

easy to be tired in 
eyes

yes 80 55.0 53.4 86 61 61.2 63.2 35 no

51 no56.1 53.3 43 59.6 63.9prefer to uniformly 
light environment

yes 60 106

n diam
eter

diam
eter

n

elderly youngDARK COND.

n diam
eter

diam
eter

n

3.5 Subjective light evaluation and pupil diameter

Figure 4 shows mean pupil diameter for each light evaluation category. Pupil size was 
found to be related to the evaluation of brightness, brightness for writing, glare, comfort, 
preference and performance for young participants, whereas it was found to be related 
only to the evaluation of brightness for writing and performance for elderly participants.

Figure 4. Mean pupil diameter for each light evaluation category
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Table 4 shows the pupil diameter difference between Pupils were smaller for elderly 
participants who evaluated Dark condition as brighter and as more preferable than those 
of elderly participants who evaluated Dark conditions as darker and less preferable 
(respectively, p=0.0126, p<0.0001). 

 
Table 4. Pupil diameter difference in light evaluation of DARK condition                                                          

for elderly people of smaller pupil diameter 

                       

difference
p(%)

brightness brighter 12 36.4 39.5 10 darker
<

1.26
glare more sens. 10 38.7 37.1 12 less sens.
comfort more comf. 12 36.5 39.4 10 less comf.

<
<0.01

performance higher 12 36.5 39.4 10 low er

39.7 16 less pref.

darker1239.735.610brighterbrightness for 
w riting

preference more pref. 6 32.9

DARK COND.

n diam
eter

diam
eter

n

elderly

 
 

4. CONCLUSIONS 

Larger difference in light evaluation between light and dark conditions were found in 
elderly participants than in young participants. No difference was found in glare 
evaluation between elderly and young participants under light condition. No difference 
was found in performance evaluation between young and elderly participants under both 
dark and light conditions. Pupils under light conditions were larger for elderly participants 
with difficulty seeing in a dark environment or fatigue ease in eyes. Pupils under dark 
conditions were larger for elderly participants who prefer a uniformly lighting. There 
found no difference in pupil diameter by vision awareness for young participants in light 
condition.Pupil size was found to be related only to the evaluation of brightness for 
writing and performance for elderly participants. 
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A COMPARATIVE STUDY OF THE LIVING ROOM LIGHTING 
PREFERENCES OF THE ELDERLY VS. THOSE OF THE YOUNG 

AND MIDDLE-AGED 
Xinyi Hao, Lishu Hong, Bo Tang, Xin Zhang* 

School of Architecture, Tsinghua University, Beijing, China 

ABSTRACT 
People's preferences for correlated color temperature (CCT) and illuminance have always been 
the focus in the field of lighting. Research advances in rhythmic lighting and light therapy point to 
the existence of varied CCT and illuminance needs at different times of the day for people of all 
ages in a residence. However, when Light Emitting Diode (LED) technology advances to the point 
where CCT and illuminance can be adjusted independently, people are more likely to adjust 
based on their own preferences rather than the preset parameters according to standards. This 
study aims to explore the preferences of elderly, young, and middle-aged people for CCT and 
illuminance in the context of independent adjustment in the living room. 

In a Beijing living room, 45 elderly and 50 middle-aged and young adults were asked to 
independently adjust the lighting and choose their preference for two visual activities: watching TV 
and reading. The experimental results were analyzed using descriptive statistics, analysis of 
variance, and nonparametric tests. The study showed that participants’ lighting preferences 
differed between the two behaviors. The association between CCT and illuminance preference 
was not confined to the Kruithof curve's range, but rather indicated a wider range. Age and 
gender had an effect on illuminance preference but no significant effect on CCT preference, and 
they showed distinct main effects and interactions in different behaviors. Participants’ preferences 
of different ages and genders showed various degrees of dispersion. The results can provide a 
concrete basis for the development of residential lighting standards, suggestions for the use of 
adjustable intelligent lighting for the elderly, young, and middle-aged people, and valuable 
references for residential lighting control and luminaire design. 

Keywords: Illuminance and CCT preferences; Residential lighting; Intelligent lighting control; 
Elderly; Young and middle-aged people 

1. INTRODUCTION
People's preferences for color temperature and illuminance have always been the focus in the 
field of lighting. In 1941, Kruithof proposed the illuminance range of light sources suitable for 
specific color temperatures, that is, the viewpoint of “high illuminance and high color temperature 
and low illuminance and low color temperature” [1]. However, his study lacks details on 
experimental methods, procedures, and data analysis. Since then, scholars have explored the 
participants’ preference for correlated color temperature (CCT) and illuminance by setting 
different combinations, using various methods such as task performance and subjective 
evaluation. Fotios used a meta-analysis of previous works and demonstrated the Kruithof curve 
was not always confirmed [2]. The participants' preferences varied depending on the experimental 
conditions, such as experimental environment, time, participants, and lighting parameters.  

Established studies have shown that using people's preferred lighting conditions can have a 
healing effect by generating positive emotions and increasing satisfaction with the environment [3-
5]. A low color temperature and illuminance lighting is more emotionally friendly, making people 
feel emotionally relaxed and warm [6], while a high color temperature makes participants feel 
awake and focused [7-8]. However, too high a color temperature can also increase visual and 
brain fatigue. These findings are from laboratory and office, not in residential environments. 

Nowadays, LED technology can achieve separate adjustments for illuminance and color 
temperature and more diverse combinations under behavioral patterns [9-11]. People are more 
likely to adjust based on preferences rather than the preset parameters according to standards. 
Lighting in real-life residential environments tends to be more finely designed, distinguishing 
between general and task lighting. The differences in task and ambient lighting preferences of 
different ages in various behavioral patterns have yet to be refined and studied. It remains to be 
explored whether the user's preferences match the reasonable interval specified in the standards. 
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In China, the luminaire selection determined by the lighting design habits and factory parameters 
of the existing non-dimmable luminaires are not necessarily applicable to the new needs. While 
studies have shown that warm-tone lighting is more comfortable and more in line with residents’ 
preferences overall, cool-tone lighting is actually used more often [12]. The residential behavioral 
lighting preferences of Chinese residents, as well as the direction of lighting design improvement 
and luminaire development to meet their preferences, are yet to be studied. 

Current human factors research should take into account the visual and non-visual effects of light. 
There are differences in visual ability of the elderly, young and middle-aged people. The 
physiological changes in the eyes of the elderly lead to decreased light intake and yellowing, 
resulting in reduced vision and color discrimination [13]. This will lead to different judgments of the 
same environment by people of different ages, and it is of practical importance to reveal the 
differences in their preferences for a multigenerational shared space such as a living room. The 
human body achieves light synchronization of circadian rhythm through light perception, 
according to non-visual effects [14-16]. The use of living room lighting is mainly at night. 
Inappropriate lighting can disrupt the stability of the circadian rhythm and cause negative health 
effects, such as diabetes, obesity, depression, metabolic disorders, and sleep disorders [17-24]. 
The established studies on lighting preferences have limitations in setting experimental conditions, 
such as time and exposure history, so the experiment of this study were conducted at night. 

In this study, 45 elderly and 50 young and middle-aged people were invited to participate in an 
experiment in a real-life living room located in Beijing. Participants independently performed 
adjustments of task illuminance, ambient illuminance, task color temperature, and ambient color 
temperature to select lighting preferences under different visual tasks. The lighting preferences 
chosen by participants of different ages and genders provide a specific basis for the development 
of residential lighting standards. The findings can also serve as a reference for the use of 
intelligent lighting controls for the elderly, the young, and the middle-aged to ensure that people 
use more reasonable residential lighting that is not entirely determined by preferences or pre-set 
options. The results can help guide the design of lighting control modes and provide a refined 
reference for future directions in interior lighting design improvement and luminaire development. 

2. RESEARCH METHODS  
2.1   Experimental environment 
A real living room environment was selected for the experiment. Adjustable lighting variables in 
the living room included ambient lighting provided by two ceiling light strips with independently 
adjustable illuminance and color temperatures ranging from 2000–5000 K and 0–100 lx, and the 
task lighting was provided by table lamps with independently adjustable illuminance and color 
temperatures ranging from 2500–6500 K and 0–1500 lx. In the living room, the measurement 
points was set, including six for ambient lighting and two for the task lighting (horizontal 
measurement points of the work surface and vertical measurement points of the participant’s eye). 

  
Figure 1. Experimental environment in the living room (photographed and drawn by the author) 

2.2   Participants and visual tasks 
Forty-five elderly people (62–77 years old) and 50 young and middle-aged people (20–58 years 
old) were invited to participate in this experiment, including a total of 32 men and 63 women. Each 
participant was required to complete two typical visual tasks in the living room: watching TV and 
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reading, using the same visual materials. The participant completed the lighting adjustments 
independently, and the ambient and task lighting selected by the participants were measured. 

2.3   Experimental procedure 
The experiment lasted for 16 days, and each day after dark, the participants entered the living 
room and were shown the lighting control methods of the smart lighting control app. Five minutes 
were set aside for familiarization, after which the ambient light was adjusted to the initial lighting 
(color temperature 2624 K, illuminance 46 lx), and the formal experiment was conducted. During 
the experiment, the room temperature (23°C), humidity (57%) were kept constant. 

2.3.1   Watching TV 

The participant watched TV for 1 min in the initial lighting state. Then the participant adjusted the 
ambient lighting to a comfortable and preferred illuminance and color temperature and continued 
watching TV for 1 min. If the participant did not feel comfortable enough, he could continue to 
adjust. After the participant determined, the TV was turned off, and the experimenter measured 
the illuminance and color temperature of the ambient light and the participant's eyes. 

2.3.2   Reading 

The experimenter adjusted the lamp so that the work surface met 500 lx, 4000 K. The participant 
was asked to read for 1 min, and only adjust the color temperature of the lamp and chose a 
preferred one. The experimenter checked the lamp to keep the illuminance unchanged. After the 
adjustment, the participant continued reading for 1 min. If the participant did not feel comfortable 
enough, he could continue to adjust. After the participant determined, the experimenter measured 
the ambient light. Then the participant was asked to take a break, during which the experimenter 
kept the lamp at the color temperature the participant had just chosen and adjusted the 
illuminance to the darkest state. Keeping the color temperature unchanged, the participant 
adjusted the illuminance of the lamp and chose a preferred one, and then continued reading for 1 
min. If the participant did not feel comfortable enough, he could continue to adjust. After the 
participant determined, the experimenter measured the ambient light and the reading surface. 

2.4   Data analysis 
In this study, a between-subjects experimental design was used, and the independent variables 
included two between-subjects factors (age group and gender), and the dependent variables 
included the illuminance and color temperature chosen by the participants independently. The 
statistical methods mainly included descriptive statistical analysis and two-way ANOVA. If the 
normality or equal variance was not satisfactory, nonparametric tests were conducted.  

3. RESULTS  
3.1   Lighting preferences for watching TV 
Descriptive statistics were analyzed for the lighting preferences with TV-watching, and a two-way 
ANOVA was used to analyze the effects of age group and gender on the choice of ambient 
lighting. Participants' overall preference tended to be the ambient lighting with a color temperature 
of approximately 2890 K and an illuminance of approximately 20 lx (Table 1). 

Table 1. Descriptive statistics of ambient lighting preferences for watching TV 

Age group Gender 
Ambient color temperature/K Ambient illuminance/lx 

N 
Mean Std. Deviation Mean Std. Deviation 

Elderly 
Male 2979.29 439.697 26.43 11.863 14 

Female 2845.55 515.271 21.71 13.484 31 
Total 2887.16 492.003 23.18 13.055 45 

Young and middle-aged 
Male 2899.72 538.676 12.39 6.344 18 

Female 2889.22 577.678 20.25 12.736 32 
Total 2893.00 558.410 17.42 11.450 50 

Total 
Male 2934.53 491.742 18.53 11.453 32 

Female 2867.73 543.884 20.97 13.024 63 
Total 2890.23 525.226 20.15 12.509 95 
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Figure 2. Scatter plots of ambient lighting preferences for watching TV 

Analysis of the ambient light color temperature preference showed that there was no interaction 
between the age group and gender (F = 0.282, P = 0.597). The main effects analysis suggested 
that the effect of the age group was not statistically significant (F = 0.024, P = 0.877). The effect 
of gender was also not statistically significant (F = 0.386, P = 0.536).  

The results showed that there was an interaction between age group and gender on the effect of 
the preference for ambient illuminance (F = 5.817, P = 0.018). Simple effects analysis suggested 
that among young and middle-aged people, illuminance preference differed by participants’ 
gender, with men having a lower illuminance preference than women by 7.861 lx (95% CI: 0.867–
14.855), P = 0.028. Among males, illumination preference differed by participants’ age, with older 
people having a higher illuminance preference of 14.04 lx (95% CI: 5.581–22.499) than the young 
and the middle-aged, P = 0.001. 

3.2   Lighting preferences for reading 
Lighting preferences for reading behavior are jointly influenced by task lighting and ambient 
lighting. Participants' overall preference was for task lighting with a color temperature of 
approximately 3930 K and an illuminance of approximately 600 lx (Table 2). 

Table 2. Descriptive statistics of task lighting preferences for reading 

Age group Gender 
Work surface color 

temperature/K 
Work surface 
illuminance/lx N 

Mean Std. Deviation Mean Std. Deviation 

Elderly 
Male 3943.14 846.918 648.36 140.931 14 

Female 3976.35 949.600 644.61 125.361 31 
Total 3966.02 909.387 645.78 128.788 45 

Young and middle-aged 
Male 3814.22 748.949 596.00 222.761 18 

Female 3944.06 818.055 536.91 123.761 32 
Total 3897.32 788.638 558.18 166.515 50 

Total 
Male 3870.62 782.698 618.91 190.362 32 

Female 3959.95 878.179 589.90 134.940 63 
Total 3929.86 844.095 599.67 155.405 95 

 

 
Figure 3. Scatter plots of task lighting preferences for reading 
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The scatter plots indicate that the participants' preferences for the work surface color temperature 
tend to be around the three values of 3000 K, 3700 K, and 5000 K, while no significant clustering 
is observed for the illuminance preference (Figure 3). 

The results showed that there was no interaction between the age group and gender on the effect 
of the work surface color temperature preference (F = 0.067, P = 0.796). The main effects 
analysis suggested that the effect of the age group was not statistically significant (F = 0.186, P = 
0.667). The influence of gender was also not statistically significant (F = 0.191, P = 0.664).  

Analysis showed that there was no interaction between the age groups and gender on the effect 
of the work surface illuminance preference (F = 0.715, P = 0.400). The main effects analysis 
suggested that the effect of the age group on the work surface illuminance preference was 
statistically significant. The work surface illuminance preferences of the elderly were 80.032 lx 
(95% CI: 15.001–145.063) higher than those of the young and the middle-aged (F = 5.976, P = 
0.016). The effect of gender was not statistically significant (F = 0.921, P = 0.340).  

While reading, the participants' overall preference for ambient lighting was with a color 
temperature of approximately 2908 K and an illuminance of approximately 44 lx (Table 3). 

Table 3. Descriptive statistics of ambient lighting preferences for reading 

Age group Gender 
Ambient color temperature/K Ambient illuminance/lx 

N 
Mean Std. Deviation Mean Std. Deviation 

Elderly 
Male 2668.36 95.068 42.07 11.479 14 

Female 2918.52 470.364 47.42 6.480 31 
Total 2840.69 408.943 45.76 8.592 45 

Young and middle-aged 
Male 2885.83 505.348 40.00 12.570 18 

Female 3014.37 654.156 42.37 8.867 32 
Total 2968.10 602.668 41.52 10.290 50 

Total 
Male 2790.69 394.778 40.91 11.958 32 

Female 2967.21 568.635 44.86 8.130 63 
Total 2907.75 521.251 43.53 9.709 95 

 

 
Figure 4. Scatter plots of ambient lighting preferences for reading 

The results of the analysis of ambient color temperature preference showed that there was no 
interaction between the age group and gender on the effect of ambient color temperature 
preference (F = 0.290, P = 0.592). And there was no interaction between the age group and 
gender on the effect of ambient illuminance preference (F = 0.522, P = 0.472). 

Due to uneven variance, the non-parametric test showed a significant difference in the effect of 
the age group on the ambient illuminance preference, P=0.039, with 45.76 lx ± 8.592 for the 
elderly and 41.52 lx ± 10.290 for the young and the middle-aged, with the elderly preferring higher 
illuminance. There was no significant difference in the effect of age and gender (P > 0.05). 

3.3   Comparative analysis 
For watching TV, participants preferred ambient lighting with a low-to-medium color temperature 
of approximately 2890 K and a low illuminance of approximately 20 lx. For reading, participants 
preferred the task lighting of about 3930 K, 600 lx, and ambient lighting of about 2908 K, 44 lx. 
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The box plots indicate that participants’ lighting preferences of different age and gender show 
various degrees of dispersion and preference under different behaviors. Elderly males had the 
lowest dispersion of ambient light color temperature preferences. Young and middle-aged males 
had the lowest dispersion of ambient illuminance preference for TV watching, while elderly 
females had the lowest dispersion of ambient illuminance preference for reading. 

 
Figure 5. Box plots of the color temperature preferences under different behaviors 

  
Figure 6. Box plots of the illuminance preferences of watching TV and reading 

4. DISCUSSION AND CONCLUSION  
This study used a real residential environment and conducted the experiment at night. Compared 
with simulations in the laboratory, the results were closer to the real situation of human rhythm 
and cognition. The results showed that the age group and gender did not always have a 
significant effect on the choice of color temperature and illuminance. The relationship between the 
color temperature preference and illuminance preference was not limited to the Kruithof curve, but 
reflects a wider distribution of choices. There was no significant difference in the preference for 
the color temperature among the participants of different age groups and genders. However, 
there was an interaction between the age group and gender on the preference of ambient 
illuminance under the TV watching behavior. There were significant differences in the preferences 
of different age groups for the ambient and task illuminance under reading. 

Table 4. Comparison of the residential indoor lighting design standards and experimental results 

Living 
room 

lighting 

Experimental 
results of this 

study 

Architectural Lighting 
Design Standard 

GB50034-2022, China 
[25] 

ANSI/ 
IES RP-
28-16, 
USA 
[26] 

ANSI IESNA RP-11-
17, USA [27] 

Lighting 
Manual 
2003, 
Japan 
[28] 

JISZ 
9110- 
2010, 
Japan 
[29] 

Elderly Young 
and 

middle
-aged 

Elderly Young 
and 

middle-
aged 

Elderly 
 

Elderly Young 
and 

middle-
aged 

Elderly Young 
and 

middle
-aged 

General 
lighting 

46 lx 
2841 K 

42 lx 
2968 K 

200 lx 

3300 K 

100 lx 

3300 K 

200 lx 
2700– 
3000 K 

60 lx 
- 

30 lx 
- 

50–150 
lx 
- 

50 lx 
- 

Writing 
and 

reading 

646 lx 
3966 K 

558 lx 
3897 K 

500 lx 
3300– 
5300 K 

300 lx 
3300– 
5300 K 

750 lx 
2700– 
3000 K 

800 lx 
- 

400lx 
- 

600– 
1500 lx 

- 

500 lx 
- 
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According to the residential lighting standards, for young and middle-aged people, the standards 
are close to the preferences, and adjustable task lighting is recommended to refer to the 
preferences, with a higher range of illuminance and diverse color temperature options. The elderly 
prefer warm color temperature lighting, but due to their sensitivity to color temperature changes 
declining, the adjustment can have a certain degree of flexibility [13]. For the elderly, the 
preference for general lighting is much lower than the standard value. In order to ensure the 
safety, it is not recommended that the ambient lighting is adjusted according to preference. 
Changes in the visual system can be compensated for by appropriately increasing the illuminance 
or increasing the brightness ratio between the target and the background [30]. 

According to the rhythmic demands, high illuminance and color temperature lighting should be 
provided during the day and lower illuminance and color temperature lighting at night [31-32]. This 
study focused on nighttime lighting, the eye exposure for watching TV met the rhythmic demands. 
The eye exposure of reading is higher, and the elderly have a higher preference than the young 
and middle-aged, which does not meet the rhythmic needs. It is recommended that the elderly not 
do such tasks before bedtime. Combining the residential lighting standards with the results of this 
paper can help elderly, young, and middle-aged people control living room lighting in a 
comfortable and healthy way. It provides a valuable reference for the improvement of behavioral 
lighting, luminaire products, and adjustable intelligent lighting control design in residential houses. 

This study used an method in which the participants adjusted the lighting independently, and the 
adjustment range was limited by the luminaire parameters. Although it has been noted that self-
adjustment causes participants’ preferences to be close to the middle of the adjustment range 
[33], in this experiment, the results of preferences for task lighting and ambient color temperature 
were not affected by range bias. Also, for the same adjustment range, participants' preferences 
differed significantly by visual tasks. This may be due to the fact that participants were given 
sufficient time to adapt and adjust, and that participants' adjustments to the lighting parameters 
were continuously variable rather than graded. The evaluation methods (such as interviews and 
physiological data monitoring) can be used to refine the assessment of the lighting preferences. 
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ABSTRACT 
The development of multiple IoT sensors has facilitated data acquisition in smart buildings or offices, 

allowing various types of sensors to be attached to a single IoT sensor. However, accurately measuring 
illuminance on the work plane with multiple IoT sensors attached to walls or ceilings poses challenges. 
This study addresses this issue by installing photo sensors at various locations in a room and comparing 
them with simulation values. The photo sensors include tri-directional sensors, bi-directional sensors, 
and wall sensors, along with built-in photo sensors in three lighting fixtures. The study compares the 
illuminance values measured by the photo sensors at different locations in the room with the illuminance 
values on the work plane and infers values that would be measured in different conditions and locations 
through simulation. The results demonstrate a strong agreement between the measured illuminance 
values and the simulated values, validating the effectiveness of the proposed method. The findings 
contribute to the development of more accurate and efficient lighting control systems in indoor 
environments. 

Keywords: photo sensor, illuminance, indoor environments 

1. INTRODUCTION
With the advancement of IoT (Internet of Things) sensors, there has been an increasing trend in

the application of multiple IoT sensors in buildings to collect various real-time information. These 
sensors enable the collection, transmission, and analysis of large volumes of data through internet and 
cloud platforms. By installing a single sensor, it becomes possible to gather diverse information such 
as light intensity, indoor air quality, occupancy detection, and fire detection. Furthermore, the utilization 
of this collected data allows for the control of building environments, reduction of energy consumption, 
and provision of suitable conditions for occupants. 

However, the installation of IoT sensors primarily occurs on ceilings or walls in locations that 
minimize inconvenience to occupants, resulting in variations in measured values (1). In particular, when 
IoT sensors are installed on ceilings or walls, the values of the built-in photo sensor differ depending on 
the location, direction, and angle of measurement, deviating from the illuminance values measured at 
the working plane. This poses challenges in maintaining the desired illuminance level on the working 
plane, especially for tasks such as lighting dimming and control, as well as shading device control. 

To address these challenges, this study placed photo sensors in various locations and analyzed the 
relationship between the measured data and simulated data to understand their correlation with the 
illuminance at the working plane. The deployed photo sensors were classified as three-directional 
sensors, two-directional sensors, wall sensors, working plane illuminance sensors, and built-in light 
photo sensors within lighting fixtures. 

2. FURTHER CLAUSE
2.1   Mock up
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Figure 1. Sensor position

The installed sensors and their respective placements are illustrated in [Figure 1]. The illuminance 
measurement was conducted using the KONICA MINOLTA T-10A series meter at three specific points 
on the working plane: near the window (E1), at the center (E2), and near the entrance (E3). The three-
directional sensors were capable of measuring illuminance from three different directions, with their 
values designated as near the window (S31), at the center (S32), and near the entrance (S33). The 
wall-mounted sensors were represented by the symbol "W" for their corresponding illuminance values. 
As for the photo sensors integrated within the lighting fixtures, they were denoted as near the window 
(S1), at the center (S2), and near the entrance (S3). Roller blinds were installed as the shading devices 
in the experimental setup.

2.2 Simulation

DIALux evo (2), a lighting simulation program known for its capabilities in indoor and outdoor lighting 
planning, calculations, and visualization, was employed in this study to compare and analyze the 
measured photo sensor values with simulation data. DIALux evo offers four distinct categories for sky 
conditions, namely no daylight, clear sky, average sky, and overcast. To align with the data obtained 
from meteorological agencies, which is based on cloud cover, the following classifications were used: 
clear (1) for clear sky, partly cloudy (2) for average sky, mostly cloudy (3), and overcast (4) for overcast 
sky conditions. The simulation was conducted with direct sunlight taken into account.

Figure 2. Simulation modeling

Figure 2 represents the DIALux evo simulation model. The modeling was conducted at the same 
location (127.07, 37.55) and direction (238' southwest) as the office, with the dimensions of the room 
being 7.9 × 2.8 × 3.1 cubic meters and the elevation set at 40 meters. The study compared and analyzed 
data for one clear day, two partly cloudy days, and one overcast day from February 14th to February 
19th. The simulation was conducted from 8:00 AM to 6:00 PM, and the same time frame was used for 
the experimental measurements in the actual room.2.3 Data anlaysis
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Figure 3. Illuminance by sky condition

Figure 3 depicts the comparison between the measured and simulated data for sky conditions at 
E1, E2, and E3. The values for E1, E2, and E3 at 8:00 AM represent the average of E1 values from 
8:00 AM to 9:00 AM, and the measurements were taken at 1-minute intervals. The maximum average 
value of the working plane illuminance from the measurements is observed when the sky condition is 
"partly cloudy," and similar patterns can be seen on February 15th and February 19th. Additionally, it is 
evident that the average maximum value of the working plane illuminance is lower (94.83 lx) during 
"overcast" sky conditions. Overall, there is a notable similarity between the simulation and measured 
values.

Figure 4. Three-way sensor by sky condition

Figure 4 presents the comparison between the measured and simulated values for the three-way 
sensor. Similar to E1, E2, and E3, the measured values show the highest illuminance when the sky 
condition is "partly cloudy." It is evident that the patterns of the measured values and simulated values 
exhibit a similarity.
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Figure 5. Two-way sensor and wall sensor by sky condition

Figure 5 represents the comparison between the measured and simulated values for the two-way 
sensor and wall sensor. By examining Figures 3, 4, and 5, it is evident that the simulated values closely 
resemble the measured values. This indicates that simulation can be a valuable tool for predicting the 
working plane illuminance based on the values obtained from IoT sensors installed at various locations 
within the space. Collecting data in diverse environments and comparing them with simulations can 
provide further insights for accurately estimating the working plane illuminance.

3. CONCLUSION
This study aimed to investigate the correlation between illuminance values obtained from IoT sensors 
installed at various locations and angles and the working plane illuminance. To achieve this, IoT sensors 
were installed at different positions, including three-directional sensors, two-directional sensors, and 
wall sensors. The simulation was also conducted by placing photo sensors in the same positions as the 
installations. The results demonstrated a similar pattern between the measured data and simulation 
data for different sky conditions. It suggests that simulation can be utilized to estimate the working plane 
illuminance based on IoT sensor values. Further comparisons and analyses using a wider range of 
locations and dates could enhance the ability to predict the working plane illuminance through 
simulation.
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CIRCADIAN LIGHT THERAPY FOR DEPRESSED YOUTH:
A SYSTEMATIC REVIEW AND META-ANALYSIS

Ranpeng Chen

School of Architecture and Urban planning, Chongqing University, Chongqing, China

ABSTRACT
The efficacy for youth depression targeted light therapy was explored. Articles through Web of 

Science, Cochrane Library, Medline, PubMed, CINAHL, APA PsycInfo, Embase were retrieved. 
Meta-regression and subgroup meta-analysis were performed for light therapy efficacy. Up to 
2100 accumulative minutes of exposure has proved efficacious for youth groups (SMD=-1.39, 
95%CI=-1.65 to -1.13, I²=91.5%). There was significant greater effect size in 1000-1500mins
subgroups, indicating threshold for practical guidance. The results may support depression 
treatment and LT device application in the post-pandemic era.

Keywords: light therapy, youth, circadian light, meta-analysis

1. INTRODUCTION
High circadian light therapy has proved efficacious for adults [1], but the antidepressant effect

of circadian light therapy for depressed youth remains less known. Circadian light therapy mainly 
bases on circadian phototransduction mechanism, which help circadian rhythm adjustment for 
SAD, NAD, BD (bipolar disorder), MDD and even ADHD, Parkinson, Alzheimer disease, DSPS
related circadian rhythm disturbances, depression and sleeping problems. Human circadian 
phototransduction that tightly related to non-visual effects of light mostly bases on photoreceptor 
like intrinsically photosensitive retinal ganglion cells (ipRGCs) that send light information to the 
biological clock in the hypothalamic suprachiasmatic nucleus (SCN), who then synchronize 
biological rhythms and project signals to ventrolateral preoptic (VLPO) nucleus, dorsal raphe-, as 
well as pineal body, etc. Meanwhile, as the ipRGCs photoreceptor and correspond photopigment 
melanopsin more sensitive to “blue” wavelength at around 480nm [2], light therapy devices have 
mainly adopted blue-enriched light sources. The study aims at verifying efficacy and vital 
parameters of circadian light therapy for youth group.

2. METHOD

2.1 Literature research
This systematic review was registered with PROSPERO under code number 

CRD42022375211 and was conducted following Preferred Reporting Items for Systematic 
Reviews and Meta-Analysis (PRISMA) guidelines [3]. Articles were searched through Web of
Science, PubMed, Embase, ProQuest, CINAHL, Cochrane Library, Medline, APA PsycInfo 
databases, as well as websites of National Library of Medicine, ClinicalTrials.gov and Scholars. 
Advanced searches with MeSH (medical subject heading) terms were included when available.
Full text was required.

2.2 Inclusion criteria
Studies met the following criteria were included: (A) The subjects are youth/young adults, (B) 

Must have bright light therapy as primary independent intervention, (C) Details of BLT included 
(e.g specific device model, light sources, illumination, CCT); (D) Outcomes reported in 
standardized depression scales, e.g. HAMD, HIGH-SAD, BDI-II, MADRS, CES-D or other scales 
with similar structures as reliable, quantified results.

Studies met the following criteria were excluded: (1) Older aged groups; (2) LLLT (low level 
laser therapy) treatment studies; (3) Mere abstracts, cases reports, case series, or literature 
reviews excluded.

2.3 Data extraction
Among the 599 articles after excluding duplication, the research team reviewed the titles and 

abstracts of all downloaded literature for initial screening. The research team reviewed the titles 
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and abstracts of all downloaded literature for initial screening. The articles were further filtered 
based on the relevancy of their contents. After thorough screening for relevancy and suitability 
through a full-text review, two dependent reviewers extracted required information such as 
subjects’ information, experimental design, BLT device details, sample size of experiment group 
and quantitative outcomes of measurement scales before and after intervention. 

3. RESULTS 

3.1 Study characteristics 
The selected articles were mainly small-sample clinical trials, among which most were RCTs. 

The subjects were mainly SAD or non-seasonal depressed patients. Depressed youth with 
anorexia nervosa, cystic fibrosis, mild traumatic brain injury, cancer-related fatigue (CRF), 
Tourette’s disorder, bulimia nervosa, borderline personality disorder (BPD) as well as healthy 
individuals were all involved for validation. In a few studies, BLT intervention were accompanied 
by antidepressant drugs or other treatments, but it can be guaranteed that BLT was the only 
variable. In terms of intervention time, 1 study carried out both morning and night BLT, 2 studies 
carried out BLT at early evening and 2 experimented in late night, and the rest BLT were all 
morning intervention. 

3.2 Risk-of-bias assessment 
For randomized controlled trials (RCT), the quality of evidence was evaluated with revised 

Cochrane Risk of Bias Tool [4]. Those adopted randomizer-box and computer software were 
regarded at lo risk for selection bias. For quasi-experiment/non-randomized controlled studies, the 
quality of evidence was evaluated with Joanna Briggs Institute (JBI) Critical Appraisal Checklist 
for Quasi-Experimental studies. On the whole, the quality of evidence met the criteria and were 
included in meta-analysis.  

3.3 Clinical efficacy of Circadian lighting 
The overall heterogeneity of the included studies was too high (I²=91.5%) so the combined 

effects showing efficacy (SMD=-1.39, 95%CI=-1.65 to -1.13) required validation. Most studies 
indicated at least small to huge change of effect size, indicating that when exerting circadian light 
exposure, up to 2100 minutes of accumulative time has proved efficacious. Besides, the 
correlation between therapeutic effect size and accumulative exposure time had indicated 1000-
1500mins of accumulative exposure time as threshold. 

3.4 Publication Bias 
We found there existed publication bias and small study effects by Egger's linear regression 

method within included studies (intercept= -4.30, 95% CI=-6.462 to -2.138, t=-3.96, p=0.000
0.05). However, as the study aims for efficacy validation, as much data included as better. 

 

4. CONCLUSION 
To our knowledge, the study may not be the first systematic review of BLT on youth, but is the 

first meta-analysis of circadian lighting therapy and correspond lighting dose carried out for young 
people. Despite high value of I² (I²=91.5%) indicating degree of heterogeneity, it can be 
conservatively concluded that up to 2100 minutes of accumulative time (roughly within 8 weeks) 
has proved efficacious. The therapeutic effect has shown positive relationship with increasing light 
dose and 1000-1500mins of accumulative exposure time may lead to saturation. The conclusion 
has overlapped with and expanded previous conclusions suggesting 2-5 weeks of therapy [5]. On 
the other hand, circadian lighting with probable similar therapeutic mechanism for broader range 
of depression pathologic features may enlighten further clinical trials. 
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ON SUITABILITY REVIEW OF ROAD LIGHTING CLASS 
SELECTION PARAMETERS AND DOMESTIC APPLICATION PLAN

Seongsik Yoo, Jinsoo Shin, Jong-Min Lim
KIEL Institute, Korea

ABSTRACT
The Road Lighting Guidelines of the Ministry of Land, Infrastructure and Transport were 

revised in 2016 to determine the lighting level by considering various road factors. An attempt was 
made to apply the revised guidelines, but it is difficult to select a lighting grade because it is not 
suitable for application to actual roads.

In this paper, problems that occur when the lighting level selection parameters are applied to 
actual roads are found, and some of the parameters are modified and presented. In addition, by 
applying the modified parameters to the road routes in Jeju Island, the road lighting level suitable 
for the characteristics of the road was presented.

Keywords: Road lighting level, Luminance level, Luminance uniformity, Road and street, Korea

1. INTRODUCTION
The lighting class for roads where lighting is installed shall be determined in accordance with

the "Continuous Lighting Standards for Automobile Traffic" of Chapter 4 of the Road Safety 
Facility Installation and Management Guidelines - Lighting Facilities.

The continuous lighting standards of the Ministry of Land, Infrastructure and Transport's 
guidelines were revised in 2016 to reflect the Commission internationale de l'éclairage
recommendations (CIE115:2010) that determine lighting levels by judging parameters that 
consider traffic and surrounding environmental factors. Although the guidelines have been revised, 
it is difficult to select the lighting grade using the guidelines due to the lack of determining the 
parameters of the actual Korean roads.

In this paper, the guidelines of the Ministry of Land, Infrastructure and Transport were 
reviewed to supplement the parameter determination method and select the lighting class for the 
actual one road route on Jeju Island.

2. METHODS

2.1

According to the Ministry of Land, Infrastructure and Transport's guidelines, eight parameters 
that affect automobile traffic are reviewed and weights are selected according to options to select 
lighting classes. The continuous lighting rating is determined by calculating the difference 
between the calculated total weight (Vws) and constant 6 by adding the weight for each parameter 
shown in Table 1.
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Table 1. Lighting Class Selection Parameters 

Parameter Option Detail Option Weighting 
Value Description 

Speed 

Very high 90( /h)~ 1 
Select the lower of the 
design speed or the limit 
speed 

High 70~80( /h) 0.5 

Moderate ~60( /h) 0 

Traffic 
volume 
(Service 

level) 

Very high E or higher 1 
Estimate the level of traffic 
service by analyzing the 
design traffic volume per 
hour 
 
Attach operation plan by 
time zone 

High D 0.5 

Moderate C 0 

Low B -0.5 

Very low A -1 

Traffic 
composition 

Mixed with high 
percentage of 
non-motorized 

High percentage of 
pedestrians 2 

Mixed traffic composition 
using roads Mixed a mix of cars, bicycles, 

and pedestrians 1 

Motorized only motorway 0 

Separation of 
lanes 

No plane intersection 1 Separation of lanes and 
intersections Yes Overpass or interchange 0 

Intersection 
density 

High 3 places or more/km 1 
 

Low Less than 3 places/km 0 

Parking the 
vehicle 

Present On-street parking permit 
area 0.5 Availability of on-street 

parking 
 It is assumed that there is 

no illegal parking Not present no parking area 0 

Ambient 
brightness 

High Zone 4 commercial area 1 

Divided into lighting 
environment management 
zones 

Moderate Zone 3 residential area 0 

Low Zone 
1, 2 

Agriculture, 
production, and 

natural environment 
conservation area 

-1 

Traffic 
control 
facilities 

Poor 0.5 Pedestrian crossing / traffic 
lights / traffic information 
signs, fence/crossing ban 
facility, etc. Moderate or Good 0 

Sum of Weighting Values (Vws)  

Lighting Class(M) = 6 - Vws  

 

2.

Among the parameters applied in the current directive, traffic volume and lane separation are 
not suitable for actual road applications and require some modification. Other weights will be 
applied as they are in accordance with the criteria in the current guidelines. 

Currently, the Ministry of Land, Infrastructure and Transport's guidelines suggest "traffic 
service level" as an option for traffic volume, which explains the driving status of roads such as 
traffic speed, travel time, freedom of passage, comfort, and traffic safety. Service levels can be 
divided into six grades, from "A" to "F", with "A" levels representing the best conditions, "F" levels 
representing the worst conditions, and "E" levels and "F" levels generally represent capacity. This 
service level changes to indicate how congested the road is at a particular time and is not a 
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suitable parameter for use in the lighting level selection stage because the traffic capacity of the 
road needs to be known. 

To replace this, it is appropriate to determine the traffic level based on the value of [traffic 
level-local road] of "6.13 appropriate traffic volume by road" in anual of road operations 
(2022) of the Ministry of Land, Infrastructure and Transport. Traffic volume on the road was 
collected at the occasional traffic survey point of the traffic volume information provision system.  

Roads on Jeju Island do not have highways, and most of them apply the plane intersection 
method, so a weight of 1 is given for the explanation of the guidelines, which makes the lighting 
level high. However, in CIE115:2010 guidelines cited by the guidelines, lane separation means 
whether lanes in the same direction are separated. The weight of lane separation means whether 
there is a traffic risk because vehicles driving in the opposite direction can cross the centre line, 
which can be seen as somewhat different from the contents of the current guidelines. 

Accordingly, the parameter option was changed with the presence or absence of a road 
central separation facility to apply the weighting value. The presence or absence of central 
separation was confirmed using a load view. 

 

3.2  

To confirm the actual results of the application method, weights were applied to some 
illumination of Jeju Island. Il-ju Road is a four-lane road that passes around the coastal area of 
Jeju Island. The weight excluding the traffic volume was selected as shown in Table 4 and shown 
in 2. The final weight applied to the traffic volume is shown in Table 3. 

 

 
Table 2. Basic weighting value selection for Il-ju road 

Parameter Option Detail Option Weighting 
Value

Speed

Very high

High

Moderate

Traffic 
volume 
(Service 

level)

Very high

High

Moderate

Low

Very low

Traffic 
composition

Mixed with 
high 

percentage 
of non-

motorized

High percentage of pedestrians

Mixed a mix of cars, bicycles, and pedestrians

Motorized 
only motorway

Separation 
of lanes

No

Yes

Intersection High 3 places or more/km
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density Low Less than 3 places/km

Parking the 
vehicle

Present On-street parking permit area

Not present no parking area

Ambient 
brightness

High Zone 4 commercial area

Moderate Zone 3 residential area

Low Zone 1, 2 Agriculture, production, and natural 
environment conservation area

Traffic 
control 

facilities

Poor

Moderate or Good

Sum of Weighting Values (Vws)

Lighting Class(M) = 6 - Vws

Table 3.  Final weighting value selection for Il-ju road

Traffic 
Survey 

Point No. 

The number 
of lanes 

Traffic 
volume 

Traffic volume 
rating 

Weighting 
value 

commercial 
area 

Residential 
area 

Other 
areas 

1132-01 6 15,582  A -1 M4 M5 M5 

1132-23 4 33,240  D 0.5 M2 M3 M4 

1132-02 4 19,059  B -0.5 M3 M4 M5 

1132-05 4 14,259  B -0.5 M3 M4 M5 

1132-07 4 10,223  A -1 M4 M5 M5 

1132-09 4 6,012  A -1 M4 M5 M5 

1132-10 4 10,700  A -1 M4 M5 M5 

1132-21 4 32,834  D 0.5 M2 M3 M4 

1132-12 6 21,756  B -0.5 M3 M4 M5 

1132-13 4 16,461  B -0.5 M3 M4 M5 

1132-15 4 15,931  B -0.5 M3 M4 M5 

1132-17 4 3,585  A -1 M4 M5 M5 

1132-18 4 10,353  A -1 M4 M5 M5 

1132-19 4 23,538  C 0 M3 M4 M5 

1132-22 4 36,173  D 0.5 M2 M3 M4 

1132-20 4 42,275  E 1 M2 M3 M4 
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Figure 1. Lighting class by section of the Il-ju road

 

4.  

As a result of partially revising the weight application to traffic volume and lane separation 
among the lighting class selection parameters in the Ministry of Land, Infrastructure and Transport 
guidelines and applying it to Jeju Island's Il-ju road, it was confirmed that lighting classes could be 
selected without problems. However, the traffic volume survey is conducted on roads above local 
roads, but there is no information on detailed roads such as cities and provinces. In addition, it is 
expected to be more helpful in optimizing the lighting level if it is possible to collect traffic 
information over time in the future, given that the actual road lighting is used at night. 
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MODIFIED CLIMATE-BASED DAYLIGHT MODELING METHODS
FOR BUILDINGS

Yongqing Zhao, Zhen Tian

(School of architecture and planning, Hunan University, Changsha, China)

ABSTRACT 
This study proposes a method for calculating direct sunlight contribution, which can replace the 

sun-coefficient method and obtain a modified five-phase methods for dynamic building daylight 
modeling. Compared with the 5-PM with MF:3, the M5-PM can reduce computation time by 67% 
for modeling the specular blind systems, and the M5-PM can save 94.9% of the calculation time 
compared with the 5-PM with MF:6, using Shanghai as the test location. The results also indicate 
that the simulation accuracy of M5-PM is slightly improved in contrast to 5-PM for modeling the 
specular blind. Compared with the 5-PM, the M5-PM can use exact sun positions instead of placing 
suns at the centers of Reinhart patches. This overcomes the limitation of the 5-PM, where the sun 
or specular light reflected by blinds may not be predicted accurately in the field of view when 
modeling fenestration systems sensitive to solar positions and sunlight reflection. This is particularly 
important for applications such as model-based control for blind systems. However, the time 
benefits of M5-PM are influenced by the climate and not fit for parametric analysis.

Keywords: Climate-based daylight modeling; Radiance; Modified five-phase methods; Luminance 
and glare evaluation; Validation

1. INTRODUCTION
Daylight, as a primary renewable light source for buildings, not only can provide natural lighting

for occupants but also reduce artificial lighting energy demand [1], and associated cooling energy 
use. However, it may also bring discomfort, and glare problems, as well as excess solar heat gains
[2–6]. Taking full advantages of daylight and minimizing the discomfort glare, and the negative 
impacts from solar heat gain are the main goals that researchers focused on and worked towards. 
To achieve this target, more and more innovative daylighting and shading integration products are
developed, such as prism daylight redirection fenestration (PDRF) [7,8], venetian blinds, woven 
fabric shading, dynamic building facades, and so on. These products are categorized as complex
fenestration systems (CFS). However, the design, development and evaluation of complex 
fenestration systems rely on accurate and time-efficient tools that promote the development of new, 
innovative daylight and solar control technologies. Traditional daylight evaluation methods based 
on point-in-time simulation cannot meet these innovative CFS requirements since daylight varies 
with time and sky conditions. Thus, it is necessary to develop tools that conduct climate-based 
dynamic daylight and solar heat gains simulation efficiently and accurately, and numerous 
researchers were devoted to this effort [9–16].

In 1995, Mardaljevic [10] used the Daylight Coefficient Method to predict time-varying 
illuminances and implement it in Radiance, which utilized matrix multiplication of precalculated 
daylight coefficient matrix and sky matrix stacked by time-varied sky vectors to obtain indoor 
illuminances. In 2011, Ward [11] introduced the Three-phase method (3-PM) to simulate the annual 
daylight performance of Complex Fenestration Systems using the Bidirectional Scattering 
Distribution Functions (BSDF), which split the light transmission path into three phases. The View 
matrix (V), Transmission matrix (T), and Daylight matrix (D) were employed to describe the 
transmission flux matrices of three phases, respectively. Then the Daylight Coefficient can be 
derived by the matrix multiplication of these three matrices. 

The 3-PM can model annual daylight performance efficiently through matrix calculation. 
Another benefit of this method lies in that the individual phases in the 3-PM are calculated 
independently, which helps to implement parametric simulation. For example, when evaluating 
different fenestration systems’ impact on indoor daylight luminous environments, once one 
simulation was completed, the V, D, and s matrices can be reused. Only the T matrix needs to be 
replaced. However, the 3-PM method has the following shortcomings [11,12]:

1) Inaccuracy prediction of direct sunlight since the Reinhart discretization of sky model leads
to sun size and position deviation.

2) The T matrix is characterized by a low-resolution BSDF (10-15° angular resolution), making
it challenging to predict the spatial distribution of transmitted and reflected irradiance or illuminance 
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from the sun (0.5° resolution). Further, this method is unable to meet the requirements of modeling 
some metrics such as discomfort glare, annual sunlight exposure, and thermal discomfort [13].  

McNeil et al. [12] validate the 3-PM by comparing simulated with measured illuminance values 
for a daylight-redirecting optical louver system. The results showed that the absolute mean bias 
error was below 13%, and the root mean square error was below 23%.  The 3-PM was employed 
to evaluate and optimize external blind designs [17–19], conduct the daylight performance 
evaluation of CFS [23–25], and perform annual daylight metrics calculations [23]. 

To address the above problems, McNeil et al. [14] proposed an annual daylight simulation 
method that can accurately model direct sunlight, the well-known Five-phase method (5-PM). The 
5-PM is an improvement of the 3-PM, where the direct sun and diffuse sky’s contribution are 
calculated separately. The diffuse sky’s contribution is calculated with the Reinhart sky model using 
the 3-PM. The direct sun’s contribution is derived by using the sun-coefficient method, which uses 
the intensity of the sun with its actual solid angle to avoid the oversized solid angle in the Reinhart 
sky model. Also, high-resolution BSDF or accurate geometry can be employed in the sun coefficient 
method, which helps to improve the accuracy of direct sun contribution calculation. The 5-PM was 
divided into three parts: 1) the 3-PM considering direct sun and diffuse sky’s contribution, 2) the 3-
PM considering only direct sun contribution, and 3) the sun-coefficient method. Finally, results are 
obtained through part 1) minus part 2) plus part 3).  

Geisler-Moroder et al. [15] validated the 5-PM through comparing field-measured data with the 
simulated results derived by the 5-PM, revealing that 5-PM outperforms 3-PM for predicting 
horizontal and vertical illuminance values, as well as calculated glare metrics. The relative error of 
Daylight Glare Probability (DGP) predicted with the 5-PM was within 10% for most of the conditions. 
Additionally, Geisler-Moroder et al. [15] proposed a refined imaged-based five-phase method, 
which split the direct-sun aspect of the simulation into two different matrices. These two matrices 
address the interior of spaces and the overall scene separately.  

However, in the 5-PM or any matrix-based methods using the separation method of direct 
sunlight and diffuse sky contributions, the sun-coefficient method was employed to calculate direct 
solar contribution, which has two shortcomings [24]: 1) the high Reinhart subdivision for sun patches 
can keep high accuracy, but it also causes a long computation time for the image-based simulation. 
In contrast, a low Reinhart subdivision can reduce computation time but it sacrifices the level of 
accuracy; and 2) even if the maximum number of patches for sun-coefficient calculation was used, 
the error may still occur due to the angular separation between the actual position and that of the 
assigned patch still exist. 

2.   

In this study, a modified method for computing the direct sunlight contribution were proposed. 
It allows for the use of exact solar positions and is more time-efficient. This method also enables 
the specification of the accuracy of sun positions using a tolerance of solar direction deviation, 
which was named as the modified five-phase method. The modified direct solar computation 
method proposed in this study were employed to replace the sun-coefficient method in the 5-PM, 
as illustrated in Fig. 1. 

 
Fig. 1  The process of the rendering of the modified Five-phase methods 
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2.1 The core optimization mechanism
In the 5-PM, rcontrib was employed to calculate the contribution coefficient, which is the core 

of the matrix-based daylight modeling methods, however, the ambient cache is disabled in rcontrib. 
This mechanism is a crucial tool for diffuse reflection in Radiance, which can accelerate the 
rendering process and reduce the artifacts. Rcontrib uses the standard Monte Carlo methods to 
evaluate the rendering equation, which needs to sample random directions over the hemisphere at 
each pixel for diffuse reflection calculation. This would lead to a huge computation cost since it 
takes 100-1000 rays to adequately sample the hemisphere at a given point and even more if 
multiple interreflections are considered. To reduce the calculation cost, only several points over the 
hemisphere are sampled and cached, and interpolation is done between these values. This is 
feasible because the diffuse indirect components change slowly over surfaces [25]. This 
mechanism is called ambient cache and is used in rtrace/rpict. However, the ambient cache is 
disabled in rcontrib because the computation of the contribution coefficient needs to cache all the 
rays’ contribution on final values, which causes the entire ray tree associated with each cached 
value to be stored, quickly consuming all the available memory. Thus, it is necessary to conduct 
the hemisphere sample at each pixel in rcontrib. This pixel-by-pixel approach will produce pixel 
noise and take a long time. In sun-coefficient method, the illuminance images should be first 
calculated, and then the material map should be used to convert them to luminance images to 
obtain direct sunlight’s contribution on indoor surfaces. Any surfaces in the field of view would be 
replaced by a Lambertian surface when conducting illuminance calculation. Thus, it will lead to the 
indirect calculation without the ambient cache.

In this study, the core optimization mechanism is using the ambient cache to accelerate the 
dynamic daylight simulation, which is implemented by the program rpict, rather than rcontrib. To 
fully take advantage of the ambient cache, the overture calculation was employed to further optimize 
computation efficiency. The overture calculation pre-generates an ambient file for a small picture 
size (64 pixels × 64 pixels) and then reuses this ambient file to render a larger picture. 

To eliminate artifacts caused by the indirect calculation of rpict, mkillum was used with an 
ambient bounce of zero to generate a secondary light source (illum type). The secondary light 
source was then incorporated into the model for ray-tracing calculations. The benefits of using 
mkillum include not only eliminating artifacts but also accelerating rendering for the case
incorporating BSDF. 

2.2 The Modified Five-phase Method
The core optimization mechanism of this method is presented in section 2.1, which uses

ambient cache to accelerate the calculation, and mkillum to improve the image quality. In addition 
to this, the M5-PM uses the rpict to conduct rendering at each timestep for the specific location, 
thus it does not need to simulate the tons of sun patches to achieve an accuracy enough like what 
is doing in the 5-PM. Another advantage is it can use the exact sun positions to calculate the direct 
sunlight contribution. This method also enables the specification of the accuracy of sun positions 
using a tolerance of solar direction deviation. If the deviation of the solar position at the current 
timestep and the previous timestep is within the specified tolerance, the previously calculated HDR 
image can be used to derive the HDR image of the current timestep. The deviation between sun 
vectors at timestep i and j can be calculated as formula (1):

where:
are the sun vector at timestep i;
are the sun vector at timestep j;

are the angle between and .
To further reduce computation time, the ray-tracing procedure was executed only when the 

direct irradiance from the sky was greater than zero. If the direct irradiance from the sky was zero, 
pcomb was used to generate a black HDR image to represent no direct light contribution. The 
computation procedure is shown in Fig. 2. A Python program weas developed following the 
procedures, in which the parallel computing technology based on a thread pool was used to 
accelerate the run. Additionally, the exact solar position was employed to conduct the glare metrics 
calculation.
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Fig. 2 Computation procedures of direct sunlight calculation  

2.3 Test Models 

 
Fig. 3 a) Floor plan of the research model     b) 3D dimension of the research model 

c) Model façade with blinds                  d) Dimension and tilt angle of the blind slats 
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This study modeled an open office facing south in Shanghai (120.6°E, 31.3°N) with a 
dimension of 10.0 m in width, 15.0 m in depth, and 5.0 m in height, as shown in Fig. 4 a) and b). 
The window dimension is 5.1m in height and 5m in width. The reflectance values of the ceiling, wall, 
and floor were set to 0.75, 0.55, and 0.20, respectively. To model the reflection of outdoor ground, 
a ground plane was added with a reflectance value of 0.20. 

A horizontal specular blind system was applied in the building. The accurate geometry of the 
horizontal blinds was necessary for modeling as it allowed for a more realistic representation of the 
system. The specular blind had a reflectance value of 0.70 and a specular ratio of 0.02. A Klems 
format BSDF, generated using genBSDF, was used to model the horizontal blinds in the 3-PM 
calculation.  

2.4 Comparison and validation 
To evaluate the performance improvement of the new method, the results obtained by the 

modified Five-phase method were compared with those obtained using the 5-PM and the 
conventional ray-tracing method (RT). The accuracy of the modified Five-phase methods and 5-
PM methods were evaluated based on a benchmark provided by the RT method. Mean bias errors 
(MBE) and relative root mean squared errors (RMSE) were used to describe the errors in this study.  

3. RESULTS  
3.1 Comparison of Glare Metrics 

Table 1 presents the errors for the 5-PM with proxy geometry under various sun patches and 
the modified Five-phase methods with geometry. It shows that 5-PM with 145 sun patches (MF:1) 
has significant errors for DGP, Ev, and DGI. This is due to the significant deviation in solar positions 
when used 145 sun patches. However, once the sun patches are increased to 577 (MF:2), the 
errors of glare metrics values in imperceptible, perceptible, and disturbing levels drop sharply and 
become stable when the sun patches grow to above 1297 (MF:3). This suggests that increasing 
the number of sun patches can greatly improve the accuracy of the 5-PM with proxy geometry. 
Meanwhile, Table1 indicates that the RMSEs of glare metric values at imperceptible, perceptible, 
and disturbing levels calculated with the M5-PM are similar to those calculated with the 5-PM using 
1297 or above sun patches. However, the RMSEs for glare metrics values at intolerable level 
calculated with the M5-PM are smaller, and so are the overall RMSEs. Meanwhile, it was shown 
that even when the MF value was increased to 6, the RMSEs of the 5-PM derived DGP values 
remained above 0.05. This was due to the inaccuracy of the employed sun positions, resulting in 
the inability to precisely predict the moments when the sun appears in the field of view through the 
gap between the blind slats and when the light reflected on the blind slats enters the eyes. 

 
Fig. 4 Ev values derived by the 5-PM with proxy geometry and the M5-PM 
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Figs. 4 and 5 show the relationship between the DGP and Ev values calculated by the 5-PM 
and M5-PM and the values calculated by RT. As the number of sun patches increases for the 5-
PM, the agreement between the 5-PM derived glare metrics values and the RT calculated values 
improves. However, there are more outliers for the 5-PM derived DGP and Ev values compared to 
the M5-PM derived values, which significantly deviate from the RT calculated values. Despite this, 
most of these outliers are in the same glare level range as the RT derived values and do not affect 
the overall glare evaluation.  

 
Fig. 5 DGP values derived by the 5-PM with proxy geometry and the M5-PM 

 
Fig. 6 DGI values calculated with the 5-PM and the M5-PM 

 

Table 1 Error comparison between the 5-PM and M5-PM with geometry for specular blinds 

Glare Metrics 5-PM 
MF:1 

5-PM 
MF:2 

5-PM 
MF:3 

5-PM 
MF:4 

5-PM 
MF:5 

5-PM 
MF:6 

M5-PM 

DGP <0.35 RMSE 0.100 0.013 0.013 0.013 0.013 0.012 0.012 
MBE -0.015 0.001 0.001 0.001 0.001 0.001 0.001 

P.79



14th Asia Lighting Conference (Tokyo, Japan) 
 
 

7 

0.35-0.40 RMSE 0.135 0.026 0.018 0.018 0.018 0.018 0.018 
MBE -0.008 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 

0.40-0.45 RMSE 0.123 0.045 0.024 0.024 0.024 0.024 0.024 
MBE -0.009 -0.005 -0.004 -0.004 -0.004 -0.004 -0.004 

≥0.45 RMSE 0.193 0.12 0.140 0.134 0.120 0.120 0.03 
MBE 0.068 -0.017 -0.010 0.002 -0.011 -0.002 -0.007 

Overall RMSE 0.138 0.123 0.070 0.068 0.060 0.059 0.021 
MBE 0.002 -0.006 -0.003 -0.001 -0.004 -0.002 -0.003 

Frequency (DGP > 0.40) 36.4% 36.3% 36.4% 36.4% 36.4% 36.5% 36.4% 

Ev Overall RMSE 8079 3202 3023.0 3275 2223 2071 928 
MBE -161.6 95.8 -221.5 168.3 17.4 19.8 -65.8 

DGI 

<18 RMSE 6.3 4.5 4.7 4.5 4.5 4.3 4.8 
MBE 1.80 1.49 1.55 1.50 1.50 1.52 1.56 

18-24 RMSE 7.1 4.9 5.0 5.0 5.1 5.2 5.1 
MBE 0.45 0.68 0.69 0.68 0.68 0.69 0.68 

24-31 RMSE 4.6 3.0 2.9 2.4 2.7 2.5 1.1 
MBE -1.38 -1.06 -1.01 -0.88 -0.94 -0.86 -0.55 

>31 RMSE 12.3 6.4 8.1 5.47 7.0 6.3 2.3 
MBE 11.55 2.40 5.08 4.47 3.56 5.9 0.90 

Overall RMSE 6.26 4.11 4.18 4.18 4.10 4.46 3.48 
MBE 0.79 0.50 0.77 0.77 0.63 0.74 0.70 

Frequency (DGI > 24) 52.2% 52.1% 52.1% 52.2% 52.2% 52.1% 52.2% 
 

Fig. 6 presents the 5-PM and M5-PM derived DGI values against RT derived values. It 
illustrates that there are many outliers that affect the glare evaluation in 5-PM derived values. For 
example, the outliers marked with a red circle should belong to a glare level below disturbing, but 
were predicted to fall into the intolerable level. However, the outliers marked with a blue circle 
should belong to the intolerable level but were predicted to fall into the disturbing level. This 
indicates that errors in DGI values may lead to unreliable glare ratings. However, when calculating 
the percentage of annual discomfort occurrence, the presence of outliers would not significantly 
impact the results.  

3.2 Computation time 
A Laptop with an eight-core/16-thread CPU (AMD Radeon, eight physical cores and 16 virtual 

cores, 3.2 MHz), 24G RAM (8G Samsung and16G Kingston), and 1T SSD hard disk was used to 
test the computation performance of the 5-PM and M5-PM, and Windows Subsystem Linux (Ubuntu 
20.04 LTS) was used as the test platform. For the M5-PM, 1996 timesteps were conducted for the 
rpict running. The average computation time per timestep is approximately 11s. The computation 
time for the M5-PM includes all the procedures required in the M5-PM, such as constructing sky 
and octree files, as well as the rpict running. For a fair comparison, all simulations were performed 
using 16 CPU cores for parallel computing in this investigation.  

The computation times for the 5-PM and M5-PM are presented in Table 2. The results show 
that the M5-PM outperforms 5-PM with MF:6 for specular blinds, the M5-PM can reduce the 
computation time by up to 94.9% and 81.1% for the direct sunlight calculation and entire 
computation, respectively, compared to 5-PM with MF:6. Moreover, as demonstrated in Section 3.2, 
the results indicate that the 5-PM with MF:3 may be sufficient to predict the glare metrics but need 
to be further validated. Therefore, when compared to the 5-PM with MF:3, the M5-PM can reduce 
the computation time by up to 67% and 33% for the direct sunlight calculation and entire 
computation, respectively when modeling specular blinds. 

 
Table 2 Computation time of the 5-PM and M5-PM 

Procedure 5-PM M5-PM 
MF 1 2 3 4 5 6 / 

3-PM 2.61 2.61 2.61 2.61 2.61 2.61 2.61 
Direct 3-PM 1.01 1.01 1.01 1.01 1.01 1.01 1.01 

Direct sunlight 0.43 1.54 3.92 7.03 11.7 19.8 1.1 
Combine 0.56 0.56 0.56 0.56 0.56 0.56 0.56 

Total 4.61 5.72 8.1 11.2 15.9 24 5.3 
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4 Conclusions 
This study proposed two optimized direct solar computation methods and they were used to 

replace the sun coefficient method in the 5-PM simulation, thus obtaining two modified Five-phase 
methods. Results derived by the 5-PM and the modified Five-phase methods are compared, and 
the key findings are that for fenestration systems that are sensitive to solar position or specular 
reflect sunlight, the M5-PM can obtain more reliable values for contrast-based glare metrics 
compared with the 5-PM, even if the maximum sun patches (5185 sun patches) are applied in the 
sun coefficient method. Additionally, for the calculation of saturation-based glare metrics or glare 
metrics based on both contrast and saturation, the M5-PM can reduce outliers and obtain more 
accurate glare metric values. This is essential for some application scenarios such as model-based 
control blinds. 
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ABSTRACT 
The increasing awareness of the vital role lighting plays in promoting health and wellbeing has 

led to a growing interest in lighting performance, particularly within healthcare facilities. In tropical 
regions, the unique micro-climatic conditions and distinct daylight characteristics present 
additional challenges in optimizing lighting for the benefit of patients and staff. However, 
conducting a thorough lighting performance simulation that considers cost effectiveness and time 
constraints can be challenging. To address this, this study aims to thoroughly investigate the 
lighting performance within a tropical hospital ward setting through a simulation-based evaluation. 
The simulations were carried out using Rhino 7 in conjunction with the ClimateStudio plugin, 
providing a temporal, environmental (considering weather conditions), and spatial analysis of 
human-centric lighting performance. Furthermore, to enhance the lighting performance evaluation 
and decision-making process, an agile multi-objective optimization tool was developed using 
Grasshopper, Ladybug, and Honeybee plugins. This tool allows for agile multi-objective 
optimization, enabling the exploration of various lighting scenarios and facilitating informed 
decision-making. The findings of this study contribute not only to the existing knowledge on 
lighting performance in healthcare facilities but also provide a strong basis for the development of 
effective lighting control strategies tailored to tropical hospital settings. By enhancing our 
understanding of the role of lighting in promoting health and wellbeing, the outcomes of this 
research effort are expected to improve the overall experience and outcomes for patients and 
staff in tropical healthcare environments.

Keywords : Lighting performance, Healthcare facilities, Tropical regions, Simulation-based 
evaluation, Agile multi-objective optimisation

1. INTRODUCTION
Lighting is a multifaceted concept that has profound effects on human health and well-being. It

pertains to both positive and negative effects, biologically and physically. Biologically, proper 
lighting plays an essential role in regulating human circadian rhythms, fostering positive mood, 
and improving sleep quality. From a psychological viewpoint, adequate lighting can mitigate the 
risk of mental health issues and boost cognitive abilities. Research has consistently shown that
having adequate lighting, especially natural light, can aid in patients' recovery and create positive 
emotions [1]. On the contrary, insufficient or inadequate lighting in healthcare facilities can result 
in sleep deprivation, amplify negative emotions, and hinder healing. In certain instances, 
inappropriate lighting in hospital settings has been associated with adverse outcomes like falls or 
medical errors. The experience of being admitted into a hospital can be inherently stressful and 
anxiety-inducing due to the unfamiliar environment, medical procedures, and intimidating medical 
apparatus. Hospitalization can exacerbate negative emotions and contribute to the development
of depression and anxiety [2]. Furthermore, studies have demonstrated a significant correlation 
between sleep deprivation and the occurrence of mental health disorders among hospitalized 
patients [3]. Despite the critical role of lighting in healthcare environments, the lighting 
performance in tropical hospitals is rarely evaluated systematically and reliably. Given the 
challenges involved in conducting thorough lighting performance simulations that are both cost-
effective and time-efficient, it becomes even more imperative to address this gap in evaluating 
and optimising lighting conditions in tropical hospital settings.

Thereby, this study aims to investigate the lighting performance within a tropical hospital ward 
setting through a simulation-based evaluation. The simulations were carried out using Rhino 7 
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and the ClimateStudio plugin, providing a temporal, environmental (considering weather 
conditions), and spatial analysis of the performance of healthcare lighting. Furthermore, to 
enhance the lighting performance evaluation and decision-making process, an agile multi-
objective optimisation tool was developed using Grasshopper, Ladybug, and Honeybee plugins. 
This tool allows for multi-objective optimisation, enabling the exploration of various lighting 
scenarios and facilitating informed decision-making. The findings of this study contribute not only 
to the existing knowledge on lighting performance in healthcare facilities but also provide a strong 
basis for the development of effective lighting control strategies tailored to tropical hospital ward 
settings. By enhancing our understanding of the role of healthcare lighting, the outcomes of this 
research effort are expected to improve the overall visual experience, health and well-being of 
patients and staff in tropical healthcare environments.  

2. METHODOLOGY 
Firstly, literature review was conducted to gain a comprehensive understanding of the current 

state of healthcare lighting research and to identify relevant lighting performance metrics. 
Subsequently, a detailed 3D model of a selected ward area in a tropical hospital was created 
using Rhino 7 Modeling software. The simulations were carried out using rhino 7 and the 
ClimateStudio plugin, providing a temporal, environmental (considering weather conditions), and 
spatial analysis of the performance of healthcare lighting. Finally, an agile multi-objective 
optimization tool was developed. 

2.1 Lighting Performance Metrics 
Based on the Singapore Standard SS531 [4], ward spaces have specific illuminance 

requirements based on the occupants' needs. These requirements include general lighting at 100 
lx (at floor level), reading lighting at 300 lx, simple examination lighting at 300 lx, examination and 
treatment lighting at 1000 lx, and night light and observation lighting at 5 lx. Another important 
parameter to consider is glare control, as it can negatively impact visual performance and cause 
discomfort [5]. In the ward, the Uniform Glare Rating (UGR) should be kept at 19 or below. To 
assess discomfort glare, the Daylight Glare Probability (DGP) metric is also considered. DGP 
quantifies the probability of users experiencing glare, especially from the sun, at specific positions 
and orientations. Table 1 outlines four distinct bands of DGP glare values, ranging from 0% to 
100%.  

Table 1. DGP Glare Band 

Glare DGP Range Reference 

Unnoticeable Glare DGP ≤ 34% [6] 
Noticeable Glare 34% < DGP ≤ 38% 
Unpleasant Glare 38% < DGP ≤ 45% 
Unbearable Glare 45% < DGP 

2.2 Computational Lighting simulations  

2.2.1 Description of the Ward Model  

For the case study of the performance evaluation of healthcare lighting, a specific tropical 
hospital ward with five beds, located on level 6 and facing north, was selected. This ward is part 
of a selected tropical hospital that provides long-term care for the management of chronic 
diseases and encompasses various specialist clinics. To visualise the ward and aid in the 
evaluation process, Figure 1 illustrates the ward's floor plan, while Figure 2 presents a rendered 
360° View of the selected hospital ward. 

   
Figure 1. Tropical Hospital Ward plan 

 
Figure 2.  Rendered 360° View of the Ward 
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2.2.2 Simulation Parameters 

To ensure a realistic and accurate simulation of illuminance, simulation parameters were 
carefully defined and discussed. The simulations were conducted based on the Autumnal Equinox 
Day (21st September) was selected specifically to represent the worst-case scenario for 
daylighting performance, allowing for a thorough evaluation of the lighting performance under 
challenging lighting conditions, ensuring that the simulation captures the potential limitations and 
areas for improvement in the ward's daylighting design. Also, two sky conditions are considered, 
namely clear and overcast sky conditions. A set of single point-in-time daylight simulations with 
intervals of 3 hours were conducted to account for different lighting conditions experienced 
throughout the day. The specific time steps selected were 8am, 11am, 2pm, 5pm, 7pm, 10pm, 
12mn (midnight), and 3am. The workplane offsets for both daylight and artificial lighting were set 
at 850mm (Lying), 1200mm (Sitting) and 1600mm (Standing), while night light simulation 
specifically focused on 850mm (Lying). For the adopted lighting utilised for the simulation, it 
adheres to the lighting specifications provided by the hospital. The measurement area for both 
illuminance and glare simulations was established based on Figure 3. The ward was divided into 
left and right areas, and within each area, three segments were defined. Segment 1 spanned from 
0-3m from the window, segment 2 covered the distance from 3m to 5.5m from the window, and 
segment 3 extended from 5.5m to 7.5m from the window. Each segment was further evaluated by 
identifying seven measurement points: W1, W2, B1, B2, B3, B4, and B5. Similarly, for the glare 
simulation, the measurement area was divided into two segments: the 1st half and the 2nd half, 
as shown in Figure 4. In addition to the previous information, a total of 224 sensors were 
strategically placed within the ward model, with a spacing of 609.6mm between each sensor to 
obtain a detailed understanding of the illuminance distribution within the space. Furthermore, the 
reflectance magnitudes of the ward spaces (inclduing wall, floor, ceiling, furnitures) were 
determined based on on-site measurement via a luminance meter (Gossen MAVO SPOT 2) and 
a homogenized grey card with a reflectance level of 18%. This is to ensure accurate 
representation in the lighting simulations. 

 
Figure 3. Measurement Area for Illuminance 

Simulation 

 
Figure 4. Measurement Area for Glare Simulation 

2.3 Multi-objective tool 
Previous simulation processes involve tedious simulation processes with the potentials of the 

human errors. To enhance the lighting performance evaluation and decision-making process, an 
agile multi-objective optimization tool was developed using Grasshopper, Ladybug, and 
Honeybee plugins. This tool allows for agile multi-objective optimization, enabling the exploration 
of various lighting scenarios and facilitating informed decision-making. 

3. RESULTS  

3.1 Illuminance Evaluation 
Figures 5-8 show the average illuminance level for 8am, 11am, 2pm and 5pm for different 

segmented areas under various sky conditions, both with and without artificial lighting. Without 
artificial lighting, there is noticeable variation in average illumination levels across different eye-
level positions within the segmented areas. Additionally, as the distance from the window 
increases, the average illuminance level decreases. However, when artificial lighting is 
introduced, the average illuminance level fluctuates across the segmented area for different eye-
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level positions. When analysing the results in terms of 3 eye-level positions, the lying eye-level 
experiences a decrease in average illuminance with increasing distance from the window, 
regardless of artificial lighting. Similarly, sitting and standing eye-level positions also show a 
decrease in average illuminance without artificial lighting, but with artificial lighting, the average 
illuminance fluctuates. Figures 9-10 depict the average illuminance levels at 7pm and 8pm with 
the presence of artificial light under a single sky condition. Generally, the average illuminance
levels exhibit fluctuations across the segmented areas, even as the distance from the window 
increases. When considering each distinct eye-level point, it can be observed that for the lying 
position, the average illuminance level fluctuates despite the increase in distance from window.
Lastly, Figures 11-12 demonstrate the average illuminance levels at 12am and 3am with the sole 
presence of night light under a single sky condition. Generally, the average illuminance levels 
remain relatively stable, ranging from approximately 18 – 28 lx, at the lying position.

Figure 5. Illuminance Evaluation at 8am Figure 6. Illuminance Evaluation at 11am

Figure 7. Illuminance Evaluation at 2pm Figure 8. Illuminance Evaluation at 5pm

Figure 9. Illuminance Evaluation at 7pm Figure 10 Illuminance Evaluation at 8pm

P.86



14th Asia Lighting Conference (Tokyo, Japan)

5

Figure 11. Illuminance Evaluation at 12am Figure 12. Illuminance Evaluation at 3am

3.2 Glare Evaluation
Figure 13 presents the mean annual daylight glare levels at an eye-level of 850mm. It shows 

approximately 2.2% of views are with disturbing glare for more than 5% of the year. Also, the 
results indicate that the top 3 rows the ward encounter intolerable glare (in red) ranging from 3%
to 19% and disturbing glare (in orange) ranging from 3% to 24%. Figure 14 showcases the mean 
annual daylight glare at an eye-level of 1200mm. Based on the simulation results, it shows 
approximately 1.8% of views are with disturbing glare for more than 5% of the year. Also, the top 
2 rows of the ward encounter intolerable glare (in red) ranging from 1% to 14% and disturbing 
glare (in orange) ranging from 1% to 3%. Figure 15 illustrates the mean annual daylight disturbing 
glare at an eye-level of 1600mm. The simulation results indicate that approximately 0.7% of views 
are with disturbing glare for more than 5% of the year. Similarly, the top 2 rows of the upper part 
of the ward encounter an intolerable glare (in red) ranging from 1% to 12% and disturbing glare 
(in orange) ranging from 1% to 2%. 

Figure 13. Glare Simulation Results (850mm)

Figure 14. Glare Simulation Results (1200mm)
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Figure 15. Glare Simulation Results (1600mm)

3.3 Agile multi-objective optimization tool
Figure 16 provides an overview of the agile multi-objective optimization tool for illuminance

simulation using Grasshopper, Ladybug and Honeybee. As shown, some of the segment is not 
highlighted because it functions the same way as the yellow segment. Beginning with the red 
segmented section shown in Figure 17, this section is to define the furniture reflectance level, as 
well as, the simulation month, date and hours. All these information is to be connected to the 
yellow segmented section from “HBSurface” to “HBObjects”. Moving on to the orange segmented 
section depicted in Figure 18, the grid sensor point are defined. To accomplish this, the test
geometry (in this case, the floor) is selected first. Then, the sensor grid size and eye-level position 
are determined. Additionally, the sky condition for the simulation is specified based on user 
requirements. Once these variables are defined, they are connected to the yellow segmented 
section under "analysisReceipe". Lastly, the yellow segment shown in Figure 19, integrates the 
information from red and orange segmented areas into “HBObjects” and “analysisReceipe”. Once
the integration is completed, a toggle is included in this segment to run or stop the simulation. For 
the illuminance value, which is the desired result in this tool, a colour mesh can be shown on the 
model for visualisation purposes by linking the “illuminance_values” to “_analysisResult”.

Figure 16. Overview of the agile multi-objective 
optimization tool

Figure 17 Red Segment of the tool
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Figure 18 Orange Segment of the tool Figure 19 Yellow Segment of the tool 

4. DISCUSSION  

4.1 Comparison with Standards  
With reference to Singapore Standards SS531, the daylight simulation results show that the 

average illuminance of the ward does not meet the requirement of 300 lx. However, without the 
provision of artificial light, the ward appears to be generally dim, which would affect the circadian 
rhythm of the patients. On the other hand, when considering daylight with the inclusion of artificial 
lights, the average illuminance throughout the entire ward falls within the range of 400 to 500 lx. 
Even though the illuminance values exceed the SS531 requirement, the occupants with special 
needs (e.g. the elderly) do require higher illuminance levels, about 50% more [7-8]. As such, the 
illuminance requirement for the elderly is approximately about 450 lx. However, it was noted that 
for points B2 and B1, some of the illuminance level does not meet the illuminance requirement for 
the elderly of 450 lx at 1200mm eye-level and 1600mm eye-level, especially during overcast sky 
situation. Contrastingly, for the rest of the 5 points; W1, W2, B3, B4, and B5, most of the 
illuminance levels exceed steeply, ranging from a minimum of 861 lx to a maximum of 2265 lx.  

According to SLL night light standard, the average maintained illuminance level should not 
surpass 5 lux. In addition, the maximum permitted illuminance level measured within any points at 
the pillow area should be 0.5 lux, and the highest tolerated illumination level should not be higher 
than 10 lux. However, the ward night light result at 850mm (lying position) is around 20 lux which 
exceeds the standard requirement, which might result in discomfort to the patients and affect the 
patient’s circadian rhythm.  

4.2 Limitations and Ongoing Work 
The study recognises that, due to the absence of better alternatives, the current study is 

compelled to compare the lighting conditions against existing standards, such as SS531 and SLL 
night light standards, despite their limitations. These standards specify the lighting requirements 
for healthcare workers to work comfortably but do not provide guidance on designing genuine 
human-centric lighting (HCL) systems. The concept of human-centric lighting encompasses both 
credible potential and unsubstantiated marketing claims, posing a challenge for designers to 
navigate. While environmental lighting is known to impact human health, there is a need for 
practical guidance in implementing human-centric lighting, which is currently lacking [9]. 
Moreover, this study suggests further discussion on the impact of lighting conditions on older 
adults and individuals with clinical conditions, aspects not adequately addressed by the existing 
standards. Additionally, collaborative efforts between academia, designers and hospital clinicians 
are required to identify design best practices and fill the gaps outlined by SS531. 

5. CONCLUSION 
In this research, a framework was constructed for evaluating the performance of healthcare 

lighting. Also, a set of simulation tools have been employed, including Rhino 7 and and 
associated plugins such as ClimateStudio, grasshopper, ladybug, and honeybee. ClimateStudio 
served as the primary simulation tool, enabling a comprehensive assessment of the healthcare 
lighting performance. Based on the results, it can be summarised into 3 situations. Firstly, 
irrespective of the weather conditions, the illuminance situation in the ward lacks sufficient 
brightness. Secondly, when the artificial lights are activated, irrespective of the weather 
conditions, the average illuminance levels of the entire ward met the required level of 450 lx for 
the elderly. However, the various points indicate that the illuminance levels are excessively high, 
leading to glare, while others had illuminance levels that were too low. Lastly, the presence of 
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night lights was identified as a potential hindrance to achieving better sleep for the patients. This 
suggests that further attention should be given to the design and implementation of night lighting 
in order to create a more conducive and restful environment for patients during nighttime hours. 

The agile multi-objective optimisation tool was employed to conduct simulations that aimed to 
replicate the results obtained from ClimateStudio. The focus was on developing computational 
codes to perform illuminance simulations using the tool. Additionally, other environmental analysis 
simulations, such as Sun Path Modeling and Direct Sun Analysis, were conducted to complement 
the results obtained from ClimateStudio. However, in order to further improve the program coding 
for illuminance simulation, additional studies on the software and its coding sequence are 
necessarily required. The complexity of the program coding sequence necessitates further 
investigation, refinement, and validation to enhance the present program coding. By continuously 
refining the computational codes, the accuracy and efficiency of the illuminance simulations could 
be improved, leading to more reliable and robust results for evaluating the performance of 
healthcare lighting in the tropical hospital ward. Furthermore, it is with the potentials to enable the 
identification of optimal lighting solutions balancing illuminance levels, glare control, and energy 
efficiency. By leveraging this tool, informed decision-making can be facilitated, supporting 
designers to consider data-driven scenarios for enhancing the lighting performance in the tropical 
hospital ward.  
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DECOMPOSING LIGHT POLLUTION IN XICHONG
INTERNATIONAL DARK SKY COMMUNITY USING ENCIRCLED

AERIAL PHOTOS
Siyi Zhao, Junda Ma, Shengzhi Zou, Yan Zhang, Biao Yang

School of Architecture, Harbin Institute of Technology, Shenzhen, Guangdong, China

ABSTRACT 
As urbanization develops, the abuse of lighting occurs from time to time, causing serious light 

pollution. Promoting dark sky protection is an important way to prevent light pollution. Assessment 
of status light pollution in the community is essential in building a dark sky community. The aim of 
this paper is to quantify the extend of light pollution in the Xichong community and the impact of 
its various components on sky glow. There are eight villages in the Xichong International Dark 
Sky Community. One of them, Xinwu Village, which is closest to the Shenzhen Observatory, was 
selected as case. An unmanned aircraft sky quality meter was used to measure and record the 
nighttime light environment data of Xinwu Village. The processed luminance values of the light in 
each functional area and the sky luminance values were correlated to calculate the composition of 
sky glow. The results show that light sources with different emission angles produce different 
degrees of light pollution in different areas of the sky. The contribution of light from different 
functional areas to sky glow is also different. The order of contribution to the brightness of the sky 
is street lights, decorative lights, residential lights, commercial sign lights, and basketball court 
lights. With the change of time, the amount of light released by different functional areas of 
artificial light sources at different times will also change. The results of this paper are to be 
beneficial for the building of dark sky communities and dark sky protection in the future.

Key words: light pollution dark sky community sky quality meter unmanned aircraft

1. INTRODUCTION
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2. METHODS 
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2.2

2.2.1 2D reconstruction of top view

(a)19:00                 (b)20:00                       (c)21:00               (d)22:00( )

(e)23:00                 (f)24:00                       (g)1:00               (h)2:00

(i)3:00                          (j)4:00                          (k)5:00
Figure 3

2.2.2 Artificial light source area circling
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(a)                      (b)                         (c)                      (d)                         (e)
Figure 4

(a) ,(b) (c) (d)
(e)

2.2.3 Image greyscale calculation and correction

             (a)                          (b)                           (c)                         (d)                          (e)

(a) b) (c)
(d) e)
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2.3

The background brightness of the sky in the darkest places on earth is about 22 
mag/arcsec², while in cities with brighter nighttime light conditions it is typically 16-17 mag/arcsec². 
In order to convert SQM mpsas readings to cd/m², the formula can be used:

cd/m =10.8 104 10 mag/arcsec

Converts all SQM measured sky brightness values into luminance values.

The SQM is known to have a field of view of 20 degrees, which indicates that it can measure 
a 20 degree cone of the sky directly above the instrument. Sky brightness values are affected by 
various artificial light sources on the ground, such as street lights, commercial lights, decorative 
lights, residential lights, etc. Because the effect of artificial light sources on sky brightness is 
affected by angle, in order to fully consider the effect of different angles on sky brightness, this 
paper selects nine angles for the same village for photographic recording: directly above, east, 
west, south, north, north-east, south-east, north-west and south-west, for each light, let its 
luminosity released to the sky be "b" and the luminosity released to the sky directly above be 
luminosity to the sky directly above is " " and the angle of view of the UAV to the horizontal is "θ", 
then the formula should be

                                                            (1)

The luminosity values emitted by the artificial light sources in the different functional areas of 
the nine photographs against the sky directly above were summed and averaged to obtain

Under either fully cloudy or fully sunny conditions, the sky brightness in a city will change as 
the light released into the sky from artificial light sources changes. Assuming that there are N 
different artificial light sources (e.g. street lights, decorative lights, commercial lights, residential 
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household lights, Basketball court lights, etc.) contributing to the overall sky brightness, the time 
course of the change in sky brightness, B(t), expressed in units of luminance (cd/m²), can be 
written as

i=1 …

3. RESULTS
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4. CONCLUSIONS
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BIRD RISK ASSESSMENT UNDER LIGHT POLLUTION IN URBAN 
ECOLOGICAL PATCH

Qingli Hao, Lixiong Wang, Gang Liu, Juan Yu

School of Architecture, Tianjin University, Tianjin, 300072, China

ABSTRACT 
The intensity and extent of artificial lighting at night are rapidly increasing, typified by urban 
ecological patches, altering the natural light environment where animals survive and thrive, thus 
creating a range of ecological risks. Nighttime remote sensing can provide the possibility to 
assess the ecological risk of light pollution on a large scale. However, in the light pollution 
evaluation studies, the light radiation data from remote sensing are inconsistent with the light 
environment evaluation indexes at the urban ecological level. In the case of birds, research on the 
evaluation of light pollution based on remote sensing did not establish a direct relationship with 
the behavior response of birds.

This paper explored the ecological risk assessment method, combining microscopic bird risk 
thresholds with macroscopic light pollution distribution data. First, at the micro level, we clarified 
the light risk thresholds to birds under light pollution stress. We proposed a technique for 
forecasting the risk thresholds of light intensity drawn from laboratory studies to those in outdoor 
light environments with compound spectral compositions, and estimated risk thresholds for light 
pollution to sleep behaviors of birds. Meanwhile, we obtained macroscopic light environment 
distribution data, Luojia 1-01 and Jinlin 1-07B. Using Yundang Lake in Xiamen, China, as a typical 
urban ecological patch, we combined microscopic bird risk thresholds and macroscopic artificial 
light data at night to evaluate and visualize the ecological risk of birds and analyze the ecological 
risk distribution characteristics under light pollution stress. 

In the case of Eurasian Siskin and Chestnut Bunting, the results showed that: the irradiance 
risk thresholds were 5 mW/m2 (1.78 lx) and 10 mW/m2 (3.38 lx). Corresponding to the typical 
spectral energy distribution in Yundang Lake, the risk thresholds for the two species were 118.28 
nWcm-2 sr-1 and 218.88 nWcm-2 sr-1 (radiation brightness of night light remote sensing), 
respectively. Thus, the preliminary correlation between nighttime remote sensing and ecological 
light pollution assessment was established. The method of ecological risk assessment proposed 
in this paper can provide a scientific and normative demonstration for research and techniques 
that support the rapid assessment of ecological risks by light pollution in large-scale urban areas.

Keywords: light pollution, ecological risk, birds, quantified threshold, risk assessment

1. INTRODUCTION
Light pollution generated by human activities is rapidly growing and expanding, invading 
ecological patches where birds survive and altering the nighttime light environment on which they 
depend[1]. Studies have shown that light pollution stress can alter the physiological rhythms of 
birds by affecting their perception of the light environment[2, 3]. Artificial light at night will continue 
to spread with urban expansion, and the impact on birds will continue to expand. Therefore, 
evaluating the ecological risk of birds caused by light pollution is necessary and urgent.

Both research directions have been studied, the micro-level "birds' behavior response to light 
stimulation" quantitative experiments and the macro-level light pollution ecological risk 
assessment. In experimental studies of artificial light stimulation, domestic and foreign scholars 
have obtained quantitative patterns between bird behavior and light environment properties (such 
as spectrum and illumination) [3, 4]. However, the evaluation index of the light environment in the 
experiment of "birds' behavior response to light stimulation" is inconsistent with the night light 
remote sensing image unit. At the same time, there are differences in the spectral energy 
distribution between the experimental light environment and the natural nighttime light 
environment, so the experimental conclusions can hardly fully reflect the influence of artificial light 
on birds in the urban environment. In macroscopic light pollution ecological risk assessment, 
nighttime light remote sensing provides the possibility to assess the ecological risk of light 

O -14

P.107



13th Asia Lighting Conference (Beijing, China) 

2 

pollution on a large scale. For example, combining nighttime light remote sensing data and bird 
data (such as the number of migratory birds, activity areas, or activity paths of birds) to explore 
the location, timing[5], and light pollution levels[6] of birds exposed to light pollution. However, the 
above ecological light pollution evaluation studies did not establish a direct relationship with the 
sensitive response characteristics of birds, and the light pollution class classification of urban 
areas using the natural breakpoint method may not reflect the degree of light pollution ecological 
risk faced by birds. 

To address the shortcomings in the field of light pollution ecological risk evaluation, this paper 
explores the ecological risk thresholds of birds' sleeping rhythms under light pollution stress at the 
micro level, obtains macroscopic light pollution distribution data, and carries out ecological risk 
evaluation of urban ecological patches by combining the microscopic risk thresholds and 
macroscopic light pollution distribution data. This paper can provide methodological support for 
rapid diagnosis, evaluation, prevention, and control of ecological risks of urban light pollution. 

2. METHODS

2.1   Quantification of ecological risk evaluation thresholds for light pollution 
In this paper, we explored the irradiance thresholds of mixed light affecting the sleep behaviors of 
Eurasian Siskins and Chestnut Buntings. Previously, our research team conducted an 
experimental study on the sleep behaviors of birds under artificial light disturbance based on a 
standardized experimental method[7]. This experimental study used full-spectrum white and five 
spectral wavelengths (including violet, blue, green, yellow, and red-orange light) as experimental 
light sources, used three irradiances as experimental light intensity, and used four sleep 
parameters, including Sleep onset, Awakening time, Sleep duration and Frequency of 
awakenings, to measure the sleep behaviors. By summarizing the results of this experiment, we 
found the following pattern. For Eurasian Siskins, artificial light at 5 mW/m2 delayed the Sleep 
onset, advanced the Awakening time, shortened Sleep duration by more than 1 h, and 
significantly increased the Frequency of awakening. When the light intensity increased from lower 
irradiance to 5 mW/m2, the four sleep parameters changed significantly; as the irradiance 
continued to increase, the trend of the parameters changed slowly. For Chestnut Buntings, 
artificial light at 10 mW/m2 delayed the Sleep onset, shortened the Sleep duration by more than 1 
h, and delayed the Awakening time, in contrast to the four parameters of artificial light at lower 
irradiance. By comparing the degree of combined effects of six light colors on sleep behavior 
parameters at different irradiances, we tentatively determined irradiance thresholds of 5 mW/m2 
and 10 mW/m2 for Eurasian Siskins and Chestnut Buntings, respectively. 

2.2   Conversion of ecological risk evaluation thresholds for light pollution to outdoor 
The experimental scenes are difficult to reproduce the complex spectral distribution of the outdoor 
nighttime light environment. And the light environment evaluation parameters often used in 
experimental studies, such as illuminance (lx) and irradiance (mW/m2), are not consistent with the 
evaluation index of nighttime remote sensing data, radiance (nWcm-2sr-1). If we want to use the 
nighttime light remote sensing images for large-scale light pollution ecological risk evaluation, we 
need to convert the experimentally obtained irradiance thresholds into radiance thresholds by light 
intensity calibrations. Therefore, this paper proposed a method to estimate the radiance 
thresholds according to the irradiance thresholds of specific bird species consistent with the 
spectral energy distribution of the mixed light environment in the study area. The details are as 
follows: 

1. Conduct laboratory monochromatic light radiance measurements.
 In this paper, we use six customized monochromatic lights with precise peak band positions

and more uniform distribution in the visible range, including Blue (448 nm), Cyan (501 nm), 
Lime (542-554 nm), Amber (594 nm), Red Orange (618 nm), and Red (660 nm). In the birds' 
sleep behavior experimental chamber, using the Topcon SR-3AR spectroradiometer, we 
measured the radiance of the diffusely reflective surface at the bottom of the chamber 
corresponding to six monochromatic lights with irradiances of 5 mW/m2 and 10 mW/m2, 
respectively. 

2. Determine the spectral energy distribution of the light environment in the study area.
 The investigation found that road, architectural, and landscape lighting are the types of

lighting that significantly impact the light environment at night. Using the Illuminance 
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Spectrophotometer CL-500A (Konica Minolta), we collected the spectral energy distribution of 
the nighttime light environment and obtained the typical spectral energy distribution 
characteristics. 

3. Classify the representative bands of monochromatic lights.  
 We extracted the wavelengths at the five intersection points of the spectral energy distribution 

curves of the six monochromatic lights. Using the five intersection wavelengths as the 
boundary, we divided the visible light range (360-780 nm) into six representative bands. The 
monochromatic light with high spectral irradiance in each band is set as the main light so that 
the monochromatic lights correspond to the representative bands one by one. 

4. Determine the energy weights occupied by each monochromatic light band in the spectral 
energy distribution of the light environment in the study area.  

 In the spectral energy distribution of the light environment in the experimental area, the ratio 
of the irradiance of the representative band to the total irradiance is used as the weight of the 
corresponding monochromatic light of the representative band. 

5. Estimate the radiance thresholds consistent with the spectral energy distribution of the study 
area.  

 The monochromatic light weights obtained in step 4 are multiplied by the radiance values 
obtained in step 1 and summed to estimate the radiance thresholds that match the visible 
wavelengths of the real light environment. 

2.3   Processing of nighttime light environment maps and light pollution risk maps 
The light environment maps were obtained from the nighttime light remote sensing images 
acquired by the Luojia 1-01 satellite (LJ1-01) and the Jilin 1-7B satellite (JL1-07B), both with a 
spatial resolution of 130m[8] and 0.92m[6], respectively. Among them, the LJ1-01 images are 
from the Hubei High-Resolution Earth Observation System Data and Applications Network 
(http://59.175.109.173:8888/app/login_zh.html, accessed on March 31, 2020), taken on August 21, 
2018. The JL1-07B night-light remote sensing images were taken on April 9, 2020. The night-light 
remote sensing images were preprocessed, including median filtering, geometric correction, 
radiometric correction, and censored projection. 

On the basis of the light environment maps, the risk thresholds of specific bird species were 
used as classification values for reclassification, and the study area was divided into safety and 
risk zones to obtain light pollution risk maps. 

3.  RESULTS 

3.1   Demonstration study area 
Xiamen, Fujian Province, is rich in bird resources, with 19.5% of the total number of bird species 
in China. The Eurasian Siskins and Chestnut Buntings are common songbirds in Xiamen. The 
Yundang Lake area (Figure 1), located in the west-central part of Xiamen Island, is a typical urban 
ecological patch and a haven for birds. It was found that all the areas shown in Figure 1a-e had 
frequent bird activity. Yundang Lake and its surroundings are the political, cultural, and financial 
center of Xiamen, with a high level of urbanization. Nighttime light pollution in the area is gradually 
becoming a potential risk factor affecting the survival of birds in the ecological patches. Therefore, 
this paper took the Yundang Lake area, a typical urban ecological patch, as a demonstration 
study area to explore how to combine macroscopic light pollution data with microscopic bird 
threshold data for ecological risk evaluation.

Figure 1. Map of Yundang Lake 
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3.2   Ecological risk evaluation thresholds for nighttime light pollution 
The research found that the architectural lighting around Yundang Lake is the main source of light 
pollution. The intensity and vertical height of the building facade lighting in this area are high, 
significantly impacting the overall light environment. Therefore, the spectral distribution of the 
building lighting around Yundang Lake can represent the integrated spectral distribution of the 
region. Experimenters used CL-500A to collect the spectral energy distribution of the building 
lighting around the lake at the lake-center island (Figure 1a) to obtain the nighttime spectral 
energy distribution representing the Yundang Lake area (Figure 2). 

According to the method proposed in section 2.2 for estimating the risk evaluation thresholds 
of the mixed spectrum, the final radiance thresholds conforming to the typical spectral energy 
distribution in the Yuandang Lake were obtained: the radiance threshold corresponding to the 
artificial light risk threshold of 5 mW/m2 for Eurasian Siskins was 118.28 nWcm-2sr-1, and the 
radiance threshold corresponding to the artificial light risk threshold of 10 mW/m2 for Chestnut 
Buntings was 218.88 nWcm-2sr-1. 

 
Figure 2. SPD of the nighttime light environment in Yundang Lake 

3.3   Ecological risk evaluation 

3.3.1  Nighttime light environment maps and light pollution risk evaluation  

The nighttime light environment map and the light pollution risk map are shown in Figure 3. Four 
typical areas of light pollution at night are selected in Figure 3e-g for municipal building lighting 
(Xiamen Municipal Government and People's Hall), h for residential building complex lighting, i for 
commercial building complex lighting (Wanxiang City), and j for road and landscape lighting 
around the lake.  

As shown by the nighttime light environment maps (Figure 3), the distribution characteristics of 
the nighttime light environment in the Yundang Lake area are similar between the two types of 
nighttime light images. Concentrated lighting areas are formed around the roads and buildings, 
and local light pollution hotspots are formed in the building areas around the roads. The overall 
radiance level of the LJ1-01 map is higher than that of the JL1-07B due to the difference in 
resolution and the effect of spillover light. Taking the risk map of Chestnut Buntings as an 
example, the risk area of light pollution in the study area is 6.31 km2, as shown in LJ1-01, while 
the risk area is 0.96 km2 as shown in JL1-07B. The area ratio of light environment risk overlap 
areas to JL1-07B risk areas is 84.0%, which shows that the two types of night light images are 
similar for identifying light pollution core risk areas. 

JL1-07B night light image with high resolution can finely represent the nighttime lighting 
distribution, which is a good source of night light environment data at the urban area scale. 
Therefore, for the Yundang Lake in Xiamen, this paper described the bird risk areas with JL1-07B 
light pollution risk maps. The light pollution risk areas exceeding the risk threshold for Eurasian 
Siskins accounted for 24.6% of the study area, mainly from road lighting and decorative lighting of 
municipal, commercial, residential, and other building complexes. In contrast, the areas 
exceeding the risk threshold of Chestnut Bunting are relatively small, accounting for 6.9%, mainly 
from architectural decorative lighting and landscape lighting. This paper hypothesized that the 
high radiance areas that pose risks to the yellow finches and chestnut buntings are due to the 
lack of light interception measures for the lighting facilities. 
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Figure 3. Light environment maps and light pollution risk maps of specific bird species 

a: nighttime light environment map; b: LJ1-01 nighttime light environment map; c: JL1-07B light pollution risk 
map of Eurasian Siskin; d: LJ1-01 light pollution risk map of Eurasian Siskin; e: JL1-07B light pollution risk 

map of Chestnut Bunting; f: LJ1-01 light pollution risk map of Chestnut Bunting; g-j: JL1-07B images of 
selected typical light pollution area 

3.3.2  Nighttime light pollution risk distribution pattern 

Street lighting, architectural lighting, and landscape lighting are the types of lighting that need to 
be focused on, and the nighttime light levels of all three are closely related to the type of land 
use[9]. Exploring the relationship between urban land types and nighttime light pollution can help 
support the prevention and control of ecological light pollution and reduce ecological risks. 

Based on satellite maps and field research, this paper obtained the distribution of land use 
types in the Yundang Lake area (Figure 4), including commercial, residential, administrative, 
greening, and other land use. Of these, residential accounts for the largest proportion, followed by 
commercial. To evaluate the contribution of different types of land use to nighttime light pollution, 
this paper superimposed the land use type map and JL1-07B nighttime image to calculate the 
total radiance of each patch, which is the sum of the radiance of all pixels within each patch 
(Figure 5 and Figure 7). According to the distribution maps and box plots of total radiance for 
each patch, it can be seen that among the five land use types, the total radiance of residential 
land is higher, followed by commercial. These two categories occupy a relatively large area and 
therefore contribute the most nighttime light to the overall light environment. Administrative, green, 
and other categories occupy a relatively small proportion of the area and contribute relatively little 
to light pollution. In order to distinguish the light intensity of different land uses, we further 
calculated the average irradiance of each land use patch (Figure 6 and Figure 8). The average 
radiance is the ratio of the total radiance of each patch to the total number of pixels. The results 
showed that the average radiance level of commercial land was the highest; administrative land 

P.111



13th Asia Lighting Conference (Beijing, China) 

6 

was the second highest, with localized over-bright lighting; and the light intensity of residential 
was relatively balanced.  

In this paper, we calculated the percentage of light pollution risk areas in the five types of 
functional areas for the Eurasian Siskins and Chestnut Buntings (that is, the ratios of the areas 
exceeding the thresholds to the total area in each type of land use, Figure 9). The percentages of 
risk areas in the five land uses differed significantly between the Eurasian Siskins and Chestnut 
Buntings, but the general trend was consistent. Among them, commercial and administrative 
areas had the highest percentage over the threshold. For commercial areas, the percentages of 
risk areas for Eurasian Siskins and Chestnut Buntings were 55.0% and 24.9%, respectively; for 
administrative areas, the percentages were 44.8% and 19.4%, respectively. Secondly, the 
percentages of risk areas in residential areas are also relatively high, with 34.5% and 10.4% of 
risk areas in Eurasian Siskins and Chestnut Buntings, respectively. We speculated that this is 
due to unreasonable lighting outside buildings and landscapes in commercial and administrative 
areas, resulting in artificial light shining directly into the sky at night or shining onto building 
surfaces and pavement and reflecting into the sky, which is captured by satellite sensors. It was 
also found that most of the residences in the study area are high-rise buildings with widespread 
top decorative lighting and a lack of light-cutting measures. 

Figure 4. Urban land use distribution map in the study area 

Figure 5. Total radiance distribution in each block         Figure 6. Average radiance distribution in each block 

Figure 7. Total radiance of each land use   Figure 8. Average radiance of each land use 
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Figure 9. The proportions of risk areas of Eurasian Siskin and Chestnut Bunting in each land use 

4. CONCLUSION AND DISCUSSION
In this paper, with the support of GIS technology, microscopic risk thresholds are combined with 
macroscopic pollution maps to evaluate the ecological risk of birds under light pollution stress, 
taking the typical urban ecological patch of Yundang Lake area as an example, and the following 
conclusions are drawn and discussed. 

4.1   Microscopic light pollution risk thresholds 
In this paper, based on the team's previous research, we initially concluded that the artificial light 
irradiance risk thresholds for Eurasian Siskins and Chestnut Buntings were 5 mW/m2 and 10 
mW/m2, corresponding to illumination risk thresholds of 1.78 lx and 3.38 lx, respectively. These 
risk thresholds are similar to the mixed light intensities that have been studied for their effects on 
birds. For example, artificial light at 1.5 lx advanced the onset of daytime activity by 55 min in the 
great tit (Parus major)[10]; artificial light at 1.6 lx may disrupt sleep behaviors in the great tit 
(Parus major)[3, 11]; artificial light at 3.2 lx may affect melatonin secretion and further affect the 
sleep-wake rhythm in scrub-jays (Aphelocoma californica)[12]; 10 mW/m2 of artificial light delays 
the sleep behaviors in the embroidered silvereyes (Zosterops lateralis)[13]. In the heavy light 
pollution areas with an average illumination of 3.91 lx, the onset of dawn song chorus of the 
American robin was substantially earlier compared to the low light pollution areas[14]. 

In addition, this paper proposed a method to estimate the radiance thresholds according to 
the laboratory irradiance thresholds of specific bird species in accordance with the mixed spectral 
energy distribution of the real light environment, and obtained the radiance risk thresholds of 
118.28 nWcm-2sr-1 and 218.88 nWcm-2sr-1 for the Eurasian Siskins and Chestnut Buntings, 
respectively, in accordance with the typical spectral energy distribution in the Yuandang Lake 
area. The sensitivity and tolerance of different bird species to artificial light intensity are different, 
and more research on the risk mechanism of different bird species is needed in future studies. 

4.2   Macroscopic light pollution maps and risk evaluation 
This paper conducted a light pollution risk evaluation in the Yundang Lake area using bird risk 

thresholds combined with JL1-07B night light remote sensing images, and found that the 
percentages of light pollution risk areas in the area for Eurasian Siskins and Chestnut Buntings 
were 24.6% and 6.9%, respectively. In the Yundang Lake area, the overlap of the risk areas of 
Chestnut Bunting characterized by LJ1-01 and JL1-07B reached 84.0%, indicating that the risk 
distribution of light pollution characterized by LJ1-01 was similar to that of JL1-07B. Based on the 
respective characteristics of the two types of nighttime light images, this paper concluded that 
JL1-07B nighttime light images are suitable for light pollution risk evaluation at the urban regional 
scale, and LJ1-01 is more suitable for the large-scale evaluation of urban clusters. 

Comparing the classification of bird habitat light pollution levels in the study of Xue et al.[6], 
the risk threshold of light pollution for Eurasian Siskins (118.28 nWcm-2sr-1) corresponded to 
primary light pollution (89.40~151.84 nWcm-2sr-1) in Xue's study, and the risk threshold for 
Chestnut Buntings (218.88 nWcm-2sr-1) corresponded to intermediate light pollution 
(151.85~334.60 nWcm-2sr-1). Although the study by Xue et al.[6] did not refer to bird risk 
thresholds, the light pollution classification can correspond to the risk thresholds of bird species in 
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this paper, indicating that the light pollution classification obtained using the natural breakpoint 
method can reflect the impact of typical artificial light on birds. However, due to the differences in 
the sensitivity of different bird species to artificial light, it is unclear whether the light pollution 
classes obtained by the natural breakpoint method can represent the light pollution risk faced by 
each typical bird species. Therefore, there is still a need to carry out research on the mechanism 
of birds' behavior response to artificial light to provide support for the reasonable classification of 
light pollution risk levels. 

4.3   Light pollution risk distribution pattern and control suggestions 
Among the five types of land use, commercial areas have the highest risk of light pollution, 

with 55.0% and 24.9% of the risk areas for yellow finches and chestnut buntings, respectively, 
followed by administrative and residential areas. The research found that during non-holiday 
nights, most of the building facade decorative lighting in the Yundang Lake area shuts down at 
22:30, but the lighting of the stores along the streets on the lower floors of the commercial area, 
as well as the infrastructure lighting, basically runs overnight. Therefore, light pollution prevention 
measures need to be considered from the perspectives of both function and time. This paper 
suggests that urban management should focus on the light level in commercial and administrative 
areas according to the Frequency of bird activities and greening rates and take measures to 
reduce light intensity, reduce the number of light sources, and shorten lighting time for bird light 
pollution risk areas to reduce the ecological risk of light pollution. 

REFERENCES 
[1] Lyytimaki, J. Avoiding overly bright future: The systems intelligence perspective on the 
management of light pollution. Environmental Development, 2015, 16:4-14. 
[2] Raap, T., Sun, J. C., Pinxten, R., Eens, M. Disruptive effects of light pollution on sleep in free-living 
birds: Season and/or light intensity-dependent? Behavioural Processes, 2017, 144:13-19. 
[3] Raap, T., Pinxten, R., Eens, M. Artificial light at night disrupts sleep in female great tits (Parus major) 
during the nestling period, and is followed by a sleep rebound. Environmental Pollution, 2016, 215:125-134. 
[4] Zhao, X. B., Zhang, M., Che, X. L., Zou, F. S. Blue light attracts nocturnally migrating birds. Condor, 
2020, 122(2):12. 
[5] Horton, K. G., Nilsson, C., Van Doren, B. M., La Sorte, F. A., Dokter, A. M., Farnsworth, A. Bright 
lights in the big cities: migratory birds' exposure to artificial light. Frontiers in Ecology and the Environment, 
2019, 17(4):209-214. 
[6] Xue, X., Lin, Y., Zheng, Q., Wang, K., Zhang, J., Deng, J., Abubakar, G. A., Gan, M. Mapping the 
fine-scale spatial pattern of artificial light pollution at night in urban environments from the perspective of bird 
habitats. Sci Total Environ, 2020, 702:134725. 
[7] Fangbo, L. Study on the Sleeping Rhythm of Eurasian Siskin and Yellow-browed Bunting under 
Artificial Light Interference [D], 2018. 
[8] Jiang, W., He, G. J., Long, T. F., Guo, H. X., Yin, R. Y., Leng, W. C., Liu, H. C., Wang, G. Z. 
Potentiality of Using Luojia 1-01 Nighttime Light Imagery to Investigate Artificial Light Pollution. Sensors, 
2018, 18(9):15. 
[9] Guk, E., Levin, N. Analyzing spatial variability in nighttime lights using a high spatial resolution color 
Jilin-1 image - Jerusalem as a case study. ISPRS Journal of Photogrammetry and Remote Sensing, 2020, 
163:121-136. 
[10] Dominoni, D., Smit, J. A. H., Visser, M. E., Halfwerk, W. Multisensory pollution: Artificial light at 
night and anthropogenic noise have interactive effects on activity patterns of great tits (Parus major). 
Environmental Pollution, 2020, 256:9. 
[11] Raap, T., Pinxten, R., Eens, M. Light pollution disrupts sleep in free-living animals. Scientific 
Reports, 2015, 5:8. 
[12] Schoech, S. J., Bowman, R., Hahn, T. P., Goymann, W., Schwabl, I., Bridge, E. S. The effects of 
low levels of light at night upon the endocrine physiology of western scrub-jays (Aphelocoma californica). 
Journal of Experimental Zoology Part A: Ecological Genetics and Physiology, 2013:n/a-n/a. 
[13] Liu, G., Peng, X. T., Ren, Z. F., Liu, M., Dang, R., Chen, Y. Q., Liu, F. B. The effect of artificial light 
with different SPDs and intensities on the sleep onset of silvereyes. Biological Rhythm Research, 2019, 
50(5):787-804. 
[14] Miller, M. W. Apparent effects of light pollution on singing behavior of American robins. Condor, 
2006, 108(1):130-139. 

ACKNOWLEDGEMENTS 
Corresponding Author: Juan Yu 
Affiliation: School of Architecture, Tianjin University 
e-mail : juan.yu@tju.edu.cn 

P.114



14th Asia Lighting Conference (Tokyo, Japan)

1

COLOR MATCHING AND HUE ESTIMATION EXPERIMENTS 
USING RGB LEDS

Minjeong Ko, Youngshin Kwak

Biomedical Engineering Department, Ulsan National Institute of Science and Technology,

Ulsan, Republic of Korea

ABSTRACT
Two RGB LED lightings having different spectral characteristics were used for color matching and 
hue estimation experiment. Seven observers conducted the color matching experiment between 
two RGB lightings and estimated hue of the colors for each RGB set. The results showed that 
though there were large color matching variations between two RGB LED conditions, hue 
perception under each condition were similar to each other.

Keywords: standard observer, color matching, color appearance

1. INTRODUCTION
Several studies reported that when two colors having the same CIE XYZ tristimulus values with

different spectral characteristics were observed, people evaluate that the two colors look different 
[1] indicating the need for new standard observers. In this study, two RGB LED lightings were
selected showing the large CIE colorimetry mismatch between them. Then hue estimation
experiments were conducted using those two different RGB LED primary sets separately. The
results of two experiments were compared to investigate the effect of color mismatch on color
appearance of RGB LED lighting or display system.

2. COLOR MATCHING AND COLOR APPEARANCE EXPERIMENT
Two LED lighting booths having 15 channels were placed side by side, and the opened area

was covered using a diffuser and a black paper to make a field of view of 6.3 degrees. Two test 
primary sets (P1: 635-505-445nm and P2: 670-525-445nm) were selected. Figure 1 displays the 
spectral power distribution (SPD) of the test primary sets. 

Figure 1. Spectral power distribution of Test primary sets

Both experiments were conducted in a dark room and the observers were located at the center
of the two lighting booths. For color matching experiment, the observers were asked to manipulate 
the color mixed with P2 primary set to have the same color appearance as the reference stimulus
generated with P1 primary set. Seven observers participated the experiments and matched 12 
colors twice. All the test colors were low chromatic colors.

For hue estimation experiment, the reference white was shown on the left and various test colors 
were shown on the right. Both reference and test colors were generated using P1 or P2 primary 
sets. For each primary set, the number of test stimuli was 34 and both sets were adjusted to have 
the same CIE u’v’ chromaticities. The observer took 2 minutes to adapt to the reference stimuli on 
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the left lighting booth. After adaptation, the test stimulus on the right lighting booth was shown for 
2 seconds, and the observer were asked to evaluate the hue of test stimuli using magnitude 
estimation with four unique hues: red, yellow, green, and blue. A total of 544 evaluations (= 34 test 
color × 2 experimental session × 8 repeat) were performed for each observer. Seven observers 
(two females and five males) with normal color vision participated. 

Figure 2(a) shows the color matching results, analyzed in the CIE u'10v'10 chromaticity diagram
and Figure 2(b) compares the hue estimation results between P1 and P2 primary sets. The arrow 
direction in Figure 2(a) represents the reference color coordinates to average color matching result
showing large CIE colorimetry mismatch while there was little difference on hue perception when 
two RGB LEDs having the same CIE colorimetric values are shown independently.

Figure 2. (a) Color matching results (left) and (b) Hue estimation results (right)

3. CONCLUSION
A color matching and color appearance experiments were conducted using two RGB LEDs. The 

results showed that there were differences in color matching results between two RGB LEDs, but 
when two lightings were shown separately, the same CIE colorimetric values showed the same hue 
perception. This result indicate that further research is needed to investigate new colorimetric 
observer and its impact on color appearance.
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ARCHIVING THE PERSONAL MEMORIES OF ATTRACTIVE 
LIGHT: DATABASE BUILDING AND APPLICATIONS

Byeongjin Kim, Giyun Lee, Hyeon-Jeong Suk

(Department of Industrial Design, KAIST, Daejeon, South Korea)

ABSTRACT
This study proposes a way to archive individuals' experiences with attractive light. As an initial 
stage of the database, a total of 255 cases were gathered from 43 professionals, including 
experts, researchers, and designers with expertise in light technology or application. 
Representative images accompanied each case in the database, and then judged in terms of the 
type of light, the optical property of the light, and the reason for the memorable quality. Based on 
the frequency, the cases were dominated by memories of sunlight, interior light, or art exhibition. 
The color hue of the light made a deep impression. Also, mood enhancement or interior styling 
was often mentioned as the reason for the memorable light. In this way, the database provides a 
trend about positive experiences with light in a specific manner. The archiving expects to build a 
body of knowledge about attractive light towards creating an emotionally enhanced user 
experience utilizing light source, device, or installation.

Keywords: Lighting, Experience, Database, Attractive Light

1. INTRODUCTION
Light is the most fundamental element in shaping our visual experience[1]. It has a wide range

of potential, from functional purposes of perceiving the world to aesthetic ones such as inducing 
emotions or creating atmospheres[2,3]. Consequently, professionals in various fields such as 
architecture, design, and art have begun to take interest in understanding the aesthetic and 
emotional aspects of light.

However, understanding light as a design element poses a challenge compared to other 
elements such as materials or colors[4]. Unlike typical design elements, light is an intangible 
component. Furthermore, in everyday situations, we indirectly perceive light as it reflects off or is 
scattered by materials. This makes the documentation and reproduction of experiences related to 
light difficult. In addition, the experience of light is intricately connected to the intensity, direction, 
color of light, and the surrounding environmental factors. Consequently, to deeply understand 
such experiences, a multidisciplinary approach encompassing physics, psychology, and design is 
required. Therefore, to actively utilize light as a design element, it can be immensely helpful to 
apply the interpretations of professionals based on their expertise.

Nevertheless, systematic documentation and analysis of light experiences have yet to be 
conducted. This research proposes a methodology for preserving and classifying notable 
experiences related to light and lighting using online survey. Through this, we can provide 
systematic insights into the emotional and aesthetic aspects of light that have not been well-
organized in previous research. This database could serve as empirical evidence to assist lighting, 
product, and user experience designers in effectively conveying emotions through lighting in the 
future.

2. ONLINE SURVEY
An online survey was conducted to collect the experience where people feel light to be

attractive. The survey consisted of five questions. The participants (Q1) briefly described the 
experience, and (Q2) uploaded a photo or video that could represent the experience. Additionally, 
they responded to multiple-choice questions about (Q3) the type of the light, (Q4) the role of the 
light, and (Q5) the reason they found the light attractive in that experience. They were allowed to 
choose multiple options and were also permitted to add options. The survey was created using 
Google Forms. Figure 1 shows the survey questions and response options given to the 
participants.
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Figure 1. Online survey questions and choice options 

 

To ensure a high quality and broad range of responses, this survey was conducted among 43 
lighting professionals, designers, and researchers whose expertise has been proven. As a result 
of the survey, a total of 255 cases of lighting experiences were collected. 

 

3. RESULT 
The database of memorable experiences related to attractive light and lighting collected 

through the survey were subsequently analysed for design applications. 

3.1 Frequency Analysis 
Based on the frequency of experience cases, a summary was made about what kind of light 

people find attractive. The frequency analysis was based on the questions asked to the 
participants during the survey, and was conducted for the type of light, optical property, and the 
reason for the attraction.

3.1.1 Type of Light 

Among the types of light collected in the database, the option that occupied the highest 
proportion was indoor lighting, followed by artwork, exhibition and stage lighting, and lighting 
props. These results indicate that artificial light used in artworks and performances can provide 
attraction to people. Figure 2 is a pie chart representing the frequency of the response about the 
types of light. 
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Figure 2. Frequency analysis of response about the types of light 

 

3.1.2 Role of Light 

Within the database, the roles of light that had high proportions were creating ambiance and 
decorative effects. It also frequently played a role in illuminating spaces or making displayed 
objects stand out attractively. 

 

 
Figure 3. Frequency analysis of response about the role of light 

 

3.1.3 Reason for the Attractiveness 

The reasons participants found the light in their experiences attractive were diverse. They 
were impressed by the form and color of the light, and highly appreciated the immersion provided 
by the lighting. In addition, various optical elements such as distribution, movement, and 
brightness made the experience of light memorable. 
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Figure 4. Frequency analysis of response about the reason of attraction 

 

 

3.2 Association Between Factors 
Based on the response database, we explored in what contexts and roles of light can be 

appealing to people. For this, we explored the relationships between the responses to the three 
questions provided for the participants. Since the attractiveness of light is caused by the 
composition of other factors, we intended to highlight the relationship between the reason for the 
attractiveness with other questions. Figure 5 is a Sankey diagram created from the responses of 
the participants to the three questions. To highlight the relationship between the reason for the 
attractiveness and other questions, responses to Q5 were placed in the middle of the figure. 

 

 
Figure 5. Sankey diagram of responses for three questions 

 

Through the result, we can explore which factors can provide the memorable experience for 
people. For instance, when examining cases where lighting provided immersion to people, we 
found that the proportion was high when lighting was creating ambiance. Additionally, lighting 
used in exhibitions and on stages often provided immersion. 

 

P.128



14th Asia Lighting Conference (Tokyo, Japan) 
 
 

5 

4. 

This research aimed to build a database by collecting memorable experiences of lighting 
experts related to light and lighting. Based on this data, the frequency of responses and the 
relationship between the responses were analyzed to figure out the sentiments and emotions 
people can have provided through light. As a result of the analysis, we found out that people can 
be attracted to indoor lighting and lighting used in artworks and exhibitions. Light often used to 
create an ambiance and decorate the object and space. Moreover, the form and color of the light 
made the participants find the experience memorable. 

The potential utility of this database extends beyond the frequency investigation and relational 
analysis. For example, terms can be extracted from the participants’ description of their 
experience. This analysis can provide more detailed descriptions about the context in which 
people feel the light as attractive. Furthermore, emotional term analysis can work as a roadmap 
for what kind of emotions lighting can provide to people. Such research can provide the guideline 
to lighting designers or artists when they design their lighting works. 

Also, the optical elements of lighting can be explored by analyzing the images submitted by 
participants to represent the experience. Notably, information such as brightness, shape, and 
color of light can be obtained through images. The extracted image metadata can be used to 
categorize the experiences. Such attempts can potentially develop the automated module that 
can extract the attraction elements from images. In addition, the extracted metadata can be 
supportive when generating lighting and art with attractive concepts that did not exist before. 
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VISIBLE LIGHT ID TRANSMITTER USING HIGH CIRCADIAN AND 
VISIBLE PERFORMANCES LED LIGHTING

Shogo Sakane, Saeko Oshiba
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ABSTRACT 
In recent years, visible light positioning (VLP) using light-emitting diodes (LED) has been widely 

studied owing to its high precision. In this method, visible-light identifications (IDs)
transmitter/receiving system is required to obtain location information as a visible-light ID by 
identifying the LEDs.

In addition, the light-emitting diode (LED), which is the transmitter in this system, must have high 
color-rendering properties to function as a general lighting fixture. Furthermore, human-centric 
lighting is becoming popular, and there is a growing demand for circadian lighting that can work 
with human circadian rhythms. Therefore, it is important to consider not only visual performance 
but also non-visual performance in lighting design.

In this study, we investigated the transmitter in a visible light ID transmitter/receiver system that 
used 8 color multi-chip LED lighting as the transmitter. It was found that the transmitter could 
produce light with correlated color temperatures ranging from 2700 K to 6500 K, a high color 
rendering index (CRI), CIE Ra>80, constant illuminance, and different spectral distributions. 
Therefore, we demonstrated that the transmitter enables ID transmission while maintaining visual 
performance. Additionally, the possibility of using the transmitter for circadian lighting was studied 
by calculating its melanopic illuminance. 

Keywords: Visible Light Communication, Visible Light ID, Human Centric Lighting, LED Lighting

1. INTRODUCTION
In recent years, indoor location estimation methods have been widely studied owing to the

increasing demand for indoor location services and mobile devices, where it is difficult to acquire 
global positioning system (GPS) signals. Herein, visible light positioning (VLP) using visible light
from light-emitting diodes (LEDs), which exhibit rapid spread, has been proposed [1] – [4]. VLP has 
the advantages of high accuracy, no radio interference, and compatibility with existing infrastructure 
compared with conventional indoor positioning technologies such as wireless LAN, infrared, and 
ultrasonic. In these methods, an identification (ID) representing the location information is obtained 
by identifying the LED lighting.

Human-centric lighting is becoming popular, and there is a growing demand for circadian lighting 
that can work with human circadian rhythms. Therefore, it is important to consider not only visual 
performance but also non-visual performance in lighting design. Circadian rhythm is an internal 
body rhythm with an approximately 24-hour cycle. It is responsible for regulating the body’s 
environment, including body temperature and hormone secretion. Light significantly affects 
circadian rhythms. Continuous exposure to night lighting can disturb circadian rhythms. Recently, 
lighting designs using multi-chip LEDs have been proposed to create circadian lighting [5] – [9].

In this study, we focused on the use of a visible-light ID transmitter for circadian lighting. It is 
important to add a transmission function to avoid degrading the lighting quality, when lighting was 
used as the ID transmitter. By simulation, we studied whether the transmitter could transmit visible 
light IDs while being used for circadian lighting.

2. VISIBLE LIGHT ID TRANSMITTER
2.1 System Overview

Figure 1 shows the visible light ID system. The transmitter in this system was 8 color multi-chip 
LED lighting. The transmitted data ID are generated by changing the peak levels of each LED that 
constitutes the transmitter. The peak level of each LED is an optical code. A voltage corresponding 
to the peak levels is applied to the LED. The ID transmits and receives by visible light 
communication (VLC) using light mixed by the diffuser. A spectrometer was used as the receiver. 
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The output value from the spectrometer was analyzed to obtain the peak levels of LED1~8. The ID 
information was decoded by recognizing the peak levels of LED1~8. Therefore, the transmitter can 
transmit the ID information based on its spectral distribution. 

 
Figure 1. visible light ID system 

 
Figure 2. The spectral distribution of LED1~8 

Figure 2 shows the spectral distribution of each LED consisting of a transmitter.  
are the spectral distribution of LED1~8 when the illuminance of LED1~8, . The peak levels 
of LEDs 1-3 and 5-8 are equal, and LED 4 has a peak level of 0.5, relative to the other LEDs. 
Table1 shows the illuminance   and the peak wavelength  of LED1~8.  

Table 1. illuminance and peak wavelength of LED1~8 

LEDn 1 2 3 4 5 6 7 8 

 [nm] 450 465 490 546 624 645 666 724 

 [lux] 0.82 3.21 28.2 128.2 16.1 8.49 4.33 0.57 

The spectral distribution  of transmitter light source given by Eq. (2.1):  

The illuminance at that time given by Eq. (2.2): 

  
where  (n = 1~3, 5~8) are the peak levels of LED1~3, 5~8.  was varied in six steps of 0, 0.2, 
0.4, 0.6, 0.8, and 1.0, and the peak level of LED 4 was fixed. Therefore, the transmitter can generate 
279936 = 67 optical codes. 

P.131



14th Asia Lighting Conference (Tokyo, Japan) 
 
 

3 

2.2 Design 
The transmitter in this system is intended to meet the requirements of a visible light ID transmitter 

and circadian lighting. Therefore, the following three requirements were set for the visual 
performance in this study: 

 CIE  

 Constant illuminance 

 Light source color exists within the correlated color temperature (CCT) range specified in 
ANSI C78.377 

CIE  is a parameter that quantitatively indicates the color-rendering properties of lighting. 
This is commonly called the color rendering index (CRI). The CRI has been introduced as an 
indicator of color-rendering properties for general lighting.  

For requirement , the range in which humans do not perceive any change in brightness is a 
constant illuminance in this study. In other words, if , where the illuminance of the transmitter 
satisfies Eq. (2.3), the illuminance was considered constant [10].  is the illuminance constant.  

 

In requirement , in general, the CCT of the lighting color was divided into eight steps from 
2700 K to 6500 K based on ANSI C78.377[11]. Figure 3 shows the nominal CCT for the eight 
categories in the CIE 1931 ( ) chromaticity diagram and their tolerances. Therefore, the color of 
the transmitter light source must be within the tolerances to be used for lighting. 

    Next, the light of the transmitter was investigated to determine the brightness of the light that 
affects circadian rhythms. In 2014, Lucas et al. proposed melanopic illuminance as a unit to 
quantitatively capture the brightness of light that affects circadian rhythms [12]. The melanopic 
efficiency of luminous radiation (MELR) was evaluated for the melanopic illuminance of the 
transmitter. The MELR is defined at CIE S 026/E:2018 and is represented as 

 

where  is the photopic luminosity function,  is the circadian action function, = 683 
lm/W is the maximum spectral luminous efficacy of the visual system. MELR is set to 8 levels 0.5 ~ 
1.2 and tolerances to ±0.05. 

 

3. SIMULATION 
The 279936 optical codes that can be generated by the transmitter include those that do not 

exhibit the visual performance described in section 2.2. Therefore, we conducted simulations to 
evaluate all the optical codes based on the requirements outlined in section 2.2 and examined the 
feasibility of using the visible light ID transmitter for circadian lighting. 

3.1 Details 
The simulation algorithm is described as follows: Figure 3 shows the process flow of the 

simulation. First, the peak levels  of each LED consisting of a transmitter were determined to 
obtain the spectral distribution of the light source. The CIE 1931 chromaticity coordinate ( ) and 
CCT were calculated [13][14] using the obtained spectral distribution of the transmitter. The 
obtained chromaticity coordinates ( ) were determined to be within the tolerances of the CCT 
defined in ANSI C78.377. For optical codes determined to be between 2700 K and 6500 K, CIE Ra 
was calculated [15], and if  illuminance was calculated using Eq. (2.2). The illuminance was 
determined to be constant by using Eq. (2.3). In this simulation, constant illuminance was set to  
= 150 lx. Therefore, 138–159 lx was the range in which the illuminance was constant. Finally, the 
MELR was calculated for optical codes that satisfied the aforementioned conditions using Eq. (2.4).  
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Figure 3. Process flow of the simulation conducted in this study 

3.2 Result 
The simulations presented in section 3.1 aimed to evaluate a total of 279936 different optical 

codes. Figure 4 shows the plot of the optical codes that satisfy the defined requirements –  for 
visible performance on the MELR-CCT characteristics. The plots are divided into eight CCT, 
categories, as defined by ANSI C78.377, and are further divided into eight levels of MELR, as 
shown in Fig. 4.  

 
Figure 4. Plot of MELR-CCT characteristics 

Table 3 lists the number of optical codes available in each area. In this section, we consider the 
application example of using transmission/reception self-location information for indoor drone flights 
as a waypoint system. Since the maximum number of waypoints that can be set for a drone is less 
than 99, using more than 99 optical codes ensures sufficient transmission of IDs. Table 4 lists the 
MELR ranges in eight categories of CCT, along with the corresponding colors. In [1] – [4], several 
transmitters were used simultaneously in the same space. If the colors of the transmitters are 
different, they cannot be used for lighting because they perceive color differences. Therefore, the 
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colors of the transmitters must be identical. From Table 4, it can be observed that the adjustable 
MELR varies only by two to four steps based on ANSI C78.377. However, by considering color 
classification, the range of adjustable MELR expands to five steps in white. Therefore, if the 
transmitter is white, it can be used for circadian lighting with a constant color and an adjustable 
MELR.  

Further studies are needed to calculate the number of optical codes satisfying requirements 
–  in white color. Additionally, determining the range of adjustable MELR is also necessary at 
that time. 

Table 3. Number of optical codes available in each area 

 

Table 4. Ranges of MELR in each CCT 

 

 

 

 

 

 

 

 

 

 

 

4. CONCLUSION 
In this study, we investigated a visible-light ID transmitter that utilizes 8-color multi-chip LED 

lighting. The optical codes generated by the transmitter were evaluated through simulation, 
considering factors such as color-rendering properties, illuminance, and correlated color 
temperature. The aim was to identify practical optical codes suitable for lighting applications. 
Additionally, we calculated the MELR of the optical codes and explored the potential for circadian 
illumination, wherein the melanopic illuminance can be adjusted while maintaining a constant 
illuminance and CCT. The results indicate that a white transmitter can be utilized for circadian 
lighting, offering five-step adjustments in MELR ranging from 0.6 to 1.0 while adequately 
transmitting IDs. 
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RESEARCH ON NOTICEABILITY OF DIGITAL BILLBOARDS
FOCUSING ON VISUAL INFORMATION CHANGES

Yihan WANG and Miki KOZAKI

The University of Tokyo

ABSTRACT
Digital billboards broadcasting dynamic advertisements have become a new type of lighting in 

urban landscapes. Pedestrians often noticed the digital billboards while moving. This raises the 
following research question: what properties of digital billboards drags people’s attention. The 
reasons remain unclear, highlighting the need for further investigation on noticeability.

Usually, people will notice visual information change. Even if the visual information has 
changed the same degree, if the length of changing time is different, or if the visual information 
hasn’t changed in the same direction, the noticeability level may also vary. For instance, the light 
source bright up in a second, or gradually bright up after a period of time, same degree has 
changed but with different time resulting in different mental feeling. Also, a light source condition 
changing from on to off, or from off to on, it changed the same degree but not in the same 
direction leads to different psychological tendencies. In order to clarify this, Visual Information 
Variation Rate (VIVR; visual information change amount divided by time period) was defined. 
Digital billboards broadcasting contents are considered to be the primary source of visual 
information in this paper, and a timeline is used as an extra dimension to present the entire visual 
information contents frame by frame. Visual information and time are also used for calculating the 
content change and measuring the speed of visual information change. The VIVR indicates the 
noticeability level of visual information, with a higher VIVR value indicating stronger noticeability. 
The VIVR is regarded as a vector which factors in the direction and time. By analyzing various 
elements contained in visual information, with a focus on the impact of changing rate in Visual 
Information and investigated the effects on visual attention attraction.

Experiment was conducted to prove the relationship between psychological quantities about 
noticeability and the Visual Information change. Subjects were shown 6 different commercial 
message short videos as visual information, and their attractive time spots were recorded by 
stopwatch. The noticeability level of the attractive time visual information was also gathered by 
using semantic differential methods.

VIVR was derived using the inter frame difference method to calculate the changing rate 
between each frame difference by timeline. Also, main properties like luminance, chroma and hue 
of the visual information itself, and other possible properties are also considered in the calculation 
process.

As a result, the correlation between noticeability and visual information variation rate was seen, 
an increase in VIVR leads to higher levels of visual information noticeability.

Keywords: Noticeability, Visual information, Variation rate, Digital billboard, Time period, Visual 
attention attraction, Inter frame difference method, Psychological tendency

1. INTRODUCTION
Out-of-home advertising is an essential part of the urban landscape and people's visual

experience, continuously conveying visual information to pedestrians. Due to the increasing 
demand, many digital out-of-home advertising appeared in the urban space [1], and digital 
billboards are the most attractive one of them. Compared with traditional advertising media, digital 
billboards contain more visual information in the same unit time. Besides, advertisers prefer to use 
dynamic media to attract pedestrians' attention. These new dynamic advertisements not only 
carry the original information dissemination function, but also increase the density of visual 
information in the time dimension. People’s attention can be easily attracted by dynamic 
advertisements, which makes an impact and influence on people’s original visual experience. This 
research is trying to figure out the attractiveness level of visual information broadcasted by digital 
billboards.
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Noticeability is normally used as an important factor to measure visual information [2]. The 
correlation between visual information's noticeability and people's visual experience is an 
important research direction in the future. There are many previous studies about noticeability in 
the architecture visual environment field, like using 3D simulations and luminance for prediction 
calculation [3], also using VR simulations research on “attractant area” by active searching [4]. 
However, due to the restriction of period, many researchers focus more on the static visual 
information, hardly regard digital billboards as the main research target. Besides, given the 
complexity of pedestrian activity and the dynamic content displayed on digital billboards, 
traditional optimization algorithms are inadequate for meeting the requirements of analyzing these 
scenarios. Conventional methods struggle to effectively handle the intricate measurement of time-
varying visual information. A multi-angle approach is necessary to analyze the spatial relationship 
and visual information. 

To effectively evaluate people's visual experience, with a particular focus on noticeability, this 
research is trying to get the correlation between visual information’s physical elements and 
people’s impression and reaction, aim to provide an effective solution to the challenges posed by 
time-varying visual information and its impact on assessing the noticeability of visual experiences.

2. HYPOTHESIS: NOTICEABILITY AND VISUAL INFORMATION VARIATION RATE
Usually, people will notice visual information change. Even if the visual information has

changed the same degree, if the length of changing time is different, or if the visual information 
hasn’t changed in the same direction, the noticeability level may also vary. For instance, the light 
source bright up in a second, or gradually bright up after a period of time, same degree has 
changed but with different time resulting in different mental feeling. Also, a light source condition 
changing from on to off, or from off to on, it changed the same degree but not in the same 
direction leads to different psychological tendencies. In order to clarify this, Visual Information 
Variation Rate (VIVR; visual information change amount divided by time period) was defined. 

Digital billboards broadcasting contents are considered to be the primary source of visual 
information in this paper, and a timeline is used as an extra dimension to present the entire visual 
information contents frame by frame. Visual information and time are also used for calculating the 
content change and measuring the speed of visual information change. The VIVR indicates the 
noticeability level of visual information, with a higher VIVR value indicating stronger noticeability. 
The VIVR is regarded as a vector which factors in the direction and time. By analyzing various 
elements contained in visual information, with a focus on the impact of changing rate in Visual 
Information and investigated the effects on visual attention attraction.

3. EXPERIMENT: IMPRESSION AND REACTION BY VISUAL INFORMATION
3.1. EXPERIMENT SUMMARY

The experiment investigates changes in subjects' perceived visual attractiveness when 
different types of visual information content are varied and conducts research to evaluate and 
analyze the visual information elements involved in the experiment.

Experimental environment: A “Meta quest 2” VR head-mounted display is used for the 
experiment, uses “Skybox video player” software to simulate the visual environment as a movie 
theater, and dynamic advertising media is played on the movie screen. The subjects’ reaction 
time points are also recorded using a “Citizen 8RDA55-002” stopwatch. The 6 dynamic 
advertising visual information are selected by “YouTube’s impressive commercial popularity 
ranking top 10” from January 2022 to February 2023, three 15s length and three 30s length, 
played in random order.

Experimental procedure: 1. Enter the laboratory and explain the content of the experiment to 
the subject; 2. Conduct reaction time test, repeat 5 times to take the average reaction time value; 
3. Adjust the VR headset, to match the visual conditions of the subject; 4. The host will start to
play the video and stopwatch at the same time. When the subject feels the visual information that
attracts their attention, press the button on the stopwatch to record the time node. Keep record of
attractive time nodes until the end of the video; 5. Visual information reaction evaluation; go back
to the video images at the time nodes recorded by subjects, and ask the attracted level, the
attracted object, its element and how they feel about it; 6. Visual information impression
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evaluation; evaluate the video frame divided by equal time gap with 3 sets of adjectives; 7. Face 
sheet survey; answer to their background information.

Experiment period: May 16, 2023 to June 14, 2023.

Subject Information: There are 20 subjects (8 are female). For nationalities, 10 Chinese and 10 
Japanese. Age from 22 to 36, the average age is 25.45; Subjects' height from 150cm to 185cm, 
average is 169.6cm. For subjects’ dominant eyes, 17 are right and only 3 are left. 5 subjects wear 
contact lens, 8 wear glasses, and 7 are naked eye. Reaction time maximum is 0.427s, minimum 
is 0.248s, mean value is 0.294s. For subject’s viewing history to the selected Visual Information, 
no subjects ever seen CM1, CM2 before the experiment; CM3 has 2 subjects seen once, and 2 
subjects seen more than twice; CM4 has 1 subject seen more than twice; CM5 has 1 subject 
seen only once, and 1 subject seen more than twice; CM6 has 7 subjects seen it more than twice.

Evaluation items: the experiment records subjects’ impression and reaction to the visual 
information. Visual information impression is evaluated using 3 sets of bipolar adjectives (7 
Enjoyable - 1 Boring; 7 Lively - 1 Lonely; 7 Charming - 1 Mediocre) by 7-Point rating scale method. 
Visual information reaction is evaluated with an adjective (7 very attractive - 1 not attractive) by 
using the 7-Point rating scale method, also interviewing subjects’ cognition and thoughts about 
the recorded time frames.

3.2. VISUAL INFORMATION PHYSICAL QUANTITIES ACQUISITION
The visual information needs to be measured to ensure its visual information variation rate 

(VIVR). In this research, the visual information is split into 6 elements (Luminance, Chroma, Hue, 
Delta E, Contrast, Content Change) to exactly measure its changes in different dimensions. Inter 
frame difference method is used to compute visual information changed, by differential the time 
period and compute the visual information changes frame by frame. In this part, the dynamic 
advertisement visual information is calculated as 30 frames per second, and the timeline is 
presented in “time frame number” way for calculation.

The elements are calculated by OpenCV, transfer the visual information media to CIE L*a*b* 
color space and compute the Luminance, Chroma, Hue, Delta E and Contrast. The Content 
Change amount is directly equals to the number of content difference pixels divided by the whole 
frame pixel amount.

Figure 1. CM1 Visual Information Variation Rate Elements

As in Figure 1. shown above, VIVR elements are shown by timeline. Each value in the figure is 
subtract the element value corresponding to the previous frame from the element value of the 
next frame. In this way, the value divided by time (which equals to 1 after differential one second 
into 30 frames) is the variation rate of its element at its timeframe. The Shot number and its time 
length in time frame dimension is also recorded for further calculation and analysis.
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4. EXPERIMENTAL RESULTS AND DISCUSSION
A hypothesis of noticeability cognition model used in this research is shown in Figure 2. Visual 

information variation work as visual stimulation that attracts people’s attention and changes the 
condition state from “see” to “noticed” perception period. After people's attention has changed to
"noticed", the visual information will keep working together with long-term memory and finally form 
the "impression" of the visual information processing period. The amount of visual stimulation that 
attract people's attention, can make people’s condition state change from “see” to “noticed”
(evaluated in reaction evaluation), and how people evaluate the visual information's "impression"
(evaluated in impression evaluation), are the points this research would like to figure out.

Figure 2. Noticeability Cognition Model

4.1. RESULT OF VISUAL INFORMATION REACTION EVALUATION
This section will analysis and discuss in detail the correlation between the visual information 

reaction evaluation and subjects' personal attributes (results of face-sheet survey). It includes 8 
sets of data, including Subject No., Gender, Nationality, Age, Dominant Eye, Eye condition, 
reaction time and viewing history. For the reaction evaluation, the attractiveness level in 7 rating 
scale is evaluated. Shot is a series of frame that runs for an uninterrupted period of time [5], and a 
dynamic advertisement is usually built up by a serious number of shots. Shot length is how long 
the shot lasts in time dimension. Shot number represents the order of shots, from 1 to the last 
shot based on timeline. It’s hard to locate the accurate time frame that the subject’s reaction 
happened with existing experiment equipment, and also based on the record of the interview part 
with subjects, the reaction time frame can be relocated by checking which time period it belongs 
to, to confirm its shot Number and figure out what kind of content that attracts subjects’ attention.

Table 1. Reaction ANOVA test results of Overall

ANOVA test is done between the subjects’ face sheet survey result and evaluated 
attractiveness level shown in Table 1. There’s no strong evidence to show correlation between 
attractiveness level and shot length, gender, nationality, age, dominant eye, eye condition, 
reaction time and viewing history. The reaction results directly connect with visual information’s 
physical quantities.

By combining the data and results both from "Reaction" and "Impression", the new subject
grouping is reorganized between Gender and Nationality, the dataset is divided into 4 groups: 
“Male Japanese” (MJ), “Male Chinese” (MC), “Female Japanese” (FJ) and “Female Chinese” (FC) 
for the further analysis.

Table 2. New Group & reaction by CM No. ANOVA test result
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An ANOVA test between the new group and reaction by CM Number is done, and the result is 
shown in Table 2. From the table “Male Japanese” show strong correlation in reaction evaluation 
except CM No.4&5, but other three groups met expectations in CM No.4, mainly because of the 
CM content difference.  

Table 3. ANOVA test result of VIVR & attractiveness level by CM No. and Shot No.

An ANOVA test is held between these VIVR elements and attractiveness level evaluation of 
each shot in each CM, and the result is shown above in Table 3.

The test result shows the shot number in each CM, with correlation to the visual information 
changes. After checking the subject’s interview record about impression and description, these 
shots are the target shots with high VIVR that attracted the subject's attention, they all have more 
than one VIVR elements that significantly huge move in its shot.

Table 4. record reaction counts & VIVR elements ANOVA test result

Attractiveness level is not strong enough to proof the correlation between VIVR and subject's 
reaction. Another way to measure the VIVR is by counting subject's recorded reaction counts. As 
Table 4. shows, all the VIVR elements have a strong correlation with count numbers, and the 
formula shows the larger VIVR value, the higher count times. 

Table 5. record reaction counts & VIVR elements ANOVA test result by CM No.

The Table 5 Shows the result of ANOVA test between reaction counts and VIVR elements by 
CM No., but only CM No.3 and CM No.5 has strong correlation which proof the hypothesis. 

4.2. RESULT OF VISUAL INFORMATION IMPRESSION EVALUATION
Same as the reaction evaluation, this section will analysis and discuss in detail the correlation 

between the visual information impression evaluation and other attributes. For subjects' personal 
attributes, there 8 sets of data, including Subject No., Gender, Nationality, Age, Dominant Eye, 
Eye condition, reaction time and viewing history. For the impression evaluation, there are 3 sets 
of bipolar adjectives, enjoyable/boring, lively/lonely, and charming/mediocre. Before checking the 
experimental factors, other possible influential factors were tested, and ANOVA test result is 
shown below as Table 6.  

By analyzing the subjects’ information elements and impression evaluation, some significant 
findings were uncovered. Moreover, after obtaining positive results, favorable conditions that 
contributed to noticeability were identified by delved deeper into the data. 
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Table 6. Impression ANOVA test results of Overall 

Gender: in CM No.1 to 5, female subjects evaluate visual information impression higher than 
male subjects in all 3 adjectives, and only in CM No.6, female subjects evaluate higher than male 
subjects in Enjoyable/Boring. The reason why CM No.6 have a higher impression score by male 
subjects might be because the main actress is a famous actress helped this CM got higher 
impression evaluation. In conclusion, except for the influence of the famous actress, usually 
female subjects are tending to rate higher than male subjects.

Nationality and Age: in CM No.4 Chinese / older subjects have higher evaluation on 
Enjoyable/Boring, Lively/Lonely; in CM No.5 Japanese / younger subjects have higher evaluation 
on Enjoyable/Boring, Lively/Lonely and Charming/Mediocre; in CM No.6, Japanese / younger 
subjects have higher evaluation on Charming/Mediocre. The ANOVA test result shows strong 
correlation between nationality and age. Most of the Japanese subjects are master course 
students, and most of the Chinese subjects are Doctor course students.

Dominant eye: Right eye subjects evaluate CM5 & 6 higher than Left eye subjects, but only 
have 3 left dominant eye subjects.

Eye condition: the overall result is subjects with contact lens rate a higher impression score 
than naked eye subjects than subjects wearing glasses. But in CM No. 2, 4, 6, there’s no 
correlation between eye condition and Lively/Lonely, Charming/Mediocre. 

Reaction time: CM No.5 shows correlation between reaction time and all 3 adjectives, and CM 
No.6 shows correlation with Charming/Mediocre. The higher reaction time, the lower the rate 
score.

Viewing history: there’s no correlation between viewing history and impression evaluation 
score after the ANOVA test.

Table 7. New Group & impression by CM No. ANOVA test result 

Same as reaction part, an ANOVA test between the new group and impression by CM Number 
is done, and the result is shown in Table 7. From the table “Male Japanese”, “Male Chinese” and 
“Female Japanese” show strong correlation in all three impression dimensions, but the “Female 
Chinese” group only met expectations in the Lively/Lonely dimension, mainly because of the lack 
of diversity in female Chinese subjects.  

Table 8. VIVR & impression ANOVA test result & formula 

From the linear fit test result show in Table 8., the higher the VIVR value, the better the 
impression rating score.

For the prediction formula, there are three methods to calculate. “Delta E / Contrast / Content 
Change” (DCC), “Luminance / Chroma / Hue” (LCh) and All6 by using all the visual information 
elements. An ANOVA test is held between these three methods, the result and its correlation level 
are shown in Table 8. From Table 9., it’s clear that the DCC method works better than the other 
two in all group conditions. 
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Table 9. Formula method & impression by Group ANOVA test result

The correlation formula between VIVR elements and subject’s impression evaluation score can 
be defined as Table 10.

Table 10. VIVR and Impression formula (DCC method) 

5. CONCLUSIONS
This research aims to investigate the factors that attract people's attention to digital billboards 

and evaluate the noticeability of visual information changes. Visual Information Variation Rate 
(VIVR), by considering the degree and time of visual information changes, is proposed as a 
measure of noticeability. The experiment by showing subjects different dynamic advertisements 
on a VR headset and recording their attractive time spots using a stopwatch. The noticeability 
level and impression of the visual information are evaluated using semantic differential methods. 
The visual information is analyzed by calculating various physical quantities such as luminance, 
chroma, hue, delta E, contrast, and content change.

The results of the experiment suggest a correlation between noticeability and VIVR. The paper 
discusses the findings related to subjects' impressions and reactions to the visual information, 
considering factors such as gender, nationality, age, dominant eye, eye condition, reaction time, 
and viewing history. The research analysis from "reaction" and "impression" two parts, revealed a 
clear correlation between noticeability and the variation rate of visual information. An increase in 
VIVR led to higher levels of visual information noticeability. This indicates that factors such as the 
length of changing time and the direction of visual information changes play a significant role in 
attracting attention. Even if the visual information changes to the same degree, differences in time 
duration and direction can influence the noticeability level and individuals' psychological 
tendencies. The analysis also includes the prediction formula for noticeability based on VIVR 
elements and the subjects' impression evaluation scores.

Overall, the research paper focuses on understanding the noticeability of visual information 
changes in digital billboards and provides insights into the factors that influence people's attention 
and impressions. However, it's still necessary to dig out the correlation between other factors to 
approach an accurate interpretation. Also, there's still other elements need to be further dig out in 
the future, and it's also necessary improve the accuracy of time record to improve the experiment 
result.
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TUNNEL LIGHTING SYSTEM FOR ENHANCED MAINTENANCE 
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ABSTRACT 
In recent years, the automation of the inspection of tunnel facilities has been progressing owing 

to the aging workers and labor shortages. A tunnel lighting system performs two-way 
communication between the tunnel lighting equipment and a control device. In addition to controlling 
the light, it can monitor abnormal situations using a status-monitoring function. Therefore, the 
introduction of tunnel lighting systems enables the maintenance of tunnel facilities, and this study 
presents the functions and features of these tunnel lighting systems. 

1. Introduction
In recent years, there has been a decrease in work efficiency and an increase in workload in

electrical equipment inspection tasks owing to aging workers and labor shortages. The inspection 
of tunnel lighting facilities is no exception. Therefore, studies are being conducted on tunnel lighting 
systems to reduce the man-hours required for inspection. This study proposes a tunnel lighting 
system that features a communication function for constant monitoring of the state of each tunnel 
light, in addition to the conventional lighting and dimming controls. This paper provides an overview 
of the proposed tunnel lighting system, its functionality, and its benefits. 

2. Challenges in conventional tunnel lighting facilities

Control and inspection of conventional tunnel lighting facilities

In conventional tunnel lighting facilities, the light-receiving unit of the automatic dimmer detects
the brightness outside the tunnel and adjusts the tunnel lighting to an appropriate brightness in 
accordance with the natural light. However, because conventional tunnel lighting has no 
communication capability, inspectors go inside the tunnel to inspect the tunnel lighting and ensure 
it functions appropriately. Ideally, the inspection work should be carried out regularly. However, 
every time an inspection is carried out, the inspector has to go inside the tunnel, which requires 
significant time and effort. 

Maintenance of tunnel lighting

When a tunnel light reaches the end of its service life, its luminous flux drops or it fails to illuminate,
making it impossible to guarantee the brightness that was originally required. Therefore, it is 
necessary to keep track of the cumulative lighting hours of tunnel lighting to determine when it 
would reach the end of its service life. Because the cumulative lighting hours vary depending on 
the type of tunnel lighting, the lighting hours may differ even among tunnel lights that entered service 
around the same time. In conventional tunnel lighting facilities, it is necessary to investigate the 
cumulative lighting hours for each type of tunnel lighting. Sunset and sunrise times also vary with 
the seasons, making it difficult to accurately manage the cumulative lighting hours in conventional 
tunnel lighting facilities. 

3. Tunnel lighting system

Tunnel lighting status monitoring function

The tunnel lighting system comprises the following equipment: tunnel lighting, tunnel lighting
control unit, power reception and distribution, traffic safety facilities in the tunnel, and monitor and 
control devices. The capabilities of the tunnel lighting control unit include monitoring the status of 
each tunnel light, monitoring the status of the power reception and distribution system, collecting 
information on the presence of disaster prevention signals for traffic safety facilities in the tunnel, 
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and controlling the tunnel illumination for every situation. The tunnel lighting control unit also 
transmits its collected monitoring data to a remote monitor and control device in real-time, which 
allows the tunnel management office to quickly detect the status of tunnel facilities. 

Complementary brightness function 

If the tunnel lighting malfunctions or fails to illuminate, it needs to be replaced as soon as possible 
to ensure safe lighting in the tunnel. However, it may not be possible to replace and restore the 
lighting immediately since arrangements need to be made to enforce the associated traffic 
regulations. Therefore, the proposed tunnel lighting system has a complementary brightness 
function that boosts the brightness of the adjacent lighting when a tunnel light fails to illuminate. 
This feature ensures safety in the tunnel by maintaining brightness until the tunnel lighting is 
replaced. 

Monitoring of cumulative lighting hours 

The monitoring information that the tunnel lighting control unit receives from the tunnel lighting 
includes the lighting status of the tunnel lighting and fault monitoring, as well as the cumulative 
lighting hours. This makes it possible to monitor the cumulative lighting hours for each tunnel light 
and determine whether it has exceeded its service life. When a light exceeds its service life, the 
warning display on the tunnel lighting control unit alerts the maintenance manager. Knowing the 
cumulative lighting hours also facilitates light replacement planning. 

 

 

 

 

 

 

 

 

 

 

4. Conclusion 
This study proposed a tunnel lighting system that reduces the man-hours required for inspection 

and enables efficient operation of tunnel lighting facilities. The system features added functionality 
to ensure safety in tunnels when the tunnel lighting malfunctions or fails to illuminate. 

In the future, we hope to develop a system that ensures the safety of drivers driving in tunnels 
while reducing the man hours required for inspection. 
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Fig. 1. Communication-controlled tunnel lighting 

 

Fig. 2. Interior of the communication-
controlled tunnel 
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PROMOTING AFTERNOON NAP IN THE CAR: THE EFFECT OF 
ILLUMINANCE AND COLOR TEMPERATURE OF AUTOMOTIVE 
INTERIOR LIGHTING ON AFTERNOON SLEEPINESS, FATIGUE, 

AND SLEEP 
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1Department of Illuminance & Light Source, School of Information Science and Engineering, 
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ABSTRACT 

An afternoon nap during driving can reduce sleepiness and fatigue, thus ensuring driving 
safety and enhancing the passenger experience. Using automotive interior lighting before an 
afternoon nap can help people fall asleep more easily. This study aims to investigate the effects 
of illuminance and color temperature (CCT) on human performance, exploring the most suitable 
combination of lighting parameters to promote in-car napping. In this study, the environment 
inside the vehicle was transformed, and six lighting conditions were selected, consisting of 3 
illuminances (10lx & 150lx & 300lx) and 2 CCTs (4500K & 2000K). Eleven participants 
participated in the experiment and received light interventions after lunch. The participants' 
sleepiness, fatigue, mood and subjective sleep quality were measured. The experimental results 
show that for illuminance and CCT, 300lx and 2000K light can effectively increase sleepiness and 
fatigue, reduce positive emotions, and thus help to fall asleep. However, light did not have a 
significant effect on sleep quality. This study proves that the lower CCT and higher illuminance 
automotive interior lighting promotes the napping experience and puts forward suggestions on the 
light parameter setting suitable for the lighting environment in the car, which provides an essential 
basis for future automotive interior lighting development. 

Keywords: automotive interior lighting, nap, sleepiness, fatigue 

1. INTRODUCTION
It is reported that traffic accidents are most likely to occur between 4 am-6 am and 2 pm-4 pm, 
which is related to drivers' drowsiness in the afternoon [1-4]. Afternoon drowsiness is not only 
caused by food but is also related to the inherent circadian rhythm of humans. Afternoon naps 
have been shown to prevent afternoon fatigue significantly and driver subjective sleepiness [5-11], 
cognitive performance [6,9,10] and driving performance [12,13]. In addition, with the development 
of self-driving cars in recent years, passenger cars have changed from ordinary means of 
transportation to one of the essential scenes of people's life and work. To sum up, having an 
afternoon nap in the car is necessary for the safety of driving and the comfort of passengers. 
Therefore, this study aims to set appropriate light to help fall asleep and improve napping. 

External light is the most critical timing factor for humans. It directly interferes with the human 
body's circadian rhythm, directly or indirectly affecting sleep [14-18]. The light before going to bed 
at night is usually reported to be bad for subsequent sleep. Receiving light more than 10lx before 
bed will directly affect sleep homeostasis. Electronic use for a long time before going to bed has 
been shown to directly lead to an increase in sleep latency, a decrease in nocturnal sleepiness 
and a backward shift in circadian rhythm [19,20,22]. At the same time, bedside lights during sleep 
can also lead to light sleep and frequent awakening [21]. Therefore, the evidence suggests that a 
dark environment seems to be the most favourable for falling asleep compared to light. However, 
this conclusion may only apply to night sleep because it aligns with the diurnal cycle of natural 
light and the body's biological clock. Therefore, although the above studies focus on the effects of 
pre-bedtime light on night sleep, how daytime naps are affected by light still needs to be 
discovered, and individual studies have found that daytime conditions seem inconsistent with 
night sleep. Harrison's research shows that, compared with dark environments, 1 lx moonlight and 
80 lx indoor light, 500 nm green light intervention during siesta does not affect falling asleep time 
and sleep quality [23]. This study shows that the effect of light on sleep does not exist in daytime 
sleep. Proper light can be used to help people fall asleep or improve the quality of sleep. Studies 
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had shown that subjects exposed to 2000K low CCT light before bed at night had better sleep 
quality and lower lethargy after waking up than 6000K light [24]. Exposure to a special 2700K pink 
light before bed at night has also been shown to improve sleep quality by more than 5000K light 
[25]. In addition, compared with high CCT light, low CCT is more conducive to eliminating pre-
bedtime vigilance, thus helping to fall asleep. 

A study of pilots showed a significant correlation between self-reported fatigue and daytime 
sleepiness [26,27]. For drivers, sleepiness is an essential indicator of fatigue, because the 
increased fatigue will significantly cause sleepiness [28]. An increase in the level of light has been 
shown to increase fatigue. In the narrow space inside the car, the human eye is closer to the light 
source, and the perception of brightness will be stronger. A study in limited space shows that the 
effect of environmental illuminance level on visual fatigue decreases at first and then increases 
[29]. When the illuminance of the working face is in the range of 0-300lx, the visual fatigue of 
readers decreases with the increase of illuminance but increases when it exceeds 300lx. Based 
on the non-visual effect of light and the response of ipRGCs to the rhythmic system, CIE 
proposes to use five equivalent illuminance models to describe the response of human visual 
cells to external light [30]. Therefore, the illuminance and spectrum of eye position are essential 
parameters to evaluate the non-visual effect of light on the human body. Because the scene in the 
car is different from the office scene, the illuminance of the working face has no reference value, 
so according to the correlation between the illuminance of the working face of the office and the 
vertical illuminance of the eye position [31], it is considered that the illuminance of the eye position 
of about 150lx is the lowest condition of visual fatigue, and exceeding 150lx will increase the 
degree of fatigue, which may cause a higher level of sleepiness. Therefore, in this experiment, the 
higher eye position illumination level of 300lx and the ordinary indoor eye position illumination 
level of 150lx is set, and 10lx is set as the lowest eye level illuminance according to the lighting 
scene in which the vehicle is parked in the basement. In addition, the CCT levels of 2000K and 
4500K were set to compare the promoting effect of light on the degree of falling asleep. In 
addition, traditional car interior lighting usually uses a darker point light source to provide local 
lighting to meet the most basic lighting needs of the car. However, this study designed a space-
filled environment similar to indoor lighting to achieve appropriate eye position illumination and 
avoid uncomfortable glare. 

Therefore, this study aims to explore the influence of the lighting environment used in the 
passenger car before the afternoon nap on the subsequent degree of sleepiness and fatigue, to 
help fall asleep and improve the nap. In this study, we set up a new interior light environment of 
indirect lighting. We compared the effects of two kinds of light colour and three kinds of 
illumination on afternoon alertness, fatigue and sleep quality of passengers in small passenger 
vehicles. Even if light conditions do not necessarily affect sleep during the day, increasing light 
levels and fatigue in unique narrow spaces can increase sleepiness and help people fall asleep 
more easily. 

2. METHODS
2.1   Experimental setting
This experiment was carried out in an actual sport utility vehicle. The experiment was carried out 
with four seats in the first and second rows, and an acrylic partition separated each seat to avoid 
interference. The seat is adjusted to an angle of 10 °between the seat and the ground and 
55 °between the backrest and the ground, ensuring that the space between the front and rear 
rows of seats is ample enough for passengers. The temperature and humidity in the car are kept 
stable by air conditioning, and blankets are provided for subjects to use during their naps. 

In this experiment, an intra-group design was adopted, in which each participant experienced 
all six light conditions randomly in sequence on different experimental days: using a combination 
of two specific spectra (4500K natural white light and a 2000K warm white light) and three 
illuminations (10lx, 150lx, 300lx). The adjustable 5-channel LED lamp belt is installed around the 
roof, the edge of the door, the floor and other positions through the combination of direct and 
indirect lighting to provide the lighting needed for the experiment, forming a uniform, space-filled 
lighting environment. All lamps and lanterns are set in the proper position and at a good angle to 
avoid uncomfortable glare when lying on the back. The brightness and CCT of LED lamp belts 
can be controlled by an external controller and computer program, and continuous dynamic 
change can be realized. 
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Table 1 Five equivalent daylight illuminance (EDI) calculated according to CIE S026 and CS values of eye 
positions provided by six light environments  

Conditions CCT (K) 
Illuminance 

(lx) 

-opic equivalent daylight (D65) illuminance, 
EDI (lx) 

Circadian 
stimulus, CS 

sc mc lc rh mel 
NL1 4545 10.05 7.30 9.10 10.02 7.72 7.26 0.012 
NL2 4590 149.45 112.08 135.46 149.20 115.67 109.29 0.182 
NL3 4599 306.78 241.73 277.79 307.17 239.28 227.76 0.329 
WL1 1990 9.95 1.59 6.85 10.45 3.71 2.92 0.006 
WL2 1977 146.17 24.42 104.09 159.24 55.97 43.82 0.102 
WL3 1975 276.64 44.23 188.17 288.45 101.01 78.78 0.187 

The spectral power distribution of eye position under six kinds of light conditions (NL1: 4500K, 
10lx; NL2: 4500K, 150lx; NL3: 4500K, 300lx; WL1: 2000K, 10lx; WL2: 2000K, 150lx; WL3:2000K, 
300lx) is shown in Figure 1. The five equivalent daylight illuminations (EDI) of the eye positions 
provided by the six light environments calculated according to CIE S026 are shown in Table 1. At 
the same time, the circadian stimulus (CS) values are also calculated and listed (Mark Rea). The 
four seats' eye position spectrum and illuminance are measured using a spectrometer (CL-500A, 
Konika Minolta) to ensure that the difference between the four seats and the target illuminance 
and CCT does not exceed 10%. Shading curtains were used outside the car to prevent external 
light from entering. 
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Figure 1. The spectral power distribution of eye position under six lighting conditions (two CCT * three 
illuminances) was used in the experiment. 

2.2   Participants 

11 healthy adults 7 females aged 25 to 49 years old average, 35.73±7.86 years
participated in the current study. None of the participants was extreme chronotypes as per the 
Morningness-Eveningness Questionnaire (Horne & Ostberg, 1976), nor did they have physical or 
mental health problems or complaints about night sleep. All participants gave their written 
informed consent before participating. This study was conducted in agreement with the 
regulations of the Ethics Committee on Research Involving Humans at Fudan University (No. 
FE22028R). 

Measurements  The scales measured subjects' subjective sleepiness, subjective alertness, 
and emotion. 

Karolinska Sleepiness Scale (KSS). Subjective sleepiness was measured by Karolinska 
Sleepiness Scale (KSS) [32]. KSS is a 9-point Likert scale (1 representing ‘extremely alert’, 2 
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‘very alert’, 3 ‘alert’, 5 ‘neither alert nor sleepy’…, and 9 ‘extremely sleepy’). It is sensitive to the 
alerting effects of light.

Visual Analog Scales-Fatigue (VAS-F). Subjective fatigue was also evaluated with 50 mm 
visual analogue scales (VAS) that were shown to have good reliability and validity [33,34]. The 
Fatigue Questionnaire consists of two parts. In the first part, eighteen items were to be evaluated, 
including tired, sleepy, drowsy, active, efficient and so on. In the second part, seven items 
describing visual fatigue were to be evaluated. The total score of these two parts is the total score
of fatigue degree; the higher the score, the more fatigue. Participants were instructed to place a 
mark on a 50 mm long line to indicate their subjective feelings at that moment.

Positive and Negative Affect Schedule (PANAS). Mood states were assessed by the 
Positive and Negative Affect Schedule (PANAS) [35], which includes descriptions of both positive 
affect (PA) and negative affect (NA). The Chinese version of the PANAS has well-established 
validity and reliability. Subjects were required to rate their mood on a Likert scale ranging from 1 
(little or not at all) to 5 (very much). PA and NA scores were calculated by the average of ten 
positive and ten negative items, respectively. The higher the PA or NA shows, the higher the 
positive or negative mood; the lower the score, the closer to no mood.

Consensus Sleep Dairy (CSD). Sleep quality was measured by modified Consensus Sleep 
Dairy [36]. The items included time to sleep, number of awakenings, length of awakenings, total 
length of sleep, and a five-point Likert scale of subjective sleep quality.

2.2   Procedure
The experiment was conducted from September to October 2022. Participants were scheduled to 
visit the laboratory for six days to experience six lighting conditions.

During the period from three days before entering the laboratory for the first time to the end of 
the experiment, the subjects were asked to follow the regular routine and report their sleep 
through an electronic questionnaire when they woke up every morning. On the day of the 
experiment, the subjects were asked to have lunch by themselves and came to the laboratory 
after the meal. The subjects were asked to use an appropriate amount of light meals to avoid 
over-satiety in order to avoid the differences caused by food intake. After coming to the laboratory, 
the subjects followed the process shown in Figure 2. At 11:50, the subjects went into the car 
under the baseline light to make preparations, and the operation sent instructions to the 
participants through a walkie-talkie that could talk in both directions. From 12:00, the subjects 
performed 10min dark adaptations in the dark environment. 12:10, the first measurement program 
was carried out in the set dark measurement environment as the baseline data, including KSS, 
PANAS and VAS-F. 12:20~12:50, the experimental lights were lit for light intervention. The 
subjects were told to open their eyes, during which the second measurement procedure, including 
KSS, PANAS and VAS-F, began at 12:40. From 13:00, the lights went out gradually in the 7min, 
and the subjects were told that they could close their eyes and try to fall asleep.13: 00 ~ 14: 00 
was the allowed nap time. At 14:00, the subjects woke up and took a third measurement in the set 
light, including CSD. At 14:10, the subjects left the laboratory. During the experiment, the subjects 
were told they could not talk and were prohibited from using electronic devices.

Figure 2. The experimental procedure and times of measurements for each experimental day. Each 
measurement process includes: M1:KSS, PANAS, VAS-F; M2:KSS, PANAS, VAS-F; M3: CSD.

2.3   Data Analysis
In this experiment, the visual analogue scale and Likert scale scores were calculated as 
continuous variables. After the light intervention, the scores of KSS, fatigue and mood were 
subtracted from the scores before the light intervention, and the difference was defined as the 
amount of change, which was recorded as dKSS, dFatigue, dPA and dNA, respectively, to indicate the 
influence of lighting conditions. Unless otherwise noted, the data was expressed as an average ± 
SD. Before data processing, the box diagram was used to determine the abnormal value and use 
the average value instead.
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Two-factor ANOVA of 2*3 was used to compare changes in subjective alertness, fatigue, and 
sleep quality measured by CSD. Post hoc comparisons were performed using Tukey's honestly 
significant difference (HSD) test. Non-parametric tests of independent samples compare the 
amount of change in PA and NA. All the statistics were conducted using SPSS Statistics version 
20 (IBM, Armonk, NY, USA). 

3. RESULT
3.1   Subjective sleepiness
The paired t-test was performed on the KSS scores after and before the light intervention under 
each light condition, and all light conditions except HL2 led to a significant increase in KSS score, 
which meant a significant decrease in subjective alertness. The difference between KSS scores 
before and after the light intervention was taken as the change in subjective alertness, which was 
recorded as dKSS. The results of one-way ANOVA showed that light conditions had a significant 
effect on dKSS (F=2.886, p=0.021). The results of two-factor ANOVA using illuminance and CCT 
showed that illuminance (F=4.759, p=0.012) and CCT (F=4.461, p=0.039) had significant effects 
on dKSS, but there was no interaction (Shown in Figure 3). The results of the post-hoc comparison 
showed that 300lx significantly improved the level of sleepiness compared with 10lx (p=0.029) 
and 150lx (p=0.004), and 2000K significantly improved the level of sleepiness (p=0.039) 
compared with 4500K. 
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Figure 3 The effect of illuminance and CCT on the change of KSS. 

3.2   Subjective Fatigue on VAS 
The paired t-test of fatigue scores after light intervention and before light intervention under each 
light condition showed that NL1(t=5.502, p=0.000), NL3 (t=4.871, p=0.001), WL1 (t=6.418, 
p=0.000), WL2 (t=2.726, p=0.021), and WL3 (t=3.665, p=0.004) significantly increased the fatigue 
of subjects compared with before light intervention. NL2 (t=1.941, p=0.081) did not significantly 
affect fatigue. The difference between the fatigue score before and after the light intervention was 
used as the change in fatigue, which was recorded as dFatigue. The results of one-way ANOVA 
showed that light conditions had a significant effect on dFatigue (F=2.986, p=0.018). The results of 
two-factor ANOVA using illuminance and CCT showed that illuminance (F=5.949, p=0.004) had a 
significant effect on dFatigue, CCT had no significant effect on dFatigue (F=2.293, p=0.135), and there 
was no interaction between illuminance and CCT (Shown in Figure 4). The post-hoc comparison 
results show that 10lx (p=0.013) and 300lx (p=0.002) significantly increase fatigue levels 
compared with 150lx. 
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Figure 4 The effect of illuminance and CCT on the change of fatigue.

3.3   Mood
PA and NA scores were calculated with PANAS. Non-parametric tests were performed on 
relevant samples for PA and NA scores after and before each light intervention using the 
Wilcoxon method. The results showed that NL3(Z = 2.567, p = 0.010) and WL3(Z = 2.849, p = 
0.004) led to a significant decrease in PA, indicating a significant decrease in positive emotions. 
All lighting conditions had no significant effect on NA. The difference between PA and NA scores 
before and after the light intervention was recorded as the change of positive and negative 
emotions and as dPA and dNA. The non-parametric test of independent samples showed that 
lighting conditions significantly affected dPA (p = 0.000). Similarly, CCT significantly affected dPA (p 
= 0.005). The results of the post-hoc comparison showed that compared with 4500K, 2000K 
significantly increased positive emotion. Illumination had a significant effect on dPA (p = 0.001).
Compared with 150 lx, 300 lx significantly decreased positive emotion (p = 0.000). Light 
conditions had no significant effect on dNA.
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Figure 5 The effect of illuminance and CCT on the change of positive emotion.

3.4   Sleep Quality
The subjective scores of time to fall asleep, duration of sleep, and sleep quality in CSD were 
analysed separately. The results of the two-factor ANOVA of illuminance and CCT showed that 
illuminance and CCT both had no significant effect on sleep time, sleep duration and subjective 
score of sleep quality, and there was no interaction.

4.  DISCUSSION
The primary purpose of this study is to explore which CCT and illuminance can promote nap 

when using car lighting before nap. When the CCT is set to 2000K, it significantly improves the 
level of sleepiness compared to 4500K, helping to fall asleep. This result is consistent with the 
research results of Wen et al. on nocturnal sleep and also indicates that low CCT light can 
promote sleep compared to high CCT [25]. Compared to low CCT photography, natural white light 
has also been proven to improve alertness and work performance in office settings. In this 
scenario, when the illuminance is set to 300lx, there is a significant increase in sleepiness after 
the light intervention, indicating that 300lx illumination can help fall asleep. This result is 
inconsistent with the research results before going to bed at night. More than 10lx of light before 
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bed at night can lead to increased alertness, melatonin inhibition, and sleep interference. 
However, research shows that light during daytime sleep does not seem to affect sleep, which 
may be related to the influence of natural light on circadian rhythm. Daytime lighting is different 
from the nighttime, lacking a pathway that significantly inhibits the secretion of melatonin and 
affects alertness, thus having a minor direct impact on sleepiness. The results of fatigue in this 
experiment indicate that 300lx light significantly causes fatigue compared to 150lx, and the 
increase in fatigue directly leads to an increase in subjective sleepiness [26,27], making people 
feel more likely to fall asleep. A study conducted in a narrow space showed that a working surface 
illuminance of 300lx was the lowest level of visual fatigue [29]. However, in this study, when the 
subjects were supine in the car, there was no working surface, such as a desktop, as a reference. 
The illuminance values reported in this study were all eye position illuminance. However, previous 
studies have rarely directly reported on eye position illuminance and often used horizontal 
illuminance of the working surface to characterize spatial illuminance, making it difficult to 
compare the illuminance level of this study with other studies. Based on the correlation between 
desktop horizontal illumination and eye position illuminance in previous studies [31], it is 
speculated that eye position illumination exceeding approximately 150lx leads to significant visual 
fatigue, which is consistent with the results of this study [29]. However, it is worth noting that in 
this experiment, the illumination of the 10lx eye position also caused higher fatigue but did not 
result in significantly more pre-sleep sleepiness. 

The results of positive emotions in this experiment were consistent with those of alertness. 
2000K and 300lx significantly increased sleepiness, decreased alertness, and reduced positive 
emotions [37-41], consistent with the conclusions of many studies that positive emotions and 
alertness constantly change consistently. Previous studies have shown that an increase in light 
levels increases positive emotions in the morning but causes a decrease in positive emotions in 
the afternoon [39]. The results of this study indicate that 300lx light significantly reduces positive 
emotions during the afternoon period, consistent with the conclusion of the afternoon. Therefore, 
the decrease in positive emotions at 300lx may also be the reason for the increase in sleepiness, 
corresponding to the result of no significant decrease in sleepiness at 10lx. 

Finally, within the allowed hours of sleep in this experiment, although light intervention 
significantly affected the change in subjects' sleepiness and helped them fall asleep, the 
subjective sleep quality scale investigated after awakening showed that sleep quality was not 
affected by different light conditions. However, this study only used subjective questionnaires for 
investigation, and further research relying on objective sleep parameters of PSG should be 
conducted to explore the impact of different daytime lighting conditions on daytime sleep quality. 

5. CONCLUSION
The results of this study suggest that using automotive interior lighting in passenger cars

before an afternoon nap can help people fall asleep more easily. Low CCT and high illuminance 
lighting can effectively increase fatigue, reduce positive emotions, increase sleepiness, and thus 
help fall asleep. However, light did not have a significant effect on sleep quality. In summary, this 
study proposes light parameter settings suitable for this particular lighting environment in vehicles 
to promote afternoon naps and rest, help reduce accidents and improve driving safety. 
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1. Introduction
1.1 Study Background

Light affects the perception of objects as well as human bio-rhythms. In humans, disruptions to bio-
rhythms have negative psychological and physical effects. 1 Human bio-rhythms affect sleep quality, 
diseases, such as dementia, and work efficiency at the office. The intense signals that are required to reset 
human bio-rhythms to the earth’s 24-h clock correspond to the amount of light that is exposed to the ipRGCs, 
which are the third class of photoreceptors in the human retina. 2 ipRGC cells, which exist at ratios of 
approximately 0.2– 0.8% in the human retina, are points at which non-visual reactions occur between the 
surrounding light environment and nervous system, and they convey information to the brain’s suprachiasmatic 
nucleus (SCN) via the retinohypothalamic tract (RHT). When people are exposed to light early in the morning, 
the SCN increases body temperature and causes the release of the cortisol hormone in the body, which acts 
as a stimulant. At night, the SCN induces sleep through the release of the melatonin hormone, thereby regulating 
the circadian rhythm. 3 A considerable portion of insomnia and poor health that afflict most modern humans 
is caused by the modern lifestyle in which it is difficult to receive a sufficient amount of natural light. Therefore, 
there is a movement in architecture to promote designs that allow more natural light into buildings. In artificial 
lighting as well, the creation of lighting environments that humans can inhabit comfortably is considered an 
important task, and human-centric lighting (HCL) is attracting attention. Therefore, there is a demand for new 

Human-Centric Lighting LED Lighting Fixture with Visible Light 
Conversion Structure to Improve Melanopic Lux

: Visible Light Conversion Structure to Improve
Melanopixion HCL LED lighting fixture

   Ga-Hee Yoon*

BY THE M Co., Ltd. KOREA

Abstract

As the lighting industry continues to develop technology for smart LED lighting, considerable attention is 
being drawn to human-centric lighting (HCL), which is a technology at the forefront of the next-generation smart 
lighting that can improve human health and happiness. However, recent HCL development has focused solely 
on using ICT technology to change color temperature, increase user convenience, and conserve energy, 
without considering lighting’s non-visual elements, that is, the biological effects of light. True HCL requires light 
that is optimized for the human body’s circadian rhythms to help promote user health and welfare.
  Each portion of the spectrum of light that is emitted by LED lighting plays a unique role that results from its 
effects on the human body and the properties of the lighting. Therefore, in this study, we used a material that is 
capable of light wavelength conversion to maintain a color rendering index (CRI) of 90 or more while reducing 
the light intensity of wavelengths in the waveband of 420 – 460 nm, which is harmful to the human body. In 
addition, the light intensity of wavelengths in the 470– 490 nm waveband, which are beneficial to the human 
body, was increased to create a lighting configuration that corresponds with circadian rhythms, thereby 
protecting the lighting users’ eyesight, preventing eye aging, and improving sleep quality. These light 
wavebands were set by referencing previous studies. Official testing was performed in accordance with IEC/TR 
62778(2014) and CIE S 026, and the results were compared and verified. This study can be used to maximize 
the value that lighting can provide to humanity and society in keeping with social trends, such as an aging 
society, health, quality of life, and well-being. In addition, to develop the lighting industry further, there is a need 
for institutional support and sustained research by universities and research organizations, as well as 
willingness and effort to develop technology by lighting companies.

Key Words  Smart LED lighting, human-centric lighting, circadian rhythm, light conversion material, spectrum 
wavelength
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indoor lighting that is focused on the quality of the light as well as the function of the light. Researchers have 
published study results, which indicate that the secretion of hormones in the human body varies according to 
the wavelength changes caused by the spectrum of the light that is emitted by LED lighting and that HCL can 
maximize the efficiency of learning, the ability to concentrate at the office, and insomnia relief. Therefore, there 
is an increasing demand for HCL in the offices of educational facilities and public institutions. However, existing 
human-centric lighting mainly comprises dimming and color control functions, which focus on changing color 
temperature. In this study, we present a completely new LED lighting that increases melanopic lux while 
maintaining high color rendering and high efficiency. Focusing on the human circadian rhythm from waking to 
sleep, our approach uses an LED lighting fixture to regulate the provided spectrum of light, ranging from the 
spectrum, which provides energy during waking to the spectrum that provides relaxation before sleep. Thus, in 
this study, we implemented the circadian rhythm optimization spectrum lighting to support comfortable human 
lifestyles and optimize the internal clocks of modern humans who spend long hours indoors.  

 
1.2 Study Purposes and Methods 

 
Optical films and anti-static PET films that use quantum dot (QD) particles have been incorporated in 

LED modules with layered structures and applied to LED packages that have low color rendering and harmful 
blue light. Thereby, light spectrum conversion and color rendering changes that were once difficult to implement 
in LED lighting fixture manufacturing are now possible. The goal is to provide a higher color rendering of Ra 91 
or greater, increased melanopic lux, and reduced harmful blue light wavelengths in comparison to conventional 
LED lighting. The 480 nm light wavelength, abundant in natural light yet often lacking in conventional indoor 
lighting, promotes mental and physical invigoration by promoting the secretion of serotonin, which is called the 
happiness hormone. If an abundance of serotonin is secreted in the body in the morning, it creates conditions 
in which melatonin, known as the sleep hormone, is likely to be secreted 14-16 h later. In this study, we focused 
on 480 nm wavelength light and developed a quantum dot optical member that effectively supplements light of 
that wavelength, and this was applied to an LED lighting fixture that can be effectively used in schools, hospitals, 
public institutions, and office spaces as a new style of LED lighting that regulates circadian rhythms.  
 
1.2.1 LED Lighting’s Spectrum Changes 

 
Using QD nanomaterial technology, as well as the technology for making QD material into films and 

injectable material, we applied a light control technology that can control the wavelengths and intensity of light 
such that it is suitable for the location where the lighting is used to create the most ideal spectrum for HCL by 
reducing the intensity of wavelengths that harm humans and increasing the intensity of beneficial wavelengths 
in the spectrum provided by existing LED lighting. 

 
 

 
 

Figure 1. Light wavelength improvement using quantum dot light conversion material 
  
Currently, most LED lighting comprises a spectrum of blue, yellow, green, and red color regions. Of these, the 

blue light waveband at 420–460 nm has high dispersibility and forms images at the front of the retina, and 
chromatic aberrations from the eyeball are felt more intensely than in the case of red light, which has a long 
wavelength. Blue light stimulates the optic nerve with strong energy and is the main wavelength that causes 
people to feel eye fatigue. In addition, problems have continually been reported regarding the negative effects 
of blue light, such as strong glare, increased heart rate through melatonin blocking, and accelerated aging of the 
human body through bio-rhythm disruptions. However, in the current lighting market, in which there is a well-
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developed low-cost lighting market, most LED lighting companies have focused solely on light brightness 
because manufacturing costs increase when they change their LED package lineups or use additional materials 
to remove blue light separately. To resolve this, the intensity of the blue light wavelength, which has negative 
effects on the human body, is reduced using special QD optical members. 

In addition, QD light conversion material is used in the light emission path of the LED lights in lighting fixtures 
to improve the properties of LED lighting by providing the optimal conditions for changing the spectrum, 
increasing efficiency, improving color deviation, and increasing the color rendering index. Through the QD light 
conversion material, the wavelength intensity of the 420–460 nm waveband is reduced, and the wavelength 
intensity of the 470–490 nm waveband is increased to provide human-centric lighting that protects the lighting 
user’s sight, prevents eye aging, and affects circadian rhythms by optimizing bio-rhythms. 
 
1.2.2 Color Rendering Index and Color Deviation Improvement 

 
The color rendering index represents the fidelity with which objects’ colors are reproduced, and it 

quantifies the degree to which the color of an object under natural light (sunlight) is similar to the color of the 
object under certain lighting. The closer the index is to 100, the more similar the lighting’s wavelength is to the 
wavelength of sunlight. In addition, the more uniformly the light is distributed, the better the color rendering. 
Recently, there has been a gradual increase in the demand for high-color rendering lighting in places where 
accurate colors are required. Because the human eye is accustomed to natural light, eye fatigue and a sense 
of artificiality can occur when people continuously view objects that are lit with lighting that has a low color 
rendering index. Conventional LED lighting’s color rendering index of Ra 80-83 is improved by 7-9% to Ra 91-
93 by using QD red waveband light conversion material to supplement the basic colors that constitute the 
general color rendering index.  

To increase the accuracy of the method for evaluating the color rendering index, evaluations are performed 
using the ANSI TM30-18 standard, which performs evaluations based on 99 types of colors.  

 
 

2. Technology Applied 
2.1 Quantum Dot Material Application 

 
QDs are nano-sized materials that emit light of different wavelengths according to the size of the material 

when it receives external light or electrical energy. Through QDs, LED lighting fixtures that approximate natural 
light for general lighting in homes, schools, and offices can be manufactured. Therefore, existing fixtures 
incorporate lighting technology that provides lighting close to natural light by reducing the wavelengths that are 
harmful to the human body and increasing the beneficial wavelengths by changing the spectrum of existing LED 
lighting through QDs, as well as wavelength conversion technology that creates optimal light quality through 
CCT and CRI conversion.  
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Figure 2. Quantum dot properties 
 

LED lighting is equipped with QD films that ensure high reliability by blocking moisture and oxygen, 
powderizing the particles, and adopting RTR, which is a system for mass-producing single-layer films from 
powder-form QDs, using QD nanomaterial stabilization technology and technology for making this material into 
films and injectable material. 

 

 
 

  Figure 3. Quantum dot optical member lighting fixture use 
 
 

2.2 Quantum Dot Optical Member Layered Structure LED Module 
 

To manufacture LED modules that are equipped with wavelength control functions, a cover film that 
covers the outer surface of the QD film and protects it from external foreign material is applied, and the QD film 
is placed in between and installed/adhered to the PCB substrate using a vacuum suction method that uses 
suction air currents. 
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Figure 4. Quantum dot film layered structure LED module 
 

 
2.3 LED Lighting Module Lifespan Extension 
 

Dust adsorption and static electricity are prevented by installing and adhering to a high-transparency 
antistatic film to the surface of the LEDs that are attached to the PCB. 

 

 
 

Figure 5. PET protection film composition 
 

 Durability is increased by preventing the LEDs from changing color due to infiltration by the moisture, sulfur, 
and other gases that are present in the external air and preventing/protecting against changes in the LED color 
temperature, reductions in luminous flux, and insulation failure. 

 
 
3. Property Measurements 

In this study, we performed a comparison of the light properties of existing products and light fixtures that 
use visible light conversion technology, including two types of light fixtures (direct and indirect type). A control 
group and the new R&D products were fabricated with a rated voltage of 220 V, a rated input power of 40 W, 
and an external size of 300 x 1200 x 40 mm, and their harmful blue light wavelength intensity, melanopic 
wavelength intensity, color rendering indices, and light efficiency were measured and compared by an official 
testing organization (Korea Institute of Lighting and ICT). 

 

 
 

       Figure 6. Lighting fixture shapes 
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Table 1. Direct lighting type performance comparison 

 
 
 

Table 2. Indirect lighting type performance comparison 

 
 

 
 
4. Conclusions 

  
In a comparison of existing direct-type panel lighting and the lighting fixture that used the visible light 

conversion mechanism technology, the 420–460 nm harmful blue light wavelength output was reduced by 4.9%, 
and the 470–490 nm melanopic wavelength output was increased by 34.9%. The color rendering index was 
improved to 91.8, which is a significant improvement in color reproducibility. Considering the performance of the 
indirect type lighting fixture that used the visible light conversion mechanism technology, the harmful blue light 
wavelength output was reduced by 2.2%, and the melanopic wavelength output was increased by 36.9%, while 
the color rendering index (Ra) was improved to 91.4. 

 
Table  1. Comparison of wavelength intensity and color rendering of each waveband 
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The difference between the existing normal lighting and the product that used the visual light conversion 
mechanism technology was that the light’s melanopic intensity, which is a non-visual factor, was increased to 
maximize the light’s melatonin hormone secretion regulating effect while the LED lighting’s important technical 
aspects, such as light efficiency, light quality, and lighting fixture lifespan were maintained. As the best lighting 
fixture for protecting users’ vision, the new lighting fixture will be combined with smart lighting technology to fully 
implement genuine human-centric lighting instead of simple light brightness and color temperature controls. 
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MINI LED APPLICATION FOR SMART HEAD LAMP

Korea Photonics Technology Institute

ABSTRACT 
In this paper, we propose a high-resolution adaptive driving beam (ADB) with Mini LEDs, which 
enables better visibility by controlling the minimum angular resolution of a headlamp. Each LED 
has about 110 m, and arrayed with 32 by 32. The emitting source area was about 25mm2. This 
high-resolution pixel light source consumes less than 50W in 1,000 lm.  Since many automotive 
headlamps manufacturing companies apply unique technology for better performance, we have 
developed a high-efficiency optical system with a diffractive kinoform lens. Optical efficiency was 
more than 50%, and the thickness of kinoform lens was in 2 m. Cross talk effect among LEDs 
was studied by the phosphor and LED fabrication type, and we finally prototyped a 1,024-
resolution pixel source with projection optics in 3 lenses. And its illumination beam angle was 6 
degrees with maximum illuminance intensify of 25,000 cd. Super positioning of two modules 
makes it possible to satisfy ECE R123 regulation successfully. The developed high-resolution 
headlamp can project various types of signals such as fogs, rainfall, snow, direction arrows on the 
driving roads. Also, This headlamp can make glare-free high beam within 0.2 degrees.

Keywords: 

1. INTRODUCTION
Major innovation of automotive head lamp technologies can be classified into three categories; 
Halogen, High Intensity Discharge (HID) Lamp, semiconductor i.e. Light Emitting Diodes(LEDs), 
Laser Diode(LD), Organic LEDs(OLEDs). Technological innovation in semiconductor photonics 
industry has contributed to the development of a wide range of technologies, starting from Center 
High Mount Stop Lamp (CHMSL) to HD resolution Digital Head Lamps. As a result of diffusion of 
such technologies, the innovation of automobile exterior design led us to the shift of the 
mainstream of the global automobile market from performance to design flexibility. Design driven 
innovation has redefined the global automotive market and opened new era of an automotive 
head lamp.

The BMW announced of adopting Laser Head Lamp in 2013, which used a reflective PC 
(Phosphor Ceramic) type[1]. The Audi developed a new concept of laser headlamp for slimmer 
technology, four to six Micro Laser Diodes were applied and a prism and a phosphor plate[2]. 
More recently, Micro LEDs have started to be adopted in this industry with high resolution pixel 
lighting. In this paper, we have used LEDs about 100 size and those LEDs were arrayed in 32 
row and column. Those LEDs were driven by CMOS black plane and controlled separately.
Illuminated lights from each pixel were projected with plastic optics. The module shows significant 
variation in optical performance due to phosphor converting method.

In this paper, we propose an high resolution adaptive driving beam (ADB) with Mini LEDs, and
each rectangular pixel led has 110 size , and arrayed with 32 by 32. Those LEDs consumes 
less than 50W in 1,000 lm in 1024 high-resolution pixel., We has developed high efficiency optical 
system in 50%, and cross talk effect among LEDs was studied by phosphor and LED fabrication 
type. Projection optics in 3 lenses illuminated in 6 degrees with maximum illuminance intensify of 
25,000 cd. Super positioning of two module makes it possible to satisfy ECE R123 regulation
success fully.

2.

The Mini LEDs Module has basically three components. Each mini led are bonded with
backplane PCB with directly metal bonded with cooper for heat dissipation. Also each mini leds
are optically bonded with white light conversion phosphor plate individually. This kind of
structure may decrease the optical efficiency of the mini led light source module, but
dramatically reduced the colour stability of the module as well as cross talk effects. In Figure 1,
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we can recognized clear view of projected letter ‘ μLED’ through 3 lens array. This projection 
lens optical system showed about 50% of optical efficiency in 6 degree view angle. Developed 
head lamp showed similar performance with that of Benz ‘s 1024 mini led head lamp. 

FIG. 1  
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OBJECTVIE AND SUBJECTIVE EVALUATION FOR AUTOMOTIVE 
INTERIOR AMBIENT LIGHTS 

Seo Young Choi, Jae Kyu Ko and Mi So Noh
(KIEL Institute, Bucheon-si, Gyeonggi-do, Republic of Korea)

ABSTRACT
The application of interior lighting using LED is increasing in order to provide various ambient 

surrounds for driving experience improvement and differentiated brand image. The key objective 
quality components of the interior lighting are luminance, chromaticity, and spatial uniformity that 
are influenced by (1) the reflectance property of the finishing material, (2) the LED PKG 
colorimetric binning (dispersion of chromaticity), (3) the color-quality control deviations between 
manufacturers producing interior lighting parts, etc. Diverse affective factors (comfort, pleasant 
etc.) are formed by controlling the objective quality factors. The ambient light is designed by 
considering the interior of the car, visual impression, eye comfort, and distraction etc. The 
development of the objective evaluation method for the ambient light is not a simple matter due to 
such complex design factors. It is also important to understand changes in the affective factors 
according to the colour variation of interior lighting. This study therefore attempts to discover
significant evaluation components through objective and subjective measurements and to 
determine the chromaticity map between affective factors and interior lighting colours.

Keywords: Automotive Ambient Lights, Perception of Space Atmosphere, Subjective Evaluation of 
Interior Lights 

1. INTRODUCTION
The overall impression that users perceive about the interior space of the car is a major factor

affecting the car brand image[1-2]. LED can freely implement various colours and has high 
degree of design freedom, so its application as an indoor lighting source for automobiles is 
increasing. Related research is active to provide a customized indoor atmosphere to users 
according to various indoor space utilization with the advent of autonomous cars. The interior 
atmosphere of an automobile is formed by a combination of hardware elements such as internal 
finishing materials, direct/indirect lighting, and displays, and lights and colours produced 
therefrom.

Figure 1. Effects of changes in physical characteristics of ambient lighting on user cognition

The design of these hardware components involves two objectives: (1) visual implementation 
of the identity pursued by the overall design of each vehicle, and (2) implementation of an interior
lighting environment optimized for user safety and behaviour. In particular, ambient lighting, which 
can intuitively evoke the atmosphere through visual recognition, is a very important factor in 
automobile interior design. Indirect ambient lighting has quality factors such as luminance (cd/m2), 
chromaticity (specified by the spectrum of the light), and uniformity (in terms of luminance and 
chromaticity), and these characteristics are influenced by the visible reflection characteristics of 
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the finishing material. Figure 1 introduces the effect of changes in physical characteristics of 
ambient lighting on user cognition.  

The colour appearance of ambient lights perceived by the end user may differ from that 
predicted by initial colorimetric characteristics of the LED PKG, since the lights of the LED PKG 
pass through the string and are reflected from the finishing materials shown in Figure 2. Therefore, 
not only the colour characteristics of the LED PKG but also the characteristics of the related parts 
(LED string, diffuser, finishing material) must be considered to manage the colour characteristics 
recognized by the end person. It can be said that the colour recognized in the last step affects the 
user's sensibility.  

Figure 2. The process from the LED PKG to the user visual perception for automotive ambient lightings 

2. Evaluation Results
2.1   Objective vs. Subjective Spatial Uniformity

The physical characteristics of ambient lighting are measured using a CMOS sensor-based 
luminance meter (LMK 6 of TechnoTeam, Germany) in this study. Figure 3 shows the physical 
measurement results for the luminance (Y, cd/m2) and chromaticity (u' and v' in CIE 1976 Uniform 
Colour Space) uniformity of the ambient lighting installed in the vehicle. It can be seen that spatial 
uniformity is affected by the internal design of each automobile company and vehicle type. Benz 
E300 shows ΔY = - 63% to > + 1000% difference compared to the central luminance value (Y @ 
#3 location=0.52 cd/m2) in Figure 3, while BMW 740e shows ΔY = - 41% to > + 400% difference 
compared to the central luminance value (Y @ #3 location= 0.986 cd/m2) in Figure 4. In the Benz 
E300, the luminance of both ends (#1, #6) where LED PKGs exist is observed to be more than 
1000 % brighter than the luminance of the centre (#3). In the BMW 740e, the luminance of the left 
end (#6) where the LED PKG exist is observed to be more than 400% brighter than the luminance 
of the central part (#3). Benz E300 shows that both Δu' and Δv' are less than 0.005 compared to 
the central colour value (u' and v' @ #3 location) in Figure 3, while BMW 740e shows that the 
colour deviation increases toward the left end compared to the central colour value (u' and v' @ 
#3 location) in Figure 4.  

Figure 3. The luminance and chromaticity uniformity for the ambient lighting of Benz E300 
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Figure 4. The luminance and chromaticity uniformity for the ambient lighting of BMW 740e 

When the subjects are asked whether they would accept the luminance and chromaticity non-
uniformity of the Benz E300 and BMW 740e using 5-point Likert scale (1 point is very difficult to 
accept, 3 points is normal, 5 points is very acceptable), they are all evaluated as acceptable 
(average between 3.5 and 4.5). Therefore, it seems that the subject evaluates the luminance non-
uniformity phenomenon (the brightness becomes darker toward the centre or the opposite end 
from the brightest spot due to LED PKG) in the design aspect. In the case of interior ambient 
lighting in automobiles, it can be seen that the tolerance range in the physical-property (luminance 
and chromaticity) deviation for the spatial uniformity evaluation is greater than that in general 
lighting.  

 
2.2 Emotional Colour Map for Automotive Interior Ambient Lighting   

Ten preferred colour groups are firstly selected for interior ambient lightings through a huge 
set of observations and are illustrated in Figure 5: Green, Cyan, Blue 1 and 2, Purple, Magenta, 
Red, Orange, Warm White, and Cool White. Five adjectives are also chosen as the main 
emotions expected from interior ambient lightings of automobiles: Pleasant, Comfortable, Luxury, 
Secure/Stable, and Active.  

   
Figure 5. Ten preferred colour groups for interior ambient lightings 

Additional experiments are conducted to determine corresponding colour groups representing 
these five main emotions. The matching results between five emotions and colour groups are 
shown in Figure 6. It mainly shows comfort in the blue, cyan, and cool white areas, and very 
comfortable sense is observed in the warm white, orange, and purple areas. It seems that the 
sense of secure/stable is also high in the warm white, orange, and purple areas. Hence, these 
colour groups can be classified into emotional areas such as comfortable and stable/secure. 
Active emotion is high in areas with high purity of orange and blue colour, and near cool white. In 
other words, orange and blue lights with high purity can inspire drivers to feel more active. It can 
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be seen that relatively luxury interior quality can be recognized in the blue and cool white areas. 
As the most preferred area (shown in the rightmost bottom graph of Figure 6) for ambient lighting 
in automobiles, comfortable, secure/stable, and luxury emotional areas are all included, so these 
three emotions are thought to have a great influence on preference.  

 
Figure 6. The corresponding chromaticity range to create each of five main emotions that are expected from 
interior ambient lightings 

 
3.  CONCLUSION  

In this study, after measuring the physical characteristics of ambient lighting installed in ten 
vehicle models, user perception evaluation is conducted to derive evaluation factors that have a 
major impact on the interior atmosphere implemented by ambient lighting. The important 
evaluation factors of the ambient lighting that have a major influence on the interior atmosphere of 
automobiles are found as follows: (1) Hue (chromaticity, spectrum), (2) Luminance (gray level), 
(3) Finishing material (reflectance), (4) Installation type (direct or indirect lighting), (5) Spatial 
uniformity. Among these, only the results of spatial uniformity are introduced in this paper. The 
optimal chromaticity ranges are also proposed to maximize five key emotional stimuli (pleasant, 
comfortable, luxury, secure/stable, and active) in the application of interior ambient lighting. 
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EXPLORATION OF INTERIOR LIGHTING PREFERENCE 
CONDITIONS IN DIFFERENT SCENARIOS FOR AUTONOMOUS 

VEHICLES 
Hyeran Kang, Hyensou Pak, Jemok Lee, Donguk Shin, Chan-Su Lee 

Yeungnam University 

ABSTRACT 
The development and expansion of autonomous vehicle technology is expected to enable various 
user activities inside the vehicle. In this study, automotive interior lighting scenarios were selected 
based on user activities that can be performed inside an autonomous vehicle. Five scenarios 
were selected: driving, office works, media watching, eating, and conversation. Lighting 
parameters(color temperature, illuminance) are adjusted to fit each participant preference to the 
given scenario. To this end, a test bed consisting of a PBV (Purpose Built Vehicle) test buck, four 
main lightings consisting of RGB, warm white, and cool white LEDs, and several ambient lightings 
consisting of warm white, cool white, and RGB LEDS were built. Eight subjects participated in the 
experiment and showed differences in light preference and color temperature between scenarios. 
The iluminance values with proper devices and objects  required for activities in each scenarios 
show higher values than that of without proper devices and objects. The range of lighting 
parameters obtained in the experiment will be useful to deterimine the lighting conditions 
according to activies in the autonomous vehicle. 

Keywords: Autonomous Vehicle, Interior Lighting, Lighting Scenario, Lighting Parameter 

1. INTRODUCTION
The advancement of autonomous vehicle technology has opened up new possibilities for

enhancing the in-vehicle user experience. With the potential for reduced driving responsibilities, 
passengers in autonomous vehicles can engage in various activities while traveling. More 
specifically, the temporal and spatial constraints within autonomous vehicles cars will be greatly 
reduced, and the freedom of the occupants' activities will be significantly increased. Therefore, it 
will be necessary to create various in-vehicle lighting scenarios that can meet the satisfaction and 
demands of passengers in areas such as emotion, safety, convenience, and performance. 
Several previous studies provide a basis for examining these scenarios [1-4]. Candidates for the 
in-vehicle activity scenarios can be considered, including working, relaxing, conversing, reading, 
sleeping, entertainment (watching & listening), smartphone usage (texting, searching & SNS), 
playing, eating, celebrating, alerting and refreshing, etc. As a result, if we know the most frequent 
and useful in-vehicle activities, we will be able to provide lighting environments or scenarios 
suitable for the activities. 

In this study, we selected 5 scenarios among various passenger activities that can occur in 
autonomous vehicles, and tried to find out the preferred range of lighting parameters for each 
scenario and their subjective impressions on the lighting environment by asking the participants to 
adjust the illumination intensity and color temperature of the lighting in the test PBV buck. In 
addition, we tried to examine the difference between when there are proper devices and objects 
related to the scenario and when there are no devices and objects. 

2. METHODS
In this study, a PBV test buck and four main lights consisting of warm white and cool white LED 
were used as the basis for developing automotive interior lighting that is automatically controlled 
according to occupant activity. We selected five scenarios for consideration: driving, office work, 
media watching, eating, and conversation. For each scenario, the seat's rotation angle was set to 
0, 0, 30, 90, and 135 degrees, respectively. 

Participants were seated in the driver's seat of the test buck and designed the lighting by 
adjusting the color temperature and illuminance for scenarios presented sequentially or in reverse 
order. At the end of each scenario, they were asked to complete a questionnaire. 
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The questionnaire included two short answer questions and three questions based on a 5-point 
Likert scale. The short answer questions consisted of ‘Please describe the lighting design you 
created this time, using at least three words.’ and ‘Please describe, using at least three words, 
why you are either disappointed or satisfied with the designed lighting.’ The Likert scale questions
consisted of ‘coziness’, ‘liveliness’, and ‘satisfaction’. 

Participants took part in the experiment twice. In the first session, they conducted the experiment 
in a model free condition. In the second session, they conducted the scenarios with additional 
devices and objects such as a steering wheel, laptop, and fruit to be more realistic to given 
activities as shown in Figure 1.

Figure 1. Scenarios for the evaluation of the lighting design in autonomous vehicle. a) driving, b) office works, 
c) media watching, d) eating, e) conversation

3. RESULTS
Eight participants participated in this experiment, their ages ranged from 22 to 25 years old 
(median = 23.5), with six males and two females and they self-reported with no color blindness or
color weakness and strong interest in interior lighting. 

Lighting concepts for each scenario. Participants designed lighting with at least three concepts 
for each scenario. For the driving scenario, they made for bright lighting to wake them up. In the 
office work scenario, they designed a cool and bright lighting, helpful for concentration. When 
watching media, they set the lighting to be dim and subtle, designing a cozy and comfortable 
atmosphere. For the eating scenario, participants preferred bright lighting that illuminated the food 
and contributed to a cozy mood. Lastly, during conversations, they aimed for a moderately bright 
lighting setup, creating a warm and comfortable environment. The presence or absence of items 
did not influence the lighting concepts, and consistent trends were observed across all scenarios.

5-point Likert scale about coziness, liveliness, and satisfaction. In terms of coziness,
differences were observed among the scenarios, with the driving and office work scenarios
receiving lower ratings compared to the media watching, eating, and conversation scenarios. In
liveliness, in the driving scenario, the presence of a steering wheel resulted in higher scores.
According to subjective responses, participants reported better concentration during driving when
a steering wheel was present. Interestingly, in the eating scenario, the presence of fruit item led to
lower scores. This could be attributed to the limited space resulting from the rotation of the seat to
90 degrees and the absence of a table, resulting in relatively lower ratings. In satisfaction,
participants consistently expressed high levels of satisfaction, with ratings consistently above 4,
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regardless of the presence or absence of item across all scenarios. These results are represented 
in Figure 2a and 2b. 

Illuminance and color temperature. We used a Konica Minolta CL-200 chroma meter to 
measure illuminance and color temperature at the centre of the item. The results showed that for 
driving, office works, and media watching, illuminance below 100lux was preferred, while for 
eating and conversation scenarios, relatively high illuminance was preferred. Although bright and 
clear lighting was the main design concept for driving and office work, the main lights used in this 
experiment were limited by the roof of the vehicle. As a result, there may have been lower 
illuminance in these two scenarios when the chair rotation angle was 0 degrees due to shadows.
According to the scenarios, we observed different preferences in color temperature. Driving, office 
work, and media watching scenarios had higher color temperatures compared to eating and 
conversation scenarios. In the illuminance, the presence of proper devices and objects resulted in 
higher illuminance than the absence of these devices and objects in each scenario (see Figure
2c). 

Figure 2. Scenario-based assessment of a) coziness, b) liveliness, preferences of c) illuminance and d) color
temperature

4. CONCLUSIONS
In this study, we constructed various scenarios that could occur in an autonomous vehicle and 
investigated the lighting preferences for each scenario, with and without specific items. The 
results show that occupants' lighting preferences vary depending on the scenario. 

Thus, when designing interior lighting for autonomous vehicles, parameters such as illuminance 
and color temperature should be adjustable based on the activity. For example, scenarios that 
require high concentration, such as driving and office work, necessitate lighting with a high color
temperature. Conversely, situations that require a relaxed concentration level, such as eating and
conversation, demand warmer color temperature lighting.

The presence of physical items, such as a steering wheel, laptop, and fruit, had an impact on the 
perceived liveliness of the scenarios. These devices and objects also influenced the preferred 
illuminance of the lighting setup, with the introduction of these 3D devices and objects altering the 
overall illuminance compared to a scenario without such items. Participant feedback from short 
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answer questions indicated that the inclusion of a steering wheel and laptop aided in their focus. 
These findings suggest that while the nature of the activities dominated lighting preferences, the 
way the lighting environment is presented in each scenario also plays a significant role. 

In summary, this research highlights the importance of personalization and adaptability in the 
design of autonomous vehicle lighting. Future research should expand on these findings by 
exploring a broader range of scenarios and activities, considering additional lighting parameters, 
and investigating the impact of other variables such as time of day, external weather conditions, 
and the passenger's mood. 
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A PRELIMINARY STUDY ON THE LIGHTING DESIGN OF
COMMUNITY NURSING HOMES

Kehang Chen

(Faculty of Architecture and Urban Planning, Chongqing University, Chongqing, China)

ABSTRACT
Community nursing homes have emerged as crucial settings for providing care services to 

elderly individuals, warranting careful consideration of lighting design for enhancing their well-
being. This paper presents a preliminary study on the lighting design of community nursing homes. 
The research involved field investigations conducted at several community nursing homes, 
focusing on measuring key lighting parameters, including illuminance, uniformity ratio of 
illuminance, correlated color temperature, and color rendering index in critical areas such as 
activity rooms, reading rooms, and lounges. Additionally, questionnaires were administered to 
assess the visual satisfaction of elderly users. Correlation analysis was performed to explore the 
relationship between lighting design parameters and visual satisfaction. Based on the study's 
findings, distinctive lighting design characteristics and strategies were identified, accompanied by 
proposed suggestions to improve the well-being of elderly users in community nursing homes. 
The outcomes of this research provide valuable insights for the design of community nursing 
homes, underscoring the significance of lighting design in enhancing the overall quality of life for 
elderly individuals.

Keywords: lighting design, community nursing homes, elderly-oriented design, illuminance, visual 
satisfaction

1. INTRODUCTION
Since the beginning of the 21st century, China has experienced a rapid acceleration in the

aging process, leading to an increasingly serious aging trend. By the end of 2021, the elderly 
population in China, aged 65 and above, is projected to exceed 200 million, accounting for 14.2% 
of the total population, reaching the national standard for moderate aging[1]. To effectively 
address the challenges posed by the aging population, China has placed significant emphasis on 
the development of an age-friendly society, with a particular focus on the robust expansion of 
community-based elderly care and the expedited construction of community nursing homes.

Within the realm of community nursing home design, lighting plays a pivotal role as a critical
factor that directly impacts the visual comfort and spatial experience of the elderly residents[2-3].
Therefore, this paper aims to investigate and analyze the lighting design aspects in six community 
nursing homes located in Yubei Road, Shapingba District, Chongqing. By conducting field 
measurements of relevant lighting design parameters and administering visual satisfaction 
questionnaires to facility users, this study seeks to explore the correlation between lighting design 
and the overall satisfaction of elderly residents. The findings of this research endeavor are 
intended to serve as valuable references for future lighting design practices in community nursing 
homes.

2. RESEARCH ON LIGHT ENVIRONMENT AND VISUAL SATISFACTION

2.1 Research object
This study focuses on six specific community nursing homes located in Yubei Road Street,

Shapingba District, Chongqing. The selected facilities are as follows: Hanyu Road Community 
Nursing Home, Shayang Road Community Nursing Home, Baiheling Community Nursing Home, 
Yanggongqiao Nursing Home, Shuangxiangzi Community Nursing Home, and Yangli Road 
Community Nursing Home. The research also involves the elderly users residing within these 
facilities.
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The investigation primarily focuses on three distinct types of spaces within each of the six 
community nursing homes, namely the activity room, reading room, and lounges. The research 
involves an in-depth analysis of the lighting environment within these spaces. Additionally, a 
visual satisfaction study is conducted with the elderly users residing in each community nursing 
home, specifically pertaining to the aforementioned three types of spaces within their respective 
facilities. 

2.2 Research content and methods 

2.2.1 Light environment parameters

The light environment research in this study employed several parameters, including 
illuminance, uniformity ratio of illuminance, correlated color temperature, and color rendering 
index. To measure these parameters, the HPCS-320 portable spectral illuminance meter was 
utilized. The measurements were taken on a horizontal surface positioned at a height of 0.75m 
from the ground, which served as the designated measurement plane. 

2.2.2 Visual satisfaction 

In this study, the semantic difference method was employed to conduct a questionnaire-based 
investigation into the visual satisfaction of the elderly residents. The semantic difference method, 
originally proposed by Osgood (1957), is a psychometric approach that utilizes verbal scales to 
measure psychological perceptions[4]. By employing this method, the research aimed to capture 
the subjective feelings of the respondents and transform them into quantitative data, thereby 
facilitating a quantitative understanding of the psychological perceptions related to the research 
site. 

The questionnaire utilized in the study employed a 5-point evaluation scale based on the 
semantic difference method. The scale assigned scores of 2, 1, 0, -1, and -2, with 0 representing 
the central axis (as shown in Table 1). These numerical scores were subsequently subjected to 
quantitative analysis to derive meaningful insights. 

Table 1. Semantic Difference Scale 

Very satisfied Satisfied Undecided Dissatisfied Very dissatisfied 

2 1 0 -1 -2

2.3 Research Results and analysis 

2.3.1 Light environment parameters research 

The investigation of light environment parameters in the six community nursing homes 
revealed that the illuminance values in each space ranged from 200 lx to 700 lx. The activity room 
and reading room exhibited relatively high illuminance levels, while the lounge areas had lower 
levels of illuminance. As per the Building Lighting Design Standard (GB50034-2013), the 
recommended illuminance level for general activity areas in elderly living rooms should be at least 
200 lx, and the writing and reading areas should have a minimum illuminance level of 500 lx. 
Based on this standard, the illuminance level in the reading rooms of most community nursing 
homes was found to be insufficient. However, the uniformity ratio of illuminance in all the reading 
rooms exceeded the international standard value of 0.8, indicating a favorable lighting condition in 
terms of uniformity. Furthermore, the correlated color temperature of each space in the six 
community nursing homes ranged from 3500K to 5500K, while the color rendering index was 
consistently above 80, meeting the international requirements in both cases. 
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Figure 1. Light environment parameters of 6 community nursing homes

2.3.2 Visual satisfaction survey

The visual satisfaction evaluation questionnaire included participants selected randomly based 
on principles of gender, age stage, and visual condition. A total of 20 samples were collected from 
each community nursing home, resulting in a total of 120 samples. These samples were averaged 
to determine the visual satisfaction of the elderly users for each space within the six community 
nursing homes. The visual satisfaction scores obtained ranged from 0.25 to 1.25. These scores 
indicate that, overall, the elderly users expressed satisfaction with the light environment in each 
space of the six community nursing homes.

Figure 2. Visual Satisfaction of 6 community nursing homes

3. CORRELATION ANALYSIS OF LIGHTING PARAMETERS AND VISUAL SATISFACTION
In this study, Pearson's correlation coefficient was utilized to assess the correlation between

visual satisfaction and each light environment parameter. The correlation coefficient, ranging from 
-1 to 1, indicates positive correlation for positive values and negative correlation for negative
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values. A higher absolute value indicates a stronger correlation, while values closer to 0 indicate a 
weaker correlation. 

Overall, visual satisfaction showed a moderate positive correlation with illuminance, uniformity 
ratio of illuminance, and color rendering index (0.4-0.6). However, there was a very weak positive 
correlation or no correlation with color temperature (0.0-0.2). The correlation between visual 
satisfaction and light environment parameters varied across different spaces. 

For the activity room, there was a strong positive correlation between visual satisfaction and 
illuminance (0.6-0.8), indicating that higher illuminance levels led to increased visual satisfaction 
among the elderly participants. There was also a weak positive correlation with color temperature 
(0.2-0.4), suggesting that the elderly participants slightly preferred light sources with a color 
temperature above 5500K in the activity room. 

In the reading room, visual satisfaction showed a strong positive correlation with illuminance, 
uniformity ratio of illuminance, and color rendering index (0.6-0.8), while demonstrating a very 
weak positive correlation or no correlation with color temperature (0.0-0.2). These results align 
with common sense, as reading requires appropriate illumination, high uniformity of illuminance, 
and favorable color rendering index. Additionally, individual preferences for color temperature 
may vary. 

In contrast, the results for the lounge space differed significantly from the aforementioned 
spaces. In the measured interval, there was a weak negative correlation between visual 
satisfaction and illuminance and color temperature (-0.4 to -0.2), a weak positive correlation with 
color rendering index (0.2-0.4), and a very weak positive correlation or no correlation with the 
uniformity ratio of illuminance (0.0-0.2). These findings suggest that most elderly individuals 
preferred a lower illumination level and a warm light environment in the lounge. Additionally, the 
color rendering index was an important consideration for their visual satisfaction in this space. 

Overall, the correlation analysis highlights the varying preferences and requirements of the 
elderly residents in different spaces, emphasizing the importance of considering individual needs 
and preferences when designing the lighting environment for community nursing homes. 

Table 2. Correlation between visual satisfaction and light environment parameters 

Pearson's 
correlation 
coefficient 

visual satisfaction 
& illuminance 

visual satisfaction 
& uniformity ratio of 

illuminance 

visual satisfaction 
& correlated color 

temperature 

visual satisfaction 
& color rendering 

index 

all space 0.53 0.42 0.06 0.56 

activity room 0.86 0.55 0.36 0.52 

lounge −0.29 0.02 −0.30 0.29 

reading room 0.82 0.61 0.11 0.83 
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Figure 3. Correlation between visual satisfaction and light environment parameters 

4. LIGHTING DESIGN SUGGESTIONS OF COMMUNITY NURSING HOME
Based on the analysis of the research results, the following recommendations can be made for

the design of aging-friendly lighting in community nursing homes: 

1. Increase the illumination levels in activity rooms and reading rooms to ensure they reach a
minimum of 500 lx. Since elderly individuals often experience vision degradation, higher 
illumination levels are necessary to create optimal lighting conditions for them[5]. On the other 
hand, it is advisable to slightly reduce the illumination in lounge areas to maintain privacy and 
create a comfortable resting environment. 

2. Emphasize the importance of high uniformity of illumination, particularly in activity rooms
and reading rooms. A higher level of uniformity ensures even distribution of light, facilitating object 
recognition and reading, while minimizing visual fatigue. To achieve this, a combination of general 
lighting in designated zones and localized surface light sources in reading areas can be employed 
to ensure both overall and localized uniformity of illumination. 

3. Select appropriate color temperature for different spaces. In the activity room, neutral light
sources with a color temperature of 5000K-5500K are recommended. This type of lighting 
promotes a vibrant and energetic atmosphere. In contrast, warm light sources with a color 
temperature of 3000K-3500K are preferable for the lounge area, as they create a cozy and 
relaxing environment. 

4. Incorporate natural light as much as possible to enhance indoor illumination. Natural light
provides the best color rendering index, which is beneficial for visual perception. If natural light is 
limited, high color rendering index LED lamps and fixtures should be utilized to ensure accurate 
color representation. 

By implementing these suggestions, community nursing homes can enhance the lighting 
design to better meet the needs and preferences of the elderly residents, creating a more 
comfortable and visually satisfying environment for them. 
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MINJEONG YOO, JIN KIM, ANSEOP CHOI 

SEJONG UNIVERSITY 

ABSTRACT 

Keywords: LIGHTING FOR MARINE USE, LNG CARRIER, PASSAGEWAY LIGHTING 

1. INTRODUCTION (HEADING1)
Recently, large shipyards in Korea are considering changing the ceiling light of corridor to LED
edge light. Usually, the no-Gap ype ceiling on the ship except for cruiseship is repeatedly
installed recessed ceiling light for each deck. However, in order to install the Ceiling Light, the 
ceiling must be configured in a flame retardant structure to satisfy the flame retardant grade 
depending on the conditions, and labor is consumed to cable the power. To improve this, a study 
was conducted to change to Linear Edge Light. 

Compared to the existing Ceiling Light, a study was conducted to compare constructionability, 
economic feasibility, and design effect. 

Figure 1. Recessed LED Ceiling Light installed in Passageway 
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2.

(1) Cable Partition between Normal and Emergency

Unlike architectural lighting, the lighting fixtures in the ship space must be equipped with Normal, 
Emergency, and Battery Back Up Light. When changing from Ceiling Light to Edge Light, it is
necessary to consider a form in which the cable partition of normal and emergency can be 
separated.

(2) The Height of LED Edge Light

The height of the passageway ceiling is very low, averaging 2.2 to 2.3m. In addition, considering 
the height of the door frame, the depth at which the luminaire can be recessed from the ceiling is 
narrow to 40 to 50 mm, so it is also necessary to consider the height of the luminaire.

Figure 2. Inside the Passageway's Ceiling

(3) Installation method of LED Edge Light

Fixing methods for lighting fixtures can be divided into ceiling fixing methods and wall fixing 
methods, and the effects of each fixing method must be compared and reviewed.

(4) Maintenance

3. MOCK-UP
First of all, Mock-Up was carried out in a condition similar to that of the passageway of the LNG 
Ship. First of all, Mock-Up was carried out in a condition similar to that of the residential area of 
the ship lighting. A recessed ceiling light was installed in the conventional way, and an edge light 
was installed on the top of the wall so that it could be compared under the same conditions at the 
same time.

(1) Floor Plan

The mock-up space was produced and on the same scale as the actual LNGC's Accommodate
space. The total area is 594 , the length of the corridor is 33m, the width is 1.4m, and the height 
of the ceiling is 2.2m. One recessed ceiling light was installed every 3.3m, and the linear light was 
installed on both edges of the corridor. The circuit was divided into normal light and emergency 
light.
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Figure 3. Inside the Passageway's Ceiling

(2) Mock-up lighting specification

Recessed LED ceiling light is a lighting fixture generally installed in the passageway of LNG 
carriers built in major shipyards. In addition, the LED Edge Light, which is currently being 
reviewed as an alternative, was installed in the wall. Each lighting is divided into normal light 
and emergency light cables in the same way as the actual ship space.

Table 1. List of lighting fixtures[1]

Symbol Image Specification Q’ty

Lamp : LED 20W 

Dimension : (L)684 * (W)0282 * (H)100(mm)

Protection Degree : IP20

Materials : Body – Electro zinc coated steel 
sheet / Globe - Polycarbonate

Input : AC 220~240V 

Normal : 
5EA 

Emergency : 
5EA

Lamp : LED 18W/m

Dimension : (L)12100/900/600/300/150 * 
(W)18 * (H)32 (mm)

Protection Degree : IP20

Materials : Aluminum, PC

Input : AC100-120V 

L1000 : 3EA 

L500 : 7 EA

L250 : 2EA

(3) Installation

LED Edge Light is divided into ceiling fixing and wall fixing, and in this mock-up, it was fixed 
with a wall bracket.
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Recessed Ceiling Light is divided into Normal and Emergency through cable connection, and 
main power is divided for each circuit, whereas in the case of LED Edge Light, in the case of 
the same circuit, it is possible to connect directly between luminaires without requiring cable 
connection. Because of these advantages, when applying LED Edge Light, cable costs can be 
reduced.

Recessed LED Light LED Edge Light 

Figure 4. Classification of power cable wiring of Normal Light and Emergency Light

4.

(1) Visual Effects

As a result of comparing the average illuminance of LED Ceiling Light and LED Edge Light, the 
average illuminance of LED Edge Light was significantly higher. The average illuminance of 
Passageway specified by IEC is much higher than 100lx. And as the vertical surface became 
brighter than the recessed ceiling light, the uniformity was also improved. In addition, you can 
expect a high-end effect on the interior.

Table 2. 

Recessed LED 
Ceiling Light

LED Edge Light

Normal Emergency All

Eavg : 570 lx Eavg : 57.5 [lx] Eavg : 1,167 lx
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(2) Complement to LED Edge Light

In the case of LED Edge Light, it is necessary to change the structure so that the cable division 
between Normal and Emergency can be clearly distinguished. In Mock-Up, the advantage of 
direct connection between lighting fixtures was demonstrated, but the disadvantage of having to 
install power cables in the first stage of the normal and the first stage of the emergency line 
occurred. In order to solve this problem, there is an advantage in that each cable can be 
separated by creating a cable path inside the lighting fixture, and at the same time, the cables can 
be smoothly connected inside the lighting fixture.

And, when installing the wall bracket, a phenomenon occurred that the bracket was exposed to 
the field of view from the side. A floating space is created between the wall and the bracket, and it 
may be difficult to level the bracket during construction, so these points must be supplemented.

5. CONCLUSION
By conducting a mock-up under the same conditions as the actual environment, the applicability 
of LED Edge Light and the points to be supplemented were confirmed. The points to be improved 
in order to meet the conditions necessary for installation in the ship space were reviewed, and 
they were reflected in the shape of the actual lighting fixture.

Figure 5. Conceptual diagram of Normal Light and Emergency Light

For smooth cable separation of normal light and emergency light, which is the most important part, 
the LED array itself in the lighting fixture is divided. Although normal and emergency LEDs are 
placed together inside one lighting fixture, it is divided into cable connections, and when 
connecting emergency cables, the normal line has been reviewed as a structure that can bypass.

Figure 6. Molded structure led edge light

In order to supplement the exposure of the wall bracket, the entire luminaire was molded so that it 
could be fixed to the wall instead of the bracket. After pre-attaching the mold, we considered a
method to push the LED lamp in and fix it inside the mold. In this case, it is possible to organize 
the wiring, and it is advantageous for future maintenance. The functions that can be connected 
between lighting fixtures applied in Mock-Up are maintained, but optical acid finishing materials
and finishing caps are considered to reduce the dark point between lighting fixtures when 
connected.

Currently, this research is still in progress, and the concept and shape of a lighting fixture that can 
meet the requirements is manufactured and examined in detail.
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LIGHTING DESIGN AT MAIN LOBBY     
AS A BASE OF THE SCULPTURAL TOWER FACADE

Eunjeong Wang

BPI Studios Korea, Seoul, Republic of Korea

ABSTRACT 

An ethereal entry enhances this office tower in the center of a flourishing commercial district 
and transforms it into one of the city’s crown jewels. As it rises to the heavens, the glimmering 
sculptural façade is delicately enhanced by the glowing interior. The lighting effect focuses on 
revealing solid surfaces through silhouettes of stainless-steel tubes. To maintain the flawless 
expression, ceiling and wall surfaces are illuminated through projected light and integrative 
lighting locations. The soft ambience provides a warm and welcoming experience, while highlights 
add a striking dramatic flair.

The design experience for this project will be presented a relationship between tower design 
and public interior lighting to achieve both aesthetical and functional program in the project.

Figure 1. Overall tower view from the site

1. INTRODUCTION
The glowing lobby immediately catches the eye of guests. The lobby serves as a significant

foundation to the tower, while providing definition to the structure.

Beauty and strength are entwined within the lobby, creating a harmony of radiance and
brilliance. The structure, enhanced by the illuminated interior features, reveals the strength and
solidity of the tower base. Lighting systems, integrated within the architectural details, express a
glow from interior to exterior.

Figure 2. Exterior view from main entry approach
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2. LIGHTING SYSTEMS AT MAIN LOBBY
The illumination reveals a massive cube core and multifaceted circular ceiling. Lighting

defines delicate shapes and modern materials while contrasting against the sculptural façade.
This combination of materials provides a warm and welcoming entrance into an impressive
structure.

To keep lighting subtle, several studies were performed to analyze aiming and direction.
Providing ambience from 17 meters high, while illuminating the floor 5 meters below, proved to
be a complex challenge.

To preserve a quiet ceiling, studies evaluated providing illumination from the curved façade
and structural steel, while avoiding shadows on the multifaceted ceiling system.

Figure 3. Exterior view sunken garden (core wall going down to B1 level) 

Figure 4. Lighting system sketch 

As a result, ceiling and adjoining core walls are softly washed by accent lights from the 
opposing curtain wall. Grazers were applied between the wall and ceiling to create visual 
separation. To maintain the pristine ceiling, recessed lighting aligns the angular ceiling edges to 
provide ambient lighting.  

Figure 5. Interior view at open floor 
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The studies confirmed the lighting systems could be placed in a patterned radial array to 
correspond with the symmetrical architectural intent, maintaining an elegant and minimal 
system. 

Figure 6. Interior view at ground floor 

3. ELEVATOR LOBBY
Upon entering, visitors are drawn to an illuminated platform and elevator lobby. The frosted 

glass, grazed by fixtures within the bridge structure provide spatial sense. 

Figure 7. Elevator lobby approach 

The elevator lobby divides the core in the for equal zones. Grazers at each side emphasize 
the ceiling cove while downlight within slots provide floor ambience 

Figure 8. Elevator lobby core 
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The light density ratio, designed at 7:4:1 for the floor, walls, and ceiling, provides a balanced 
visual perception on all surfaces. Automatic lighting controls allows various levels: 95% full output 
for all systems from dusk to 9pm; 50% reduced density at the floor from 9pm to dawn; and 50% 
reduced density at core wall from midnight until dawn. This approach allows maximum energy 
savings, while maintaining safety and security.  
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STUDY ON OUTDOOR URBAN FARMING PLANTERS THROUGH 
DAYLIGHT SIMULATIONS: A FULL-SCALE EXPERIMENT IN 

SINGAPORE
Chew Beng SOH, R HARIDARSHAN, Szu-Cheng CHIEN, Hui AN, Arijit SAHA, Mei Ting TEOH

(Engineering Cluster, Singapore Institute of Technology, Singapore)

ABSTRACT 

The objective of this study was to examine the practicality and efficacy of utilizing a planter for 
outdoor urban farming at the Singapore Institute of Technology. The research encompassed 
various stages, commencing with an exploration of the optimal Photosynthetic Photon Flux Density 
(PPFD) and Daily Light Integral (DLI) values suitable for cultivating Asian greens. Subsequently, a 
comprehensive model of the urban farming structure and planter was generated using Revit and
Rhino software.

To evaluate the planter's performance in an outdoor setting, daylight simulations were carried 
out utilizing ClimateStudio. These simulations were conducted during a period of clear sky 
conditions spanning from 28th March to 13th April, considering the material characteristics of the 
actual structure and planter. The chosen materials for both the outdoor structure and planter closely 
mirrored those employed in real-world scenarios. Through the analysis of the outcomes derived 
from the daylight simulations, this study assessed the feasibility and effectiveness of employing the 
planter for outdoor urban farming.

Keywords: Outdoor urban farming, Daylight simulation, PPFD and DLI, Singapore

1 INTRODUCTION 

One of the main drawbacks of Singapore's reputation as one of the world's smallest nations is the 
lack of available land. Unlike nations like the United States of America, Singapore was forced by a 
shortage of space to support housing with high-rise residential complexes. Furthermore, a lack of 
land might limit the availability of resources, such as the ability to cultivate food on the mainland. 
Singapore imports 90% of its freshly produced food from other countries. This illustrates the loss of 
independence that Singapore has experienced in the year 2020, when Covid-19 emerged and 
afflicted everyone in the entire world. In Singapore's situation, the inability to grow food locally has 
an economic impact because foreign manufacturers cannot deliver their fresh produce here.

According to Singapore Agro-Food Enterprises Federation Limited (SAFEF), Singapore's 
government has made the decision to establish a "30 by 30" vision that intends to generate 30% of 
the country's nutritional needs locally by 2030 in order to reduce the likelihood of food shortages
[1]. By attaining this objective, Singapore can become more self-sufficient and ready in the event 
of future food shortages. To do this, however, it will be necessary to implement new innovative 
farming techniques in Singapore in order to address the country's land scarcity problem where one 
such solution would be the use of urban farming.

Due to its lack of available land, Singapore is intensively exploring urban farming as a means of 
increasing domestic food production and lowering its reliance on imports. Adequate sunlight is 
crucial for agricultural practices, as it directly impacts the growth and development of crops, 
including Asian greens. The presence of a sufficient amount of daylight is essential to ensure 
optimal conditions for successful crop growth. The design of the planters plays a key role in how 
much sunlight is being received by the crops therefore evaluation of the planter design needs to be 
conducted through simulations to evaluate the effectiveness of the planter design.

PT-2 SO -2
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2 PAR, PPFD AND DLI 
2.1 PAR 

Unlike feet, inches, and kilos, PAR (Photosynthetically Active Radiation) is not a measurement. 
Instead, it identifies the kind of light on the light spectrum that encourages photosynthesis in plants. 
Plants employ photosynthesis to transform light energy into chemical energy, which serves as their 
food source and fuel for growth. Chlorophyll a and b are the major pigments that react with light in 
plants. Typically, the 400–700 nm wavelength range is used for PAR analysis [2, 3]. The light levels 
in greenhouses were formerly always indicated in lux. Human eyes normally respond to white light, 
hence lux or lumens is a measure of how much light is perceived by them. The S, M, and L receptors 
in our eyes are three light-receptors that mostly respond to blue, green, and yellow light. The 
representation of light levels of LED grow lights in lux is not applicable anymore since blue and red-
light photons are the most effective for producing chlorophyll in plants. As a result, the new unit of 
measurement, which covers all light photons with wavelengths between 400 and 700 nm, is 
represented in micromoles per meter per second (μMol/m/s) [2]. 

2.2 PPFD 

Photosynthetic photon flux (PPF) measures the amount of photosynthetically active radiation 
(PAR) produced by a lighting system per second. PPF determines the precise light available for 
plant photosynthesis, crucial for optimal growth conditions. Photosynthetic photon flux density 
(PPFD) combines PPF and surface area, measuring the number of PAR photons landing on a 
specific area in micromoles per square meter per second (μMol/m2/s). PPFD reflects the quantity 
and effectiveness of photosynthetic photons reaching the growth area and the lighting system's 
performance [4]. In a study by Alahakoon in Singapore, Asian greens exhibited up to five times 
more growth when exposed to a PPFD of 500μMol/m2/s compared to 300μMol/m2/s. These higher 
PPFD levels also resulted in thicker leaves and larger leaf area [5]. Simulating light conditions 
involves obtaining illuminance, measured in lux, which can be converted to PPFD using a calibration 
factor of 0.0185 for sunlight [6]. 

2.3 DLI 

The entire amount of light provided to a plant each day is gauged by the Daily Light Integral (DLI). 
The total number of photons that are absorbed by plants and algae daily is measured cumulatively 
by DLI. The DLI, which is measured in "moles" of photons per square meter per day in the Par 
region, is given as mol/m2·per day. The average DLI for Asian greens like Chinese kale and 
cabbage varies from 14 to 16mol/m2·per day [7]. 

3 CLIMATIC CONDITIONS 

Located at 1 degree north of the equator, Singapore falls under the classification of a tropical 
rainforest climate (Af) according to the Koppen climate classification system. Singapore 
experiences two distinct monsoon seasons with periods of inter-monsoonal weather in between. 
The Southwest Monsoon spans from June to September, whereas the Northeast Monsoon occurs 
from late December to early March [8]. 

3.1 DURATION OF SUNLIGHT 

The duration of direct sun irradiance of at least 120 Watts/m2 in an area is referred to as sunshine 
duration. Due to its close proximity to the equator, Singapore experiences relatively constant day 
length and sunshine duration throughout the year. The amount of sunshine received each day is 
largely influenced by cloud cover. During the wettest months, the duration of sunshine lasts around 
four to five hours, whereas during the driest months, it lasts around eight to nine hours. The months 
of February and March observe the highest number of sunshine hours, while the months of 
November and December observe the lowest number of sunshine hours [8]. 

During the June solstice, the sun rises at around 6:57 am at an azimuth of 67° and sets at 
approximately 7:12 pm at an azimuth of 292°. At solar noon, the altitude of the sun is 63° while the 
azimuth is at 34°. Similarly, during the December solstice, the sun rises at 7:01 am at an azimuth 
of 113° and sets at 7:04 pm at an azimuth of 246°. The daylight period lasts for approximately 12 
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hours throughout the whole year [8]. The positioning and alignment of buildings would be influenced 
by the path of the sun, which would impact the illumination and heating within the interior spaces.

3.2 CLOUD CAST

The most commonly observed low-cloud forms in Singapore include cumulus, stratocumulus, 
and cumulonimbus clouds. On a typical day, cumulus clouds start forming in the mid-morning and 
tend to increase to about 3-4 oktas (where one okta denotes one-eighth of the sky) by midday. 
Their bases are typically found at a height of 2,000 feet (0.6 km), while their tops can range from 
8,000 to 12,000 ft (2.5-3.5 km). These cumulus clouds have the potential to transform into 
cumulonimbus clouds in the afternoon and early evening, with their tops reaching between 30,000 
and 40,000 ft (9-12 km) in altitude [8].

3.3 MICROCLIMATIC CONDITIONS OF SITE

Figure 1 depicts an aerial view of SIT Dover campus, where the reference site is located . The 
campus is enveloped by dense clusters of vegetation that can be utilized to mitigate the Urban Heat 
Island (UHI) effect on and around the campus. The strategic arrangement and abundance of trees 
can cool the urban environment by providing shade and facilitating evapotranspiration. The 
temperature of unshaded surfaces can be 11-25°C higher than that of shaded surfaces 
[9].Evapotranspiration can lower peak summer temperatures by 1-5°C either alone or in 
combination with shading [9]. Moreover, as observed in Figure 1, the majority of the SIT Dover 
campus does not have many high-rise buildings or infrastructure except for around three. Most of 
the high-rise buildings are located in the north, thus the sunlight exposure would not be significantly 
affected as the sun moves from east to west.

Figure 1. Masses of the Buildings around SIT Dover Campus

4 METHODOLOGY

Revit 2020 and Rhino 7 software were used to build the surrounding façade and outdoor urban 
farming structure. The façade orientation would follow the outdoor urban farming structure in SIT 
University Student Centre (USC) which takes into account the surrounding buildings structure (see 
Figure 2). Thus, when the simulations were conducted in ClimateStudio, the shadows overcasted 
by these buildings would be taken into consideration by the software. The urban farming structure 
contained three planters where daylight simulations will be run to determine the lux levels received
by the planters throughout the day (see Figure 3).
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Figure 2. Site Layout of SIT USC Figure 3. Urban Farming Structure

The urban farming structure had dimensions of 6050 mm in height, 4400 mm in width and 7800 
mm in length while the planter had dimensions of 500 mm in height, 500mm in width and 2000 mm 
in length (see Figure 4-5).

Figure 4. Top View of Structure Figure 5. Side View of Structure

The material of the envelope of the structure was made of clear polycarbonate with a visible 
light transmission (Tvis) value of 90% while the planter was made from white plastic with a Tvis
value of 0%. Due to the limitations of ClimateStudio in creating customized material specifications, 
a material that closely resembles the actual Tvis was chosen. The simulations were carried out 
based on the following parameters in Table 1 below.

Table 1. Simulation Parameters

Material of Urban 
Farming Structure Starphire (Tvis 91%)

Material of Planter White Plastic Chair (Tvis
0%)

Sky Conditions Clear Sky

Simulations Dates Alternate Days from 28th

March to 13th April

Simulation Time 8am to 6pm
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Sensors were placed on the left and right of each of the planters to derive the lux levels 
throughout the day (see Figure 6). With the derived lux values, the PPFD and DLI could be
calculated based on the following formulas:

1PPFD = Lux × 0.0185

DLI = PPFD × Light Hours per day × 
3600

1,000,000

Figure 6. Sensor Placement on a Planter

5 RESULTS AND DISCUSSION

The PPFD and DLI values remain consistent across the left, middle, and right planters 
throughout the simulation period as shown in Figure 7, 8, and 9. Amongst these three planters, the 
highest recorded PPFD value was 1540μMol/ m2/ s at 1300 hrs, while the lowest value was 30μMol/
m2/ s at 0800 hrs. This observation can be explained by the sun's position at 1300 hrs, when the 
sun is directly overhead, the planters receive the maximum amount of sunlight, whereas at 0800hrs, 
when the sun is just beginning to rise, the amount of sunlight available is minimal. On the 3rd of 
April, the right and left planters experienced the highest DLI values, reaching 30 mol/ m2 per day. 
Conversely, the lowest recorded DLI value of 24 mol/ m2·per day was observed on the 9th of April 
for the middle planter (see Figure 8).

In general, results in the figures above show the PPFD values for the planters fell within the 
acceptable range of PPFD for Asian greens, approximately 200 to 300 μMol/ m2/ s. Similarly, the 
calculated DLI values also fell within the acceptable DLI range for Asian greens, approximately 14 
to 16 mol/ m2 per day (see Figure10).

Figure 7. PPFD Results of Left Planter
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Figure 8. PPFD Results of Middle Planter

Figure 9. PPFD Results of Right Planter

Figure 10. DLI Results of Planters
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6 CONCLUSION AND FUTURE WORK 

To sum up, the introduction of this type of planters in outdoor urban farming structure on an 
underutilized land has demonstrated its practicality and effectiveness, offering a potential means to 
support Singapore's objective of becoming a self-sufficient nation. With limited natural resources, 
integrating such planters in farms within the country has the capacity to diminish dependence on 
external exports and enhance self-sustainability. Nonetheless, it is important to note that simulation 
data may deviate from the actual data. Therefore, in order to validate the accuracy of the simulation 
data, it is necessary to measure the actual lux levels and derive the PPFD and DLI values and 
compare them with the simulated results to determine the viability of such planters in outdoor urban 
farming. 
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ABSTRACT
In order to improve the current situation of classroom lighting, it is necessary to conduct evidence-based 
research and lighting design according to the existing problems of classroom lighting environment and the 
needs of students. Before the renovation, light environmental parameters were measured in typical 
classrooms at night. Interviews and questionnaires were conducted for students who have been using these 
classrooms for a long time to understand their evaluation and subjective preferences on lighting. Through 
the design of lighting lamps to improve visual efficiency and adapt to the health needs of teenagers, a new 
type of classroom lamps with upper and lower light emitting mode is developed, which makes the light 
distribution in the classroom more reasonable and the illuminance on the desktop significantly improved 
and more uniform. One year after the renovation of classroom lighting, field measurements and interviews 
were conducted again. A total of 41 valid questionnaires were collected to reevaluate the subjective 
satisfaction, sleep and emotional self-evaluation of the light environment in the classroom.The results 
showed that the students' evaluation of the brightness of the classroom changed from 48.57% slightly dark 
to 90.24% moderate after the reconstruction, and the illuminance of the working face was significantly 
improved (the horizontal illuminance of the desktop was 607.4lx).The evaluation of light color changed 
from 17.14% too cold white and 42.86% slightly cold white to 73.17% moderate. The evaluation of desktop 
evenness changed from 51.43% relatively unevenness to 7.32% relatively unevenness (evenness is 0.9). 
The overall satisfaction degree of lighting was significantly improved. On the basis of visual function 
evaluation, the students' sleep and emotional state were evaluated subjectively. The self-evaluation of sleep 
quality improved overall, while the change of sleep time was not obvious. However, the score of the 
students' Self-rating depression scale (SDS) was significantly reduced, and the average score was reduced 
from 34.66 to 29.28, indicating that their depression mood was somewhat relieved.The design of indirect 
light emitting lamps is conducive to improving the overall visual comfort and uniformity of the desktop. It 
is not recommended to use lamps with too high color temperature in the classroom and warm white light is 
more appropriate. Light environment with high illuminance level in the daytime has a positive effect on 
students' sleep and can relieve their depression. 

Keywords: Evidence-based research, Classroom, Integrative lighting, Post-Occupancy Evaluation

1. INTRODUCTION
In response to the rising rate of myopia among children and adolescents in China and the trend of younger 
age, the Ministry of Education and other eight departments jointly issued the "Implementation Plan for 
Comprehensive Prevention and Control of Myopia among Children and Adolescents", which clearly lists 
"improving the visual environment in schools" as an important measure for myopia prevention and control 
[1]. The classroom is the "main site" for the implementation of myopia prevention and control among 
children and adolescents, and a poor light environment can affect the working condition and development 
of the visual system of students [2], causing not only instantaneous hazards such as fatigue and cognitive 
decline, but also long-term cumulative effects such as poor visual acuity, sleep disorders and reduced 
academic performance [3].

Existing classroom lighting mainly has insufficient illumination, low uniformity and color rendering index, 
lamp glare, strobe, photobiological hazards, lamp damage and lack of maintenance and other problems 
[4][5], should be based on meeting the visual efficacy, pay more attention to the effective use of natural 
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light, reduce glare, choose a reasonable lighting methods and light patterns, balance the visual function [6], 
psychophysiology [7] and visual health of students and other aspects of demand, improve the quality of the 
classroom light environment [8][9].

In order to protect the learning needs and physical and mental health of students and improve the classroom 
lighting environment, the group carried out research-based design of lighting products to improve visual 
efficacy and adapt to the health needs of adolescents [10], developed classroom lamps with up and down 
light output methods to make the light distribution in the classroom more reasonable [11], and proposed 
intelligent control modes that consider teaching activities, rhythmic health, daylight supplementation and 
climate adaptation [12] [13]. In the process of practical application, the control modes can be selected 
according to the actual situation and partially combined to meet the needs of students in different aspects 
such as learning, activities, physical health and mental health. Eventually, the classrooms in the School of 
Architecture and Urban Planning of Tongji University were renovated in the field to improve students' 
learning efficiency and visual comfort, improve sleep quality, alleviate negative emotions, and promote 
students' physical and mental health development.

2. UNIVERSITY CLASSROOM LIGHT ENVIRONMENT STATUS STUDY
Through the data measurement of the lighting status of classrooms and lecture halls in Building D of the 
School of Architecture and Urban Planning of Tongji University (Figure 1), the desktop illuminance values 
are lower than the lighting standard value requirements, the average classroom uniformity is only 0.5, the 
average color rendering index is only 74, the color temperature of the lamps is high (close to 7000K), and 
there are some problems such as lamp glare and individual lamp damage (Table 1), where the color 
rendering index R9 of  the saturated red is far below the requirement of WELL building standard of not less 
than 50. Among them, the art classroom color rendering index and illuminance value requirements higher
than ordinary classrooms [14], we should make full use of natural light with good color rendering, and in 
order to avoid direct light, it is appropriate to use the north-facing skylight lighting [15]. Artificial lighting 
should choose a light source with good color rendering, use indirect lighting to realistically represent the 
shadows of objects, and also locally increase the floodlights as accent lighting [16].

Figure 1 Classroom lighting status at the School of Architecture and Urban Planning, Tongji 
University

Table 1 Classroom light environment measurement data in Building D (before renovation)

Current Status Illumination 
average (Ev)

Color 
temperature

K

Average CRI
color rendering 
index /Ra

R9 Unifor-
mity

Classroom  
D306 273.7 6868.9 73.9 -17.8 0.5

Lecture hall of 
Building D 197.5 6022.9 74.9 -45.5 0.6
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On-site interviews and questionnaires were conducted with students before the classroom lighting 
renovation, 35 valid questionnaires were collected, and it was found that 54.3% of students thought the 
classroom light environment was too dark, 60.1% thought the classroom light color was cold white, 54.29% 
wanted yellow-white light but not warm yellow light (only 8.57%), and 51.43% thought the classroom light 
environment is more uneven. Therefore, there is a need to use lower color temperature lamps and to change 
the number and arrangement of lamps to improve the illumination and uniformity level of the work surface.

3. DESIGN STUDY OF CLASSROOM LIGHTING FIXTURES
Based on the results of the previous research, the group analyzed the behavior patterns and lighting needs of 
people using the classroom space, and completed a research-based design of lighting products to improve 
visual efficacy and adapt to the health needs of youth (Figure 2). The new classroom luminaire adopts a 
streamlined line design, breaking the traditional impression of straight and angular classroom luminaires, 
with a softer image; it adopts an up-and-down light distribution method, making the classroom light 
distribution more reasonable and improving students' learning efficiency and visual comfort; through its 
own shape design and microcrystalline anti-glare surface, it plays an anti-glare role to protect students' 
eyesight. The luminaire can be loaded with daylight sensing device to adapt to changes in time, weather and 
seasons, and can dynamically adjust the luminance and color temperature through the control system. In 
addition, the modular design of the luminaire on the line can be combined and spliced according to the 
actual situation inside the classroom.

Figure 2 Health lighting lamps design scheme of classroom

Classroom intelligent control system can intelligently control the lighting from the following four aspects to 
achieve different effects. (1) teaching activities: according to different teaching activities such as class, 
morning and evening study, projection playback and other different teaching purposes, to set different 
modes of classroom lighting. (2) Rhythmic health: according to the human body rhythm of the day on the 
light of different illumination. Color temperature needs to intelligently control lighting. (3) Daylight fill 
light: according to the different illumination sensed by the induction device, intelligent fill daylight, so that 
the classroom illumination to maintain uniformity, but also to achieve the effect of energy saving. (4) 
climate adaptation: according to different seasons, climate and other factors intelligent adjustment of color 
temperature, illumination, light patterns, etc., not only to meet the requirements of students' visual work, but 
also to meet the psychological needs of students. In the actual use process, teaching activities + rhythmic 
demand, climate adaptation + teaching activities, teaching activities + daylight fill light can be integrated 
with each other.
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4. POST-OCCUPANCY EVALUATION POE OF NEW CLASSROOM LIGHTING FIXTURES

Based on the current situation of the light environment of the classroom in Building D of the School of 
Architecture and Urban Planning of Tongji University, the newly developed classroom lighting fixtures 
were selected for field renovation, with a color temperature of 5000K and an up-and-down light output to 
improve the uniformity of the illumination of the desktop, taking into account that the classroom in 
Building D is an art classroom, mainly used by students for drawing and model making, with high 
requirements for color rendering, the experiment uses a color rendering index of 90 or more lamps. Six 
months after the completion of the renovation, the classroom light environment was measured and 
interviewed on site again, and 41 valid questionnaires were collected (Figure 3). The average desktop 
illuminance of the renovated classroom was significantly improved to 607.4lx, the color temperature was 
reduced to 5376K, the average color rendering index and the special color rendering index R9 were 
significantly improved, and the illuminance uniformity of the desktop was significantly improved after 
adopting the lamps with up and down light output.

Figure 3 Classroom health lighting fixtures after the renovation of the actual effect and Post-Occupancy 
Evaluation

Table 2 Classroom light environment measurement data in Building D (after renovation)

Current Status Illumination 
average (Ev)

Color 
temperature

K

Average  CRI
color rendering 
index Ra

R9 Unifor-
mity

Classroom 
D306 607.4 5376.6 93.4 73.5 0.9

Lecture hall of 
Building D 397.2 4817.1 94.5 80.7 0.7

Table 3 Evaluation of the brightness of the classroom lighting before and after the renovation

Options Proportion (before renovation) Proportion (after renovation)

Too dark 5.71% 0%

Slightly dark 48.57% 7.32%

Moderate 40% 90.24%

Slightly bright 5.71% 0%

Too bright 0% 2.44%

Table 4 Evaluation of the classroom lighting colors before and after the renovation
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Options Proportion (before renovation) Proportion (after renovation)

Too cold white 17.14% 2.44%

Slightly cold white 42.86% 19.51%

Moderate 34.29% 73.17%

Slightly warm 
yellow 5.71% 2.44%

Too warm yellow 0% 2.44%

Table 5 Evaluation of the uniformity of classroom lighting before and after the renovation

Options Proportion (before renovation) Proportion (after renovation)

Very uneven 0% 0%

More uneven 51.43% 7.32%

Moderate 31.43% 41.46%

More uniform 17.14% 36.59%

Very uniform 0% 14.63%

Table 6 Overall satisfaction level of classroom lighting before and after the renovation

Options Proportion (before renovation) Proportion (after renovation)

Very 
dissatisfied 0% 0%

Dissatisfaction 14.29% 0%

General 42.86% 21.95%

Satisfaction 42.86% 60.98%

Very satisfied 0% 17.07%

Table 7 Self-evaluation of students' sleep quality before and after classroom renovation

Options Proportion (before renovation) Proportion (after renovation)

Very 
poor 0% 0%

Poor 14.29% 2.44%

Fair 25.71% 39.02%

Better 42.86% 41.46%

Very 
good 17.14% 17.07%
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Figure 5 Comparison of students' sleep duration and depression self-assessment scale scores before and 
after classroom renovation

The group conducted a preliminary use evaluation of the classroom lighting before and after the renovation, 
and found that the students' evaluation of the brightness of the classroom shifted from 48.57% slightly dark 
before the renovation to 90.24% moderate after the renovation, and the illumination level of the working 
surface improved significantly; the evaluation of the lighting color shifted from 17.14% too cold white and 
42.86% slightly cold white before the renovation to 73.17% moderate. Evaluation of desktop uniformity 
from 51.43% more uneven before the transformation to 7.32% more uneven, the overall lighting 
satisfaction improved significantly. On the basis of visual function evaluation, students' sleep and mood 
were evaluated subjectively respectively. The overall self-evaluation of sleep quality became better, and the 
change of sleep duration was not significant, but students' depression self-rating scale (SDS) score was 
significantly lower and depression was alleviated.

5. CONCLUSION
This study developed classroom lighting fixtures with upper and lower light output through the design of 
new classroom lighting fixtures, resulting in a more rational distribution of light space in the classroom. The 
changes in students' visual comfort, subjective satisfaction, sleep quality, and emotional state were 
evaluated through field modifications in university classrooms. Changing the color temperature, number 
and lighting method of the luminaires to improve the illumination and uniformity level of the working 
surface is significant to improve the visual efficacy of students with meeting the visual and physical and 
mental health needs of adolescents. In addition, it is necessary to further optimize the light parameters such 
as spectrum and illuminance, and to study appropriate dynamic light patterns and light patterns in different 
behavioral scenarios according to the characteristics of seasons, regions and students' ages and professions.
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ABSTRACT 
Increased youth myopia rate due to more home study time and lighting’s effect on visual acuity

emphasize the importance of a healthy home luminous environment. This study explored how 
ceiling lamps affected visual health based on the position of ceiling lamps (overhead vs. 
peripheral) and their contribution to task illuminance (1/3 vs. 2/3). The results showed that the 
position had a significant effect on visual performance. But visual fatigue and visual function 
showed no significant difference. These findings provide empirical backing and a theoretical basis
for lighting practice in home offices.

Keywords: Ceiling lamps; Visual fatigue; Visual performance; Visual function; Ophthalmic 
equipment; Task-ambient lighting system.

1. INTRODUCTION
Myopia is a severe issue among youth. According to World report on vision, the overall

prevalence of myopia is highest in high-income countries of the Asia-Pacific region (53.4%)[1]. In
China, the number of youth myopia is still rising in 2020, and the prevention and control 
requirements in 2030 are strict (Figure 1)[2]. It is widely acceptable that luminous environment
can affect visual health[3-5]. According to the scene, lighting research can be divided into office 
lighting, classroom lighting and home lighting. Most lighting studies on visual health focused on
office and classroom. However, the number of hours adolescents spend studying at home is 
increasing, especially after COVID-19[6, 7]. Therefore, the study on visual environment of home 
learning is crucial to improving adolescents’ visual health.

Figure 1. Changes in the number of students with myopia (Left), requirements for prevention and control of 
myopia in children and adolescents in 2030 (Right) (Source: iResearch)

Most lighting research have supported the relative visual performance model, which indicates 
that visual performance presents a marginal decreasing effect with the change of contrast[8, 9].
These studies are all focused on task area. However, except task area, non-task area occupies a
significant part of visual field. With the development of visual neuroscience, the curve of contrast 
change of M pathway, which are responsible for "where", shows a trend similar to that of visual 
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performance[10, 11]. This suggests that non-task area in the visual field may also play a part in 
affecting visual performance. 

In home office, most students use task-ambient lighting, which combines the ceiling lamp and 
desk lamp[6]. For task illuminance and interior surface’s reflectance, there are corresponding 
standards, such as GB50034-2013, JIS Z9110-2011, ANSI IESNA RP-11-2017 and EN 12464. 
Based on these known conditions, there are still some important issues for non-task area: (1) 
where is the light coming from, i.e., where is ceiling lamps positioned? (2) when the task 
illuminance is determined, how much light is received by the non-task area, which can also be 
quantified by ceiling lamps’ contribution to task illuminance. 

For the position of ceiling lamps, it was noted that the overhead-peripheral lighting mode 
greatly influenced the impression of the luminous environment[12] and Indirect/ambient lighting 
can reduce people's negative emotions[13]. Although there is few research for the position of 
ceiling lamps, many studies about direct/indirect lighting can provide some basis for deduction. 
The pathway of ceiling lamps, namely the ratio of direct light to indirect light, will affect the 
brightness perception contributed by walls and ceilings, thus affecting the subjective response[13, 
14]. Most studies on direct light and indirect light showed that more indirect lighting could make 
the room appear more spacious, make people more pleasant[13, 14] and reduce ocular 
symptoms[15]. Therefore, it can be inferred that changing the position of ceiling lamps can use 
wall reflection to obtain better brightness perception and improve visual health.  

Numerous research studied task-ambient lighting, in which ambient lighting frequently refers to 
ceiling lamp[16-18]. In these cases, the provision of task lighting elevates pleasure and arousal, 
improves paper related task work and satisfaction[16]. While ambient lighting can maintain 
illumination on non-task surfaces and avoid extreme luminance ratio[18]. Therefore, it is possible 
to maintain the task illuminance but change ceiling lamps’ contribution to task illuminance, which 
may improve visual health. The feasibility of task and ambient illuminance ratio around 1 was 
demonstrated early on[19]. When both task lighting and ambient lighting are at 50% output, 
luminance ratio in visual field are closer to IESNA recommendation, which can improve 
satisfaction[18]. But in those studies, either the definition of task and ambient illuminance ratio is 
not clear, or the findings are limited to output of the lamps used in that experiment, which cannot 
be generalized to provide recommendations in design practice. So, ceiling lamps’ contribution to 
task illuminance needs to be further investigated to explore the possibility of improving visual 
health. 

Based on existing research and lighting standards consensus, this study aims to investigate 
the effects of ceiling lamps’ position (overhead vs. peripheral) and contribution to task illuminance 
(1/3 vs. 2/3) on visual health to select a relatively comfortable, efficient and healthy luminous 
environment. Self-report of visual fatigue, visual performance test, and ophthalmic examination 
are used to reflect the participants' visual health. This study will put forward more operational 
suggestions for lighting design in home offices and provide available measures to improve 
adolescents’ visual health. 

2. METHOD

2.1 Participants 
Twenty-eight Chinese college students with normal naked or corrected visual acuity, normal 

color vision, no eye disease, and a regular lifestyle (17 females, M = 21.9 years, SD =2.1) 
between the age of 18 and 27 participated in the experiment. Finally, after removing the extreme 
values, 24 valid experimental data were obtained. 

2.2 Setting 
The experimental space was a replica of the bedroom learning environment and measured 

3.275 m(W) x 3.35 m(D) x 2.79 m(H). The desk was positioned facing the window. White full-
blackout curtain was used to provide an entirely artificially lit environment. Figure 2 showed the 
participants’ visual field. 
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Figure 2. The visual field of the participants

In this study, both desk lamp and ceiling lamps used stepless dimming control. A 15-watt desk
lamp was placed in front of the participant and its light source was positioned 45 cm above the 
desk (orange in Figure 3). The ceiling lamps were comprised of four groups of modular luminaires
and each group consisted of six independently controllable units with a 12-watt output. Two 
groups were positioned on the periphery above the desk (yellow in Figure 3), while the other two 
groups were located overhead (red in Figure 3). 

Figure 3. Room setting

In order to create four experimental scenes with varied ceiling lamps’ contributions, this
experiment adopted a two-factor experimental design with two positions of ceiling lamps 
(overhead, peripheral) and two ceiling lamps’ contributions to task illuminance (1/3 vs. 2/3) (Table 
1). According to the lighting standards, the recommended horizontal illuminance for home reading 
is 150 lx (GB 50034-2013), 200 lx (ANSI IESNA RP-11-2017), 500 lx (JIS Z9110-2011). 
Furthermore, Fotios proved that 500lx was sufficient to provide a pleasant environment and 
correlated color temperature had no effect on visual comfort and pleasure[20]. Therefore, the task 
illuminance of four scenes was set to 500 lx and CCT was set to 3300K.
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Table 1. Parameters of experimental scenes 

Scen
e*(1) 

Ceiling lamps Measured task illuminance (lx) 
Equival

ent 
Melano
pic Lux 

Pseudo-color 
image*(2) Contribution 

to task 
illuminance 

Position  Total 
(lx) 

Ceiling 
lamps 

(lx) 

Desk 
lamp(lx) 

1 1/3 Overhead 510.75 170 340.75 18.7 

2 1/3 Peripheral 513.56 172.81 340.75 18.2 

3 2/3 Overhead 508.66 344.37 164.29 22.6 

4 2/3 Peripheral 505.66 341.37 164.29 18.4 

*Annotation:
(1) To facilitate description, four scenes are described as follows: scene 1 (Overhead-1/3), scene 2
(Peripheral-1/3), scene 3 (Overhead-2/3) and scene 4 (Peripheral-2/3).
(2) Legend of illuminance for pseudo-color image (lx).

2.3 Procedure 
Each participant underwent four experiments over the same period of 4 days in the laboratory 

with constant temperature (20-23 °C) and humidity (35%-50%). The sequence of scenes and 
reading materials were in a counter-balanced order among the four experiments and participants 
to eliminate the potential for any result deviation. 

Before the experiment, all participants should take adequate sleep, avoid consuming food or 
beverages containing alcohol or caffeine within 24 hours, and avoid long-term continuous eye use 
within 1.5 hours. Additionally, each participant should sign an informed consent and practice the 
visual performance test at least twice to counteract unfamiliarity. 

The experimental procedure is shown in Table 2. Participants were instructed to take a seat in 
front of the desk. And then they need fill in the visual fatigue self-report, take ophthalmic 
examination (cooperate with a professional ophthalmologist) and visual performance test 
(Landolt-ring test). Next, the participants read English material for thirty minutes. After reading, 
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the participants filled in the visual fatigue self-report scale, took the visual performance test and 
ophthalmic examination again. At the end, an online questionnaire consisting of luminous 
environment appraisal, subjective alertness (KSS) and the emotional state (PAD) parts was 
administered.  

Table 2. Experimental procedure 

Visual 
fatigue 

self-report 

Ophthalmic 
examination 

Visual 
perform

ance 
test 

Reading 
Visual 
fatigue 

self-report 

Visual 
perform

ance 
test 

Ophthalmic 
examination 

Questio
nnaire 

Duration 3 min 10 min 2 min 30 min 3 min 2 min 10 min 5 min 

3. RESULTS

3.1 Visual fatigue 
The degree of visual fatigue was expressed as the sum of increments of visual fatigue 

symptoms, which was tested by Friedman test. The results showed that there was no significant 
difference between four scenes (p > 0.05). 

3.2 Visual performance 
The result of IMC reduction rate of visual performance was shown in Figure 4. The data all 

conformed to normal distribution. The interaction between ceiling lamps’ position and contribution 
to task illuminance had no statistical significance (p > 0.05). But the main effect of ceiling lamps’ 
position on visual performance was statistically significant (F (1, 23) = 5.501, p = 0.021). And it 
was found that scene 4 (Peripheral-2/3) is significantly better than scene 3 (Overhead-2/3) (p = 
0.033).  

Figure 4. IMC reduction rate 

3.3 Visual function 
The visual function included a variety of indicators, such as diopter, near eye position, 

adjustment sensitivity and melt phase change. In summary, the visual function of scene 3 
(Overhead-2/3) had the greatest decline, while that of scene 1 (Overhead-1/3) had the smallest 
decline. But all the indicators showed no significant difference (p > 0.05).  

3.4 Subjective questionnaire 
The following three factors were extracted from the questionnaire through factor analysis: 

lighting satisfaction, brightness contrast and relaxation. For lighting satisfaction and brightness 
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contrast, there was no significant difference among the four scenes (p > 0.05). This means that 
the change of ceiling lamps can basically maintain the consistency of subjective satisfaction. The 
interaction of ceiling lamps’ position and contribution to task illuminance had a statistically 
significant effect on relaxation (F (1, 23) =10.15, p = 0.004) (Figure 5).  

 
Figure 5. The effect of ceiling lamps on relaxation 

 

4. DISCUSSION 
The results showed that ceiling lamps’ position had significant effect on visual performance. 

For ceiling lamps’ contribution to task illuminance, this study found that there showed no 
significant effect on visual fatigue, visual performance, visual function, lighting satisfaction and 
brightness contrast, which was consistent with the finding that the decreasing ambient lighting 
had no effect on satisfaction [21]. And the interaction of these two factors had a significant effect 
on relaxation in subjective evaluation. Although in this study, the interaction is not significant for 
visual performance. The apparent cross lines remind us that future research needs to consider 
the possibility of interaction between these two factors (Figure 6).  

 
Figure 6. The effect of ceiling lamps on visual performance 

Distributed ceiling lamps with local lighting make it easier to alter the luminous flux and 
achieve a reasonable light distribution. For example, ceiling lamps’ position may be a thought-
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provoking factor to achieve better visual performance, while ceiling lamps’ position and 
contribution to task illuminance may be considerable factors to get better subjective evaluation. 
Therefore, for home office, distributed ceiling lamps with desk lamps can achieve self-regulation 
of task-ambient lighting to improve visual health. 

However, visual function was not significantly different between four scenes. And there may be 
two reasons. Firstly, low sensitivity of visual function equipment may lead to low accuracy data. 
Secondly, changes in visual function are slow and subtle. So long-term monitoring, such as 
several months, may be required in the future vision study. 

5. CONCLUSION
This study investigated the effect of ceiling lamps’ position and contribution to task illuminance

on visual health. And results showed that the visual performance was significantly influenced by 
the position of ceiling lamps. Additionally, position and contribution to task illuminance showed 
potential interaction. The findings provide practical and accessible lighting design 
recommendations for future applications in home learning environment. However, this study also 
indicates that using professional ophthalmic equipment to explore physiological changes in the 
eye may require long-term monitoring in future studies. 
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ABSTRACT
The purpose of this study is to validate our evaluation method for the sensitivity to light exposure.

To validate the method, we used the vital data obtained from a previous experiment. We examined
the correlation between the difference of means of the physiological responses obtained under the 
light exposure and those without light exposure and the index which expressed the subject’s 
sensitivity derived from our method. The results showed that there was a strong negative correlation 
among these values, especially in one light exposure condition, suggesting that our evaluation 
method for the sensitivity is valid.

Keywords: physiological evaluation, individual difference, heart rate variability, sensitivity

1. INTRODUCTION
The role of lighting is not limited to illuminate space around us to assist our visibility. Many

previous studies have shown that lighting may have different effects on human emotions and 
physiological functions depending on its condition [1-3]. For instance, higher CCT lighting promotes
human alertness and activates autonomic nervous system [1,2]. A physiological evaluation is one 
of the methods to evaluate such influence of lighting on humans. It is generally conducted by 
measuring vital data such as electroencephalography of subjects. As the physiological evaluation 
uses vital data, which is very difficult to control intentionally, it is not likely that the results are 
affected by the preconception of subjects. Therefore, physiological evaluation has an advantage in 
obtaining objective and quantitative results. However, it is known that it is hard to get unified results, 
because there are inter-individual differences in physiological responses. Our previous study 
showed that there observed inter-individual differences in physiological responses, even when 
subjects were exposed to the same light in the same space [3].

Subject’s sensitivity to light exposure may be one of the reasons that mediate the inter-individual 
differences. We have explored a novel method to evaluate the sensitivity to light exposure, and also 
an effective physiological index which can be accounted for it [4]. We assumed that the higher the 
sensitivity to light, the higher the physiological responses to the change in light exposure condition.
Thus, we conducted an experiment that measured the heart rate variability of the subjects while 
they were exposed to a periodical turn-on/turn-off of the illumination. The results showed that a 
physiological index obtained from the heart rate variability can be effective for the evaluation of the 
sensitivity. If the subject were sensitive to light, 1) he/she would response equally to the transition
of lighting: turn-on and turn-off, 2) the intensity of the response would be large. Based on these
assumptions, we can calculate how symmetric the responses were, and how intense each response
was. In order to classify the subject’s sensitivity into several groups, we plotted these values for 
each subject on a scatter diagram (Fig. 1). The results showed that there were some inter-individual 
differences in these values, suggesting that these values are effective to evaluate the subject’s 
sensitivity to light exposure. However, our evaluation method for the sensitivity have not fully verified 
yet. The purpose of this study is to examine whether our evaluation method for the sensitivity can 
also account for the inter-individual differences in physiological responses under the same lighting 
condition.
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Figure 1. The classification diagram for the sensitivity to light exposure obtained from 23 subjects [4]. 
MDD and SoV are indices which describe how symmetric the responses were and how intense each 
response was, respectively. Two red dot lines show means of each value. If the subject is sensitive to 
light exposure, he/she is classified in the second quadrant (low MDD and high SoV).

2. METHODS
2.1 Overview of our previous experiment

In the previous experiment, we explored the relationship between the activity of autonomic 
nervous system and subjective/physiological alertness for the short-wavelength and the long-
wavelength lights at night [5]. In order to validate our evaluation method for the sensitivity, we used 
the vital data obtained from this experiment.

Subjects

Eight subjects in their twenties participated in the experiment. All subjects had normal color 
vision, and normal or corrected-to-normal visual acuity. Subjects filled out questionnaires about 
their sleep-wake behavior (Munich ChronoType Questionnaire, MCTQ) [6]. None of the subjects 
were classified as either extreme morning or extreme evening types. All subjects were instructed to 
refrain from taking alcoholic and caffeine-containing beverages in the experimental day. In addition, 
they were instructed to sleep more than six hours before the experiment.

Lighting Conditions

We used LEDCube (Thouslite Ltd., Changzhou, China) as a light source. It can alter the spectral 
power distribution of light with fifteen types of internal LEDs. There were three light conditions: 
short-wavelength (λmax=475[nm]), long-wavelength (λmax=635[nm]) and white light (CCT = 5000[K]). 
Figure 2 shows the spectral power distribution of each light condition measured with a
spectroirradiancemeter (CL-500A, KONICA MINOLTA INC., Japan). The illuminance was 80[lx] in 
all lighting conditions at desk level. Other characteristics of lighting are shown in Table. 1.

Procedure

All experiments were carried out in an experimental booth(120cm 200cm 200cm) at night
(21:00-24:00). A desk and a chair was installed in the booth. The light source was placed on the 
ceiling above the desk. Prior to the experiment, subjects sat on the chair in front of the desk. 
Subjects were exposed to either short-wavelength, long-wavelength, or white light for 10 minutes 
after dark adaptation of 3 minutes. We measured the physiological responses of the subjects
including heart rate variability during the experiment. For measuring heart rate variability, we used 
myBeat (WHS-1, UNIONTOOL CO., Tokyo, Japan). The subject put the sensor on his/her chest 
area using a strap with electrodes. The experiment under the white light condition was conducted 
once, while those under short-wavelength and long-wavelength light conditions were conducted 
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three sessions each. The experiments were conducted over four days. White light conditions were 
conducted on the first day, and short-wavelength and long-wavelength light conditions were 
conducted in random order from thereafter.

Figure 2. Spectral power distribution of each lighting condition

Table 1. The characteristics of each lighting condition

Analysis for the heart rate variability

In order to clarify the transition of physiological responses during the experiment, we adopted a 
CSI as a physiological index. CSI is supposed to express the activity of the sympathetic nerve 
system [7]. It is calculated from the deviations from a diagonal line on a Lorenz plot, which was
obtained based on the distribution of the successive RRIs (R-R intervals) during the experiment.
When successive RRIs are expressed as RRIk and RRIk+1, the Lorenz Plot is obtained by plotting 
RRIk+1 against RRIk (Fig. 3). CSI is calculated by following equation:

where L and T are four times of standard deviations for each diagonal line on the Lorenz plot. We 
calculated CSI of every one minute. 

Figure 3. Example of Lorenz plot

short-wavelength long-wavelength white
(x,y) (0.117,0.123) (0.699,0.301) (0.345,0.336)

Illuminance[lx] 80 80 80
Irradiance[W m-2] 0.768 0.453 0.373

CCT[K] - - 5000
λmax[nm] 475 635 475

L (4×SD)
T (4×SD)

Time

Vo
lta

ge

RRIk RRIk+1
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2.2 Approach for the verification of our evaluation method 
If the subject were sensitive to light, the trend of physiological responses without light exposure 

would differ from those with light exposure. Therefore, we made histograms of the CSI for each 
subject both during dark adaptation and during each light exposure condition. The histogram for the 
dark adaptation was obtained from CSI during dark adaptation in all lighting conditions. The 
histogram in each light condition was obtained from CSI for the first seven minutes during exposure 
to short- or long-wavelength light. Twenty-one data were used to make each histogram (dark 
adaptation: [3 minutes]  [7 sessions], short-wavelength and long-wavelength: [7 minutes]  [3 
sessions]). Subject’s CSIs were normalized for each subject before making the histograms. In 
addition, we quantified the difference of the trend in CSI with and without light exposure using the 
equation (2): 

 

where  is the means of CSI during exposure to short- or long-wavelength light, and   
is the means of CSI during dark adaptation in each subject.  

We also thought that if our evaluation method were valid, there could be some correlation 
between the value of d and the index derived from our method. It was calculated for each subject 
by the equation (3): 

 

where xi and yi are the value of MDD and SoV of each subject, respectively. In this equation, x0 and 
y0 are the coordinates of the upper left point on the classification diagram shown in Fig. 1, and they 
were set to be 0 and 0.9, respectively. In addition, wx and wy were 1. E represents the euclidean 
distance of the data from the upper left point on the classification diagram. Therefore, the higher 
the sensitivity to light exposure, the lower the value of E. To validate our evaluation method, we 
examined the correlation between d and E for seven subjects. 

3. RESULTS AND DISCUSSION
Figure 4 illustrates the histograms of the CSI for three subjects both during the dark adaptation

and during the short-wavelength or the long-wavelength light exposure conditions. In this figure, 
gray bars show the histogram of CSI during the dark adaptation. Colored bars show the histogram 
of CSI during the short-wavelength or the long-wavelength light exposure conditions. In order to 
highlight the changes of the histogram, we plotted the approximated curves for each histogram. 
Black dot curves show the approximated curves for the histogram during the dark adaptation. Blue 
and red solid curves indicate the approximated curves for the histogram during the short-
wavelength and the long-wavelength light conditions, respectively. The results showed that some 
subjects had different distribution of the CSI when they were exposed to the lights. 

We plotted d against E for each subject on a scatter diagram (Fig. 5). The red dot lines represent 
the linear regression lines. In the short-wavelength condition (Fig. 5(a)), there was a strong negative 
correlation between d and E (r = -0.86). This result indicates that the higher the sensitivity, the 
higher the difference of means in the CSI before and after light exposure, suggesting that our 
evaluation method can account for the inter-individual differences in physiological responses under 
the same lighting condition. On the other hand, we could not obtain similar results for the long-
wavelength light condition (r = -0.31, Fig. 5(b)). These differences may be derived from the 
difference in irradiance between the short-wavelength and the long-wavelength light conditions. 
The irradiance of the short-wavelength light was about 1.7 times larger than that of the long-
wavelength light. We thought that the irradiance of long-wavelength light was not intense enough 
to elicit the change of CSI, and this resulted in the trend in the small d overall subjects. That might 
be one of the reasons why strong negative correlation between d and E might not be obtained in 
the long-wavelength condition. 
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Figure 4. Histograms of CSI during the dark adaptation and during the light exposure in three subjects. 
Panels (a) and (b) denote the conditions under the short-wavelength light and long-wavelength light, 
respectively. 

Figure 5. Relationship between d and E. Panels (a) and (b) denote the conditions under the short-
wavelength light and long-wavelength light, respectively. 

4. CONCLUSION
In this study, we validate our evaluation method for the sensitivity to light exposure. We

examined the correlation between the difference of means of the CSI obtained with and without 
light exposure and the index derived from our method. In conclusion, there was a strong negative 
correlation among these values, especially in short-wavelength light condition. It suggests that our 
evaluation method can account for the inter-individual differences in physiological responses under 
the same lighting condition. However, we validated our method using only the CSI. It would be 
necessary to examine the validity of our evaluation method for other physiological indices in future. 
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ABSTRACT
Currently, Singapore imports more than 90% of the food consumed. In order to be less reliant on 

external sources, Singapore aims to produce 30% of its nutritional needs by 2030 through alternative 
spaces for farming such as a Container-based Aquaponics System (CAS). This paper outlines the study 
into determining the optimal photovoltaics (PV) panel configuration on a CAS, which would ensure 
optimal daylight passing through and, as a result, allows for the favourable growth of crops. As these 
container-based aquaponics systems have yet to be implemented locally, the PV panel design of this
CAS was studied and developed with reference to overseas case studies. A comprehensive review of 
the relevant case studies and lighting parameters such as Photosynthetic Photon Flux Density (PPFD) 
and Daily Lighting Integral (DLI) was performed, followed by a site investigation to examine if the 
conversion factor is influenced by the climate classification, sky conditions, and sunlight spectrum 
changes. The modelling process was carried out in Revit and Rhino, whereas the simulation processes 
were conducted with ClimateStudio. Based on the analysis and comparison of the research findings, 
the ideal container arrangement and PV installation (involving the transparency rate and tilt angle) that 
promoted the favourable growth of the crops was then recommended. Through this paper, the benefits 
of the CAS were studied; it was found that the CAS could increase crop yield towards the goal of food 
security. The findings from this study can provide a valuable basis for designing container-based 
aquaponics systems in metropolitan contexts with tropical climates, such as Singapore and other 
densely populated cities in Southeast Asia. By offering insights into optimizing daylight use and PV 
panel configurations, this research has the potential to increase the feasibility and efficiency of such 
systems in these regions. As a result, it contributes to the pursuit of sustainable urban farming and 
underscores the importance of alternative farming spaces in fostering a more self-reliant and 
environmentally conscious future.

Keywords: Aquaponics, Container-based aquaponics system, Tropical urban farming, Photovoltaics 
optimization, Sustainable agriculture, Daylight simulations

1. INTRODUCTION
In Singapore, where agricultural land is limited, it imports more than 90% of its food supply from over

170 countries and regions [1]. The local agri-food sector in 2021 mainly consisted of farms that
produced hen shell eggs, vegetables and seafood which accounted for up to 30%, 4% and 8% 
respectively of the total local food consumption [2]. Despite this, the country is still susceptible to 
emerging trends. Projection estimates that by 2050, global food demand will increase by 50% due to 
population growth [2]. The effects of climate change, including unpredictable weather patterns and loss 
of arable land, will also add stress to the global food supply [2]. Besides, the COVID-19 pandemic, 
which led to lockdowns in many countries, has highlighted the vulnerability of Singapore’s reliance on 
imported food. As a result, the amount of locally produced food is insufficient to meet the needs of the 
country. Despite Singapore’s efforts to boost local food production through urban farming and reduce 
its dependence on imports, the country continues to face challenges in optimizing crop yield due to the
limited availability of agricultural land and the dynamic weather conditions in the country. Lighting plays 
a crucial role in agriculture, yet its effectiveness is hindered by the ever-changing weather conditions in 
Singapore. Thereby, this paper aims to simulate and analyze the container-based aquaponics system 
(CAS) design variations to determine the ideal configuration and specifications of the photovoltaic (PV) 
systems that will allow optimal light to pass through, ultimately maximizing crop yield.
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2. METHODOLOGY
2.1 SITE

The proposed CAS at the Dover Campus of Singapore Institute of Technology in Singapore benefits 
from its surroundings, as seen in Figure 1, which depicts a dense vegetation cover that helps mitigate 
the Urban Heat Island effect not only on campus but also in the nearby areas. 

Figure 1. Google Maps images depicting the site context at SIT@Dover Campus in Singapore.

The campus features limited high-rise buildings and structures, primarily concentrated in the 
northern direction. Consequently, the impact on daylight exposure is minimal, with the sun's movement 
from east to west. To optimize sunlight access, careful consideration should be given to the placement 
of the CAS. Since it is positioned at ground level, it is advisable to select an open space where the 
crops can receive direct sunlight throughout the day, taking advantage of the farm's lower elevation 
compared to the campus buildings.

2.2 DESIGN SPECIFICATIONS OF THE CAS MODEL

The CAS design involves the vertical arrangement of two 20-foot shipping containers. The lower 
container houses the aquaculture, while the upper container accommodates the hydroponics. 
Modifications to the top container include replacing the aluminium cladding on the sides with mesh 
netting and substituting the top cover with polycarbonate material. Additionally, PV panels is added to 
the CAS structure. The CAS model adheres to the dimensions of a standard 20-foot storage container, 
measuring 2.6 m in height, 2.4 m in width, and 6.1 m in length. Initial simulations were conducted, 
excluding the PV panels and staircase, to obtain the PPFD and DLI values. These measurements are 
compared to the readings obtained during simulations, providing a benchmark for subsequent 
simulations and analysis. Specifically, this paper focuses on two primary configurations of PV modules. 
The first configuration, as shown in Figure 2, comprises a singular structure of six smaller PV modules 
arranged in a modular design. The second configuration, as depicted in Figure 3, comprises two 
structures consisting of three PV modules each. The conventional PV and Building-Integrated 
Photovoltaics (BIPV) with a visual transmittance rate of 50%, are compared and contrasted in this 
paper.

Figure 2. Configuration 1 - 1 PV Figure 3. Configuration 2 - 2 PV

CAS Farm
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The orientation of the CAS is designed to maximize sunlight exposure for the crops throughout the 
day, with the longer sides facing North and South and the shorter ends facing East and West [3]. 
Furthermore, in accordance with the Building and Construction Authority Singapore, the PV modules 
are tested at a 10° inclination angle [3].  

2.2 COMPUTATIONAL SIMULATION TOOLS 

The models were constructed in Revit 2020 and Rhino 7, while the simulations were carried out 
using ClimateStudio. ClimateStudio is an advanced daylighting, electric lighting and conceptual thermal 
simulation software created by Solemma LLC. It facilitates a number of environmental analysis 
workflows for buildings and neighbourhoods, such as annual illuminance simulations and point-in-time 
illuminance simulations [4]. Rhinoceros, also known as Rhino, is a computer-aided design software 
programme. The daylighting simulations for this project would be run in Rhino 7 using the Climate Studio 
plugin for Rhino 3D.  

The simulations were configured for the date of September 21st (Autumn Equinox) on Climate Studio, 
corresponding to the period of the September equinox. During this period, the sun is positioned directly 
above the equator, resulting in equal durations of day and night [5]. Given Singapore’s proximity to the 
equator, sunlight in the region experiences higher degree of scattering and diffraction, leading to a less 
intense and more diffused quality of light compared to other days [6]. Table 1 provides an overview of 
the designated simulation parameters, while Table 2 outlines the settings for path-tracing.  

Table 1. Simulation Parameters 

Time 0700 – 1900 (Measurements were recorded at regular one-hour intervals over a 12-
hour duration) 

Sky Conditions CIE Clear, CIE Intermediate, CIE Overcast 
PV Module Dimensions 2580mm x 1080mm (Module), 158.75mm x 158.75mm (PV Cells) 
Visual Transmittance 
Rates 

0% (Opaque), 50% (BIPV), 100% (Empty) 

Tilt Angle 10° 

Table 2. Path-Tracing Settings 

Sample per pass 64 
Maximum number of passes 10 
Ambient bounces 6 
Weight limit 0.01 
Acceleration Device Intel(R) Core(TM) i7-10510U 

2.3 PERFORMANCE METRICS FOR DAYLIGHTING 

2.3.1 PHOTOSYNTHETIC PHOTON FLUX DENSITY 

Photosynthetically Active Radiation (PAR) is a term used to describe the range of wavelengths 
between 400-700nm, which is vital for photosynthesis and plant growth [7]. Instead of measuring the 
total light, PAR can aid farmers in determining the specific type and quantity of light needed to optimize 
crop yield and health. Conversely, Photosynthetic Photon Flux (PPF) is a metric that measures the 
number of moles of PAR generated by a light source in a second [8]. Meanwhile, the term 
Photosynthetic Photon Flux Density (PPFD) incorporates both PPF and surface area, measuring the 
number of PAR photons that fall on a specific area, expressed in micromoles per square meter per 
second (μMol/m2/s) [8].  

After examining various literature reviews [9], it can be concluded that the conversion factor from 
Lux to PPFD typically falls between 0.017 to 0.02, with any differences being insignificant. Additionally, 
a site investigation utilising the Asensetek Lighting Passport Pro confirmed that the conversion factor 
remains within the range of 0.017 to 0.02, regardless of the sky conditions and sunlight spectrum 
changes. As such, a conversion factor of 0.0185 are employed in this paper. 
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Equation 1. Converting Lux to PPFD

Asian greens, such as Kai Lan and Nai Bai, typically require a PPFD between 200 and 300 (μMol/m2/s)
[10]. Moreover, when cultivated under a higher PPFD of more than 300 (μMol/m2/s), these plants 
manifested greater leaf thickness and larger leaf area than those grown under a lower PPFD [10]. 

2.3.2 DAILY LIGHTING INTEGRAL

The total amount of photosynthetically active photons accumulated in a square meter throughout the 
day is represented by the daily lighting integral (DLI). The duration and intensity of light determine it, 
and it is expressed as a mole of light per square meter per day (mol/m2·day) [11]. 

To calculate DLI, the PPFD is typically measured in (μMol/m2/s) as it changes throughout the day. 
This information is then used to approximate the number of photons falling within the PAR range that a 
specific area receives over a 24-hour timeframe [12]. The conversion formula from PPFD to DLI used 
in this paper is [13]:

Equation 2. DLI Formula

For Asian Greens, the typical DLI ranges between 6 to 18 (mol/m2·day) [14]. However, the farm 
industry partners have also indicated that for optimal growth, an ideal DLI range would be between 10 to 
20 (mol/m2·day). 

3. RESULTS AND DISCUSSIONS
3.1 EMPTY MODEL

Figure 4 illustrates the recorded PPFD readings under three different sky conditions: CIE Clear, CIE 
Intermediate, and CIE Overcast. In all three conditions, the PPFD value begins at a low level in the 
morning, gradually increases and reaches its peak at 13:00. From there on, the PPFD values gradually 
decline. 

Table 3 presents the tabulated PPFD and DLI values for all three sky conditions. Similar to the PPFD 
values, it is evident that the DLI results under CIE Intermediate and CIE Overcast sky conditions are 
significantly lower compared to those obtained under CIE Clear sky conditions. These findings will serve 
as a reference for subsequent simulations and analysis. 

Figure 4. Recorded PPFD Values for Empty Model
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Table 3. Recorded PPFD and DLI Values for Empty Model

PPFD EMPTY
(μMol/m2/s) Clear Intermediate Overcast

Time
7:00 42 14 8

8:00 265 117 86

9:00 607 244 157

10:00 933 331 219

11:00 1,150 340 266

12:00 1,333 313 294

13:00 1,745 380 304

14:00 1,298 311 293

15:00 1,136 342 261

16:00 906 326 213

17:00 573 234 151

18:00 230 104 78

19:00 35 8 0
Average 

PPFD 789 236 179
DLI

(mol/m2·day) 34 10 8

3.2 CONVENTIONAL PV & BIPV

To assess the impact of conventional opaque PVs on light penetration, a series of simulations were 
conducted using these PVs in the project scenario. These PVs, unlike the transparent ones, prevent 
light from passing through. 

Figure 5 presents the recorded PPFD readings under the three different sky conditions for the 1 PV 
configuration, while Figure 6 showcases the readings for the 2 PV configuration. Although there are no 
significant differences between the PPFD and DLI values between the two configurations, both 
exhibited a notable decrease compared to the empty model. The utilization of opaque conventional PVs 
resulted in the absence of direct sunlight, with all light sources being diffused solar radiation. This 
suggests that these conventional PVs significantly obstruct direct sunlight, leading to an observed drop 
in PPFD and DLI values. 

Figure 5. Recorded PPFD Values at 1x Conventional 
PV Configuration

Figure 6. PPFD Readings at 2x Conventional PV 
Configuration

Furthermore, the average PPFD and DLI values, as seen in Table 4, cannot meet the requirements 
suggested for optimal crop growth.
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This paper also examines another variation, namely the BIPVs with a visual transmittance rate of 
50%, as depicted in Figure 7 and Figure 8. By analysing the results in Table 4, it is evident that the 
BIPVs closely resemble those of the empty structure, in contrast to the conventional PVs. 

The BIPVs, with their higher visual transmittance rate, allow for greater light penetration, resulting in 
PPFD and DLI values that align more closely with the empty structure. This suggests that BIPVs with a 
50% visual transmittance rate offer a promising alternative to conventional PVs, minimizing the light-
blocking effect and maintaining favourable light levels for crop growth.

Figure 7. PPFD Readings at 1x BIPV (50% Visual 
Transmittance Rate) Configuration

Figure 8.  PPFD Readings for 2x BIPV (50% Visual 
Transmittance Rate) Configuration

Table 4. Recorded PPFD and DLI Values

1 PV Configuration 2 PV Configuration
PPFD

(μMol/m2/s
)

Conventional PV / 
10° BIPV / 10° Conventional PV / 10° BIPV / 10°

C I O C I O C I O C I O

Time
7:00 31 8 3 41 13 7 32 8 4 41 13 7

8:00 169 62 36 192 92 72 169 63 38 193 93 72

9:00 248 111 66 394 181 132 0 110 70 394 184 132

10:00 318 133 92 818 276 184 281 132 97 818 280 183

11:00 225 99 112 1,042 296 222 235 105 119 1,041 296 222

12:00 158 57 125 1,248 285 247 173 64 130 1,232 282 249

13:00 216 52 129 1,711 363 255 246 65 135 1,709 363 255

14:00 139 57 124 1,213 280 246 152 64 130 1,215 284 246

15:00 228 103 110 1,007 296 220 237 109 116 1,009 297 219

16:00 334 137 90 794 278 179 318 136 95 796 277 179

17:00 346 125 64 503 199 127 332 123 67 504 197 127

18:00 149 56 33 170 84 65 149 57 34 171 84 65

19:00 21 4 0 30 7 0 22 4 0 30 7 0
Average 

PPFD 199 77 76 705 204 150 180 80 79 704 204 150

DLI 9 3 3 30 9 6 8 3 3 30 9 7

Upon analysing the results, it can be observed that there were minimal differences between the 1 
PV and 2 PV configurations, regardless of whether conventional PVs or BIPVs were used. However, 
the PPFD and DLI readings showed a closer alignment with the data obtained from the empty structure.
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Specifically, under the CIE Clear sky conditions, the DLI values have met the recommended 
threshold for optimal crop growth. Although under the CIE Intermediate and CIE Overcast sky 
conditions, the DLI readings fell slightly short of the suggested values, it is important to note that in a 
dynamic environment where sky conditions constantly change, crops are still likely to thrive within the 
optimal DLI range.  

3.3 RECOMMENDATIONS 

Based on the analysis of the simulation results, it is highly recommended to select BIPVs with a 
visual transmittance rate of 50% and a tilt angle of 10° in the first configuration (1 PV) due to two key 
factors. 

Construction Complexity  

While the recorded PPFD and DLI readings exhibit a comparable performance between the two 
configurations (1 PV and 2 PVs), the construction complexity varies significantly. Opting for the 1 PV 
variation involves modularly combining six BIPVs to form a single large PV module, which can be 
conveniently mounted at the top of the structure. In contrast, the 2 PVs variation requires the repetition 
of combining three BIPVs into one module, resulting in two PV modules that need to be mounted above 
the structure. This significantly increases the intricacy of the construction process, adding unnecessary 
complications. 

General Maintenance 

To maintain optimal performance, regular cleaning and maintenance are vital to remove 
accumulated dirt and debris from the PV panels, especially after storms or prolonged dry spells. The 
practicality of maintenance tasks is an important consideration, and it is worth noting that it is generally 
more convenient to clean and maintain a single large PV module compared to dealing with two separate 
PV modules. 

By selecting BIPVs with a visual transmittance rate of 50% and a tilt angle of 10° in the 1 PV 
configuration, not only does it offer comparable performance to the 2 PV configuration, but it also 
simplifies the construction process and streamlines maintenance procedures. These factors contribute 
to the overall effectiveness, efficiency, and long-term viability of the CAS design, ensuring an optimized 
solution for sustainable crop production. 

4 CONCLUSIONS 

In conclusion, this study has developed a methodological framework for evaluating daylight 
availability in a CAS and conducted systematic simulations to optimize the CAS design. Future works 
include investigating the impact of the ventilation profile on crop yield to further enhance the CAS 
performance and productivity.  
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ANALYSIS OF TRANSMITTANCE BY LED WAVELENGTH TO 
IMPROVE ROAD LIGHTING VISIBILITY IN FOG CONDITIONS
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Korea Photonics Technology Institute (KOPTI)*, Sejong University**

ABSTRACT 
The purpose of this study is to find the best road lighting spectral distribution for foggy conditions. 

As a result of analysis, the visibility of each wavelength band in the fog situation targeting the 
currently used street light, the fog transmittance increased as the long wavelength regardless of the 
street light color. For future studies, in order to increase the accuracy of the test results, it is planned 
to secure data on the radiant flux reduction rate by wavelength through experiments on various fog 
generation conditions and lighting fixtures of various colors in the future.

Keywords: fog, road lighting, radial flux decreasing rate

1. INTRODUCTION
Road lighting plays a role in helping driving by recognizing the lanes of the road and the shape

of the road through the light emitted from lighting fixtures not only at night when there is no light, 
but also in environments where it is difficult to secure visibility due to tunnels and specific weather 
conditions. However, it is difficult to secure forward visibility in foggy conditions, increasing the risk 
of traffic accidents. Therefore, it is necessary to develop a light source to secure the driver's visibility 
in a foggy environment.

This study aims to secure basic data for the development of light sources suitable for fog 
conditions by analyzing the spectral power reduction rate by wavelength in fog conditions by color 
temperature of lighting fixtures.

2. METHODS
2.1 Measurement overview

In this study, measurements were performed using a smog generator and a steam generator 
made of actual moisture particles to reproduce the fog situation. The LED lighting used is a module 
that can be changed to Cool White (correlated color temperature 4,800K) and Warm White 
(correlated color temperature 3,000K) in one module, and the correlated color temperature variable 
is driven by turning on/off each different LED PKG. The measurement conditions were set as in 
Table 1.

Table 1. Measurement conditions

Fog generation 
method

Visibility distance measurement result
measurement space

No fog Fog

CASE 1 Smog 2400m 50m large dark room
(W120m*D20m*H13m)

CASE 2 Steam 2400m 50m small chamber
(W3m*D3m*H2m)

Used Equipment
Visibility system: Biral SWS-100

Measuring equipment: Spectroradiometer (CL-500A)
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The characteristics of the light source used in the study are as follows in Table 2. 

Table 2. Optical characteristics analysis 

Color temperature conversion LED PKG 

3,000K 5,000K

Measurement image 

Luminous flux (lm) 1,515 1,494

Efficiency (lm/W) 65.29 63.69

Power Factor 0.96 0.96 
Correlated color 
temperature (K) 3,015 5,018

2.2 Case 1: Smog generation method 
The measurement using the smog generator reproduced the fog generation situation in the large 

dark room, and the visibility distance was confirmed by installing the visibility meter. In order to 
measure the radiant flux reduction rate by wavelength in the fog situation, a spectral irradiance 
meter (CL-500A) was installed at an interval of 8m directly below the lighting, and the spectrum for 
each color temperature was repeatedly measured 10 times before and after the fog situation, and 
the average value of the radiant flux for each wavelength compared. 

Figure 1. The measurement method using a smog generator 

2.3 Case 2: Steam generation method 
The measurement using the steam generator reproduced the fog generation situation in a small 

chamber, and the visibility distance was confirmed by installing a visibility meter. In order to 
measure the radiant flux reduction rate by wavelength in the fog situation, a spectral irradiance 
meter (CL-500A) was installed at a distance of 1 m from the lighting, and the spectrum for each 
color temperature was repeatedly measured 10 times before and after the fog situation, and the 
average value of the radiant flux per wavelength was measured compared. 
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Figure 2. The measurement method using a steam generator 
 

2.4 Measurement results 
As a result of analyzing the reduction rate by the wavelength of radiant flux by reproducing the 

fog situation using the smog generator in case 1, It was confirmed that the longer the wavelength 
from 410 to 720(nm), the smaller the radiant flux decreases. However, 360 409 [nm] and 720 780 
[nm] were excluded due to the significant deviation from the small measured radiant flux. And it was 
confirmed that Warm White had a higher reduction rate than Cool White. 

 
Figure 3. Radiant flux reduction rate graph using smog generator method 

 

As a result of reproducing and analyzing the fog situation using the steam generator of case 2, 
it was shown that the radiant flux decreased at a constant rate in the wavelength range from 400 to 
688 [nm]. The steam generator was also excluded from 360-409 [nm] and 720-780 [nm] due to the 
significant deviation due to the small amount of radiant flux measured. Contrary to case 1, it was 
confirmed that the reduction rate of Cool White was higher than that of Warm White. 
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Figure 4. Radiant flux reduction rate graph using the steam generator method 

3. CONCLUSION
As a result of this study, in the smog generation method, regardless of color temperature, the

longer the wavelength, the lower the radiant flux reduction rate, and it showed the characteristic of 
increasing the fog transmittance. However, a constant decreasing rate was maintained in the steam 
generation method. This difference in the rate of decrease occurred as a result of the difference in 
scattering characteristics of the smog-type particles used to reproduce the fog and the moisture 
particles of the steam-type method.  

However, this paper is the result of a preliminary experiment measured using only two fog setting 
conditions and two correlated color temperature settings, respectively. Therefore, future studies are 
planned to supplement the experimental results by comparing the difference in ie scattering 
characteristics with various conditions of fog density, particles, and correlated color temperature. 

REFERENCES 
[1] Ki Ho Nam, Chung Hyeok Kim, A Research on the Improvement of Visivility Using Low Deck

Lighting in Bad Weather, J, Korean Inst. Electr. Electron. Mater. Eng. Vol.33, No.3, pp. 186-193,
2020

ACKNOWLEDGEMENTS 
Funding: This research was supported by an Institute of Information & Communications Technology 
Planning & Evaluation (IITP) grant funded by the Korea government (MSIT, MOIS, MOLIT, MOTIE) 

(No. 2020-0-00061, Development of integrated platform technology for fire and disaster 
management in underground utility tunnel based on digital twin). 

This work was supported by the Korean Agency for Technology and Standards(KATS)(Contract 
No.00238178500, The de facto international standardization support and trend survey, 2023) 

Corresponding Author Name: Ji-Myung Kim 
Affiliation: Korea Photonics Technology Institute (KOPTI) 
e-mail: sinji1230@kopti.re.kr

P.253



14th Asia Lighting Conference (Tokyo, Japan)

1

ABSTRACTS:

OBJECTIVES: This experiment is a healing light experiment for the physical and mental 
stressful environment in the Antarctic station area. The main purpose of this experiment is to 
provide evidence for the regulation of the emotions and rhythms of the research team members at 
the Zhongshan Station during the polar night through the adjustment of indoor morning light and 
bedtime light. We propose light that is conducive to the physical and mental health of the
explorers.

METHOD: A total of 8 young male subjects (aged 28-46 years) of the Zhongshan Station 
wintering crew were recruited and exposed to light for 2 consecutive weeks during the polar night. 
A within-group comparison experimental design was used, with the status quo baseline collection 
in week 1, using the status quo light pattern. In week 2, morning bright light stimulation and night 
time dark light protection were used, and salivary melatonin, interview questionnaire, state of 
mind scale, seasonal behaviour pattern questionnaire, the Self-rated Depression Scale (SDS),
and sleep scale were collected from the scientologists. Based on the subjective and objective 
data, the sleep and mood trends of the subjects were evaluated comprehensively. 

RESULTS: The results showed that the length of sleep increased, the number of awakenings 
decreased, the latency to fall asleep, the time to wake up and the time to leave bed were all 
reduced, and the quality of sleep improved on the 14th day of the experiment. This indicates that 
light exposure was helpful in improving sleep quality and increasing sleep duration. By analysis of 
melatonin concentrations, at 7:00 am, day 14 was significantly lower relative to days 5 and 7 
(p<0.05); at noon, day 14 was significantly lower relative to days 6 and 7, day 13 was significantly 
lower relative to day 6, and day 12 was significantly lower relative to days 5 and 7 (p<0.05); at 
18:00 pm, day 7 was significantly elevated (p<0.05); at 20:00, day 14 was significantly higher 
relative to day 12 (p<0.05); and at 22:00, day 13 was significantly higher relative to day 7 (p<0.05). 
There was a significant trend of decrease in the scores of the Self-rated Mood Scale (POMS) on 
days 1 and 7, days 1 and 14 during the experiment, and a trend of decrease in the scores of the 
Self-rated Depression Scale (SDS) during the experiment, demonstrating that light changes 
contribute to mood regulation.

CONCLUSION: Indoor morning light and bedtime light combination helped to improve the 
sleep quality and sleep duration of the polar scientist, and reduced the number of wakings, sleep 
latency, awakening time, and time out of bed. This indicates that light is helpful in improving sleep 
quality and increasing sleep duration. The combination of light exposure was able to enhance the 
alertness of the scientist during the day, while the melatonin secretion was promoted at night. The 
subjects' emotional dimensions of depression, anger, tension, panic, and fatigue tended to 
decrease, which helped to improve negative emotions.

words: Healing Light, evidence-based experiments, circadian and sleep, mood relievement

1. INTRODUCTION
The long-term isolation of Antarctica has a negative impact on human circadian rhythms, sleep,

mood, mind and body, which has been well documented in medical and psychological studies.
The application of health lighting technology to improve the physical and mental stress of the crew 
still needs more evidence-based research in multi-dimensional and multi-scale optical and 
biological studies to prove. Kennaway et al. found that the sleep rhythms of Antarctic over-
winterers’ underwent a natural shift (free running) in a constant darkness-like environment during 
the polar night (maximum 4.1 hours). Studies suggest that exposure to blue-rich (short 
wavelength) light as a countermeasure may prevent circadian rhythm disturbances in Antarctic 
wintering crews (Najjar et al., 2014).

PT-10 SO -10

P.254



14th Asia Lighting Conference (Tokyo, Japan)

2

This experiment is a healing light experiment for polar physical and mental stress environment, 
mainly through indoor morning light and bedtime adjusted healing light on the mood and rhythm 
regulation of the scientific researcher at Zhongshan Station during the polar night, to propose the 
light that is beneficial to the physical and mental health of the scientific researcher and promote 
the physical and mental habits of the scientific researcher at Zhongshan Station.

2. METHODS
2.1 Site
In this experiment, the ceiling lights in the explorers' dormitory were replaced to perform dimming 
control for a before-and-after comparison. The experimental period was the end of the Antarctic 
polar night. A two-week experimental light study was conducted from July 12 to July 26, 2018.The 
site is a typical explorers' dormitory with indoor dimensions of about 4.2m*3m*2.8m, one room for 
2 people, two 1m-wide single beds, two tables and two sets of cabinets, a 600*600 grille light 
panel on the roof, containing three 7W T8 double-ended lamps with a colour temperature of 
6500K, and a wall button for on/off control.

Figure 1. Interior layout effect and lighting replacement program

The expedition trip lasted 15 months from December 2017 to February 2019. Most of the team 
members are participating in Antarctic scientific expeditions for the first time and experiencing 
continuous summer and wintering in Antarctica for the first time. The team consisted of six 
technical researchers, one administrative logistician and one teacher, who mainly performed 
expedition work such as housekeeping and fieldwork. The main activities of the subjects during 
their stay in Antarctica include the complex building, the dormitory building, the scientific 
observation building, the fieldwork and power generation building, the general store and the 
garage.

2.2 Subjects
The subjects were eight overwintering members of the Zhongshan Station, all male, aged 
between 28-46 years, with an average age of 33.6 years, BMI between 18.5 and 23.9, and in 
good health. They had a regular daily routine, no long-term habits of smoking, drinking alcohol or 
coffee, no history of drug dependence, no history of taking antipsychotics, normal vision or 
corrected vision, and no ophthalmic disease. All participants signed an informed consent form and 
received some remuneration for the experiment. Since the distant main subject on site was 
unable to participate, a team member on site, who was also the experiment operator, was asked 
to collect saliva as well as to summarize the questionnaires. The subjects signed an informed 
consent form before the experiment, and the experimental operator and the subjects were
informed by the principal investigator of the relevant procedures and precautions. 

2.3 Procedure
I. Interview Research

Research interviews were conducted with eight team members through questionnaires to 
understand the visual and psychological needs of the Zhongshan Station team members in order 
to propose a targeted design for the follow-up. These eight team members continued their 
scientific expedition in Antarctica from January 2018 to February 2019, for a total of 15 months, 
experiencing polar day and night processes during the year.

II. Experimental procedure (the first week and second week of the experiment need to be 
conducted consecutively). Week 1: 8 team members living in the general dormitory were invited to 
record the sleep scale every day, and saliva was collected five times a day on the first, fourth and 
seventh days (7:00, 12:00, 18:00, 20:00 and 22:00) Week 2: Eight team members were invited to 
conduct light experiments at regular intervals in the room where the experimental lights were 
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installed, the lights were adjusted to the appropriate scenes at the time required by the 
experiment every day, the sleep scale was recorded every day, saliva was collected five times a 
day on Thursday, Friday, Saturday, and Sunday (7:00, 12:00, 18:00, 20:00, and 22:00). Light 
hours and corresponding scene requirements (per day) for the second week of the experiment: 
The light time was 7:00-8:00 am to receive one hour of light, and the light was set by the 
experiment operator to scene A: full brightness mode)B. Light time for 20:00-21:00 to receive an 
hour of light, lights set by the experimental operator for the scene B: the lowest brightness, color 
temperature minimum)The experimental period was July 12-July 26, 2018 for a two-week 
experimental light study. At this time, there was no sunrise in Antarctica, almost no daylight 
outdoors, and the total daylight exposure is merely 0.  

Table 1. Experimental procedure 

Day 
1 

Day 
2 Day 3 Day 4 Day 

5 
Day 

6 
Day 

7 
Day 

8 
Day 

9 
Day 
10 

Day 
11 

Day 
12 

Day 
13 

Day 
14 

Day 
21 

Place Room Experimental Room 

Informed 
letter Y 

Interview Y 

POMS Y Y Y Y 

SPAQ Y 

SDS Y Y Y 

SLEEP Y Y Y Y Y Y Y Y Y Y Y Y Y Y 

Melatonin Y Y Y Y Y Y 

T1 7:00 7:00 7:00 7:00 7:00 7:00 

T2 7:30 7:30 7:30 7:30 7:30 7:30 

T3 19:00 19:00 19:00 19:00 19:00 19:00 

T4 19:30 19:30 19:30 19:30 19:30 19:30 

T5 22:00 22:00 22:00 22:00 22:00 22:00 

2.4 Methods 
This experiment was conducted mainly by collecting salivary melatonin, interview questionnaire, 
state of mind scale, SPAQ, SDS, and sleep scale from the scientific research team members. The 
interview questionnaire was used to understand their basic information and preferences, and the 
questionnaire was designed to be as concise as possible, taking into account factors such as not 
interfering with the team members' work and experimental time control. The method has been 
developed over time and is assessed and measured in the form of scales or questionnaires. The 
first part of the questionnaire is the basic information, containing gender, age, sleep, etc. This part 
helps to classify and analyze the data later. 

The scale data were scored and statistically summarized to find their mean and variance, and 
correlation analysis was performed for the collected data pairs to determine the correlation of two 
or more variables. Statistical analysis was performed using SPSS 25.0 software, and appropriate 
statistical methods were selected according to the type of data. For continuous variables, 
normality analysis was first performed, and if it conformed to a normal distribution, the statistical 
method of t-test or paired t-test was used. If it does not conform to the normal distribution, the 
Wilcoxon signed-rank test, which is a nonparametric test, is used. For discrete variables, the 
Wilcoxon signed-rank test was used directly. 

3. Results
Rhythm indicators mainly included sleep logs and salivary melatonin concentrations, etc. Eight 
team members living in the general dormitory during the baseline week (week 1) and eight team 
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members performing light experiments at regular intervals during the light week (week 2) in the 
room where the experimental lights were installed were required to record sleep scales daily, 
respectively. Saliva was collected in five daily sessions (7:00, 12:00, 18:00, 20:00, and 22:00) on 
the first, fourth, and seventh days of the baseline week (week 1), and in five daily sessions (7:00, 
12:00, 18:00, 20:00, and 22:00) on the fourth, fifth, sixth, and seventh days of the light week 
(week 2), respectively. 

3.1. The effect of light on sleep quality 
Using the sleep log to record sleep latency time, the subject's sleep time per night can be 
analyzed, with longer time indicating more difficulty in falling asleep. Based on the time of going to 
bed, falling asleep and waking up each night, we can calculate the time spent in bed and the 
actual length of sleep each night, and then calculate the sleep efficiency each night (sleep 
efficiency = time spent in bed/time spent in bed, if the result is more than 85%, it is considered 
normal and 90% means very good). The higher the sleep efficiency of the subject, the better the 
sleep quality. The number of awakenings, an important measure of sleep quality, was recorded by 
the subject each morning after waking up in a sleep diary for the number of awakenings from the 
previous night. An increase in the number of awakenings implied a deterioration in sleep quality. 

1. The analysis of the sleep diary

The analysis of the sleep diary revealed that there was an increase in sleep duration, a decrease 
in the number of awakenings, a decrease in sleep latency, wake-up time and bed departure time, 
and an improvement in sleep quality on the 8th day of the experiment (the first day of the start of 
the experimental light), and this trend continued on the 14th day of the experiment (the 7th day of 
the start of the experimental light). This indicates that light was helpful in improving sleep quality 
and increasing sleep duration. 

Figure 2. Effects of combined morning bright light and night dark light on sleep of polar crew 
members 

2. Effects of melatonin secretion

Saliva was collected five times a day (7:00, 12:00, 18:00, 20:00 and 22:00) on the first day, fourth 
day and seventh day of the first week, and five times a day (7:00, 12:00, 18:00, 20:00 and 22:00) 
on Thursday, Friday, Saturday and Sunday of the second week, and 1 ml of subject saliva was 
retained by the subjects on time and samples were obtained The samples were sealed and stored 
in a refrigerator at -40° by the experimenter, and then sent to the biological company for testing 
and analysis after returning to Shanghai with the Xuelong ship frozen the following year. 

Salivary melatonin was detected by enzyme immunoassay, using an imported enzyme-linked 
immunoassay kit (IBL ELISA kit) for detection and analysis. The kit has 12 wells x 8 strips = 96T, 
with 8 wells reserved for standard comparison, and for each kit, 88 samples can be tested. 

P.257



14th Asia Lighting Conference (Tokyo, Japan) 

5 

After statistical analysis, a total of 280 saliva sample data from 8 subjects were obtained, of which 
269 were valid. The tested melatonin concentration data were first tested for normal distribution, 
and the results did not conform to a normal distribution, and the paired t-test could not be used, 
and the Wilcoxon signed-rank test, a non-parametric test, was required for statistical analysis (see 
Table 6.23). The results showed that at 7:00 am, day 14 was significantly lower relative to days 5 
and 7 (p=0.046, p=0.028, p<0.05); at 12:00 noon, day 14 was significantly lower relative to days 6 
and 7 (p=0.046, p=0.046, p<0.05), day 13 was significantly lower relative to day 6 (p=0.043, p< 
0.05), and significantly lower on day 12 relative to days 5 and 7 (p=0.036, p=0.043, p<0.05); at 
18:00 in the evening, significantly higher on day 7 relative to day 5 (p=0.046, p<0.05); at 20:00, 
significantly higher on day 14 relative to day 12 (p=0.043, p<0.05); and at 22:00, significantly 
higher on day 13 was significantly higher relative to day 7 (p=0.046, p<0.05). This indicates that 
the combination of light can suppress daytime melatonin secretion and enhance daytime 
alertness of the scientist, while nighttime can promote melatonin secretion and promote sleep. 

Figure 3. Comparison of salivary melatonin concentrations at different time points and light 
conditions 

3.2. POMS and SDS mood impact analysis 
Mood affects indicators mainly included the POMS mood scale and the SDS depressive mood 
scale, etc. The POMS mood scale was administered on the first, seventh, fourteenth, and twenty-
first days of the experiment, and the SDS depressive mood scale was administered on the first, 
fourteenth, and twenty-first days of the experiment, respectively. 

Because the POMS scores were not continuous variables, the statistical method of nonparametric 
tests was used. The analysis first revealed significant differences (p < 0.05) between multiple data 
groups through the Fredman test, and then the statistical analysis was performed using the 
Wilcoxon signed-rank test for nonparametric tests. The scores on days 1, 7, 15, and 21 were also 
analyzed, and significant differences were found between days 1 and 7 (p=0.034, p<0.05) and 
between days 1 and 14 (p=0.046, p<0.05). Trends in the seven dimensions of mindfulness 
(depression, anger, nervousness, panic, fatigue, ego, and energy) could also be found, with all 
states of mind except ego showing a downward trend after two weeks of light, with more than 
10% decreases in nervousness, panic, and anger, indicating that some improvement in the 
mindfulness factor could be achieved through light. 
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Figure 4 Analysis of the POMS Mindfulness Scale 

The SDS self-rating scale scores were non-continuous variables, so the SDS self-rating scale 
data were tested non-parametrically. Statistical analysis was performed by Wilcoxon signed-rank 
test method. The results showed no significant difference (p>0.05) between pre and post 
comparison. However, the results of the SDS self-rating scale showed a decrease in SDS scores 
in five of the eight subjects. This proves that light changes contribute to mood regulation. 

Figure 5. SDS self-assessment scale analysis 

3. CONCLUSION
The experiment conducted at Zhongshan Station in Antarctica firstly verified the effects of a

week of combined constant light patterns on personnel sleep and circadian rhythms, and then 
compared the active intervention effects of combined lighting patterns and baseline patterns on 
personnel rhythmic sleep, which were comprehensively evaluated in terms of rhythmic indicators, 
sleep quality, emotional state and other dimensions, respectively, in order to seek the appropriate 
combination of light parameters. Overall, a dynamic light combination of high M-EDI values in the 
morning and low M-EDI rhythmic light at bedtime enhanced daytime alertness and nighttime 
melatonin secretion in the polar wintering crew under normal operating conditions. Light exposure 
contributed to improved sleep quality and increased sleep duration, but was not significant. It 
shows that the dynamic lighting combination applied to the interior of the Zhongshan Station area 
in Antarctica can provide both visual and non-visual health performance enhancement. The 
above-mentioned healing lighting design strategies for Antarctic research stations can be applied 
to the construction of new stations in the future, and can also be used to improve the mood and 
sleep of personnel in existing stations during the winter and summer periods, and can also be 
applied in similar extreme habitat spaces such as spaceflight and deep-sea expeditions, which 
are isolated from the extreme day and night conditions in Antarctica. 
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THE IMPACT OF WEARING YELLOW OR BLURRED LENSES 
ON DISCOMFORT GLARE FROM NIGHTTIME HEADLIGHTS

Tatsuya Iizuka, Shuya Suzuki, Takushi Kawamorita, Hitoshi Ishikawa
(Graduate School of Medical Sciences, Kitasato University, Kanagawa, Japan)

ABSTRACT
Purpose: Headlights have become increasingly luminous, ensuring visibility and safety during 

nighttime driving. However, this has also caused ocular aversion due to the increasing headlight 
glare of oncoming vehicles. Designing light sources and driving glasses that reduce headlight 
glare while maintaining visibility is essential. The ISO 8980-3 standard recommends a 75% 
luminous transmittance for nighttime driving glasses. Nighttime driving glasses to reduce 
headlight glare and improving visibility are on the market. However, there is no supporting 
evidence which shows these glasses are effective. In addition, refraction is not always fully 
corrected with these glasses and some of drivers may still experience blurred vision due to post-
work fatigue. The purpose was to evaluate the discomfort glare caused by headlights in a real 
driving environment, comparing the impact of three types of headlights under two lens conditions.

Methods: We enrolled 20 participants with a mean (± standard deviation) age of 21.3 (± 1.6) 
years, with no history of ophthalmic surgery, retinal or optic nerve disease, or systemic diseases. 
The study assessed the effectiveness of color lenses (99% transmission: clear lens, 85% 
transmission: yellow lens Y1, 78% transmission: yellow lens Y2), and blurred lenses (+0.00, +0.50, 
+1.00 diopter sphere) in reducing various types of lower-beam headlight glare (halogen lamps,
high-intensity discharge lamps, light-emitting diodes lamps) at a distance of 20 and 40 m using
the De Boer scale.

Results: LED-headlight glare significant main effect for discomfort glare under yellow-lens 
conditions (20m: F2, 57 = 5.54; p = 0.006, 40m: F2, 57 = 5.54; p = 0.005), indicating that the lower 
the transmittance of the lens, the slightly higher the average De Boer score, but the scores 
remained approximately the same. There was also a significant main effect observed under the 
blurred-lens condition (20m: F2, 57 = 15.9; p < 0.001, 40m: F2, 57 = 30.3; p < 0.001), with glare 
enhancing as the blur increased (blur 0 versus blur 1.0 for all headlight, p < 0.001). There was no 
significant main effect for the headlight condition (20 and 40m: F 2, 57 = 0.01; p = 0.99).

Conclusions: The discomfort glare caused by each headlight glare is almost the same even 
with the use of yellow lenses (transmittance of 75% or higher). Therefore, eye-care professionals 
should not recommend these lenses for glare reduction purposes. Instead, refractive-corrected 
glasses should be prescribed, as they can help reduce the appearance of glare, halos, and 
starbursts.
Keywords: Headlight, Discomfort glare, Yellow lens, Refractive-corrected glasses

1. INTRODUCTION
Headlights have become increasingly luminous, ensuring visibility and safety during nighttime

driving. However, this has also caused ocular aversion due to the increasing headlight glare 
(HLG) of oncoming vehicles [1-3]. Modern vehicle headlights have many variations, including 
halogen lamps, high-intensity discharge lamps (HID), and light-emitting diodes (LED), each with 
different spectral radiation intensities. This suggests that the light incident on the eye may affect 
photophobia and visual function differently [4-6]. In addition, discomfort glare from headlights can 
startle or distract the driver, leading to blinking, squinting, ocular aversion, and fatigue. 
Momentary lapses in judgment owing to headlight glare pose a significant accident risk.

Polarized glasses and sunglasses are commonly used during the day to prevent sun glare. 
They also effectively reduce headlight glare during nighttime use; however, most commercially 
available products have low luminous transmittance of approximately 20–30%, significantly 
reducing visibility and being dangerous at night. Designing light sources and driving glasses that 
reduce headlight glare while maintaining visibility is essential. Yellow-lens driving glasses could 
reduce glare by cutting short wavelengths of light that cause photophobia and improving contrast 
by transmitting wavelengths with high luminous sensitivity [7,8].
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The International Organization for Standardization standardized the transmittance of lenses for 
nighttime use in 1999 with ISO 8980-3, updated in 2022 to advise against the outdoor use of 
lenses with a luminous transmittance of < 75% [9].16 Commercially available nighttime driving 
glasses claim to increase visibility and reduce headlight glare from oncoming vehicles. However, 
it is unclear whether they have been tested on vehicles or in actual nighttime driving conditions, 
and there is no scientific evidence to support these claims. Consequently, the optimal lens 
transmittance for reducing headlight glare and improving visibility during nighttime driving remains 
unclear. In addition, actual drivers do not always entirely correct for refraction with glasses, and 
some individuals may still experience blurriness due to post-work fatigue. Therefore, this study 
aimed to develop a vehicle headlight model to investigate the effects of discomfort glare from 
Halogen, HID, and LED headlights, as well as the potential benefits of yellow or blurred lenses. 

 
2.  METHODS 
2.1   Participants 

Twenty healthy, young individuals with a mean (± standard deviation [SD]) age of 21.3 ± 1.6 
years were included in this single-center study. We included all individuals with normal colour 
vision and corrected visual acuity of 20/20 or better. The mean spherical equivalent refractive 
error was -2.24±2.03 (-0.25 to -6.00) diopter (D). Exclusion criteria included astigmatism > -1.00 D, 
history of ophthalmic surgery, retinal or optic nerve disease, or systemic diseases (e.g., diabetes 
or cerebrovascular disease). The study was conducted following the principles of the Declaration 
of Helsinki and approved by the Ethics Committee of the School of Allied Health Sciences at 
Kitasato University (2022-004). Written informed consent was obtained from all participants in 
accordance with our Institutional Review Board protocol. 

 

2.2   Lower-beam headlight model 
This study used a lower-beam headlight model that could be switched between Halogen, HID, 

or LED to investigate the effects of different HLG. The model was based on a third-generation 
Prius (Toyota Motor Corporation, Aichi, Japan) and included the front body of the car (Figure 1A). 
The headlights were powered by the electrical circuit in Figure 1B. Their optical axis and cutoffs 
were adjusted following “Article 32 of the safety standards for road trucking vehicles: Headlight, 
etc.” of the Ministry of Land, Infrastructure, Transport and Tourism of Japan (Figure 1C, 1D) [10]. 
Luminous intensity and colour temperature from each headlight were measured at the point 
shown in Figure 1C, and the average values for the left and right headlights were recorded. For 
the halogen headlights, the luminous intensity and colour temperature were 10,370 cd and 3000 
K, respectively; for the HID headlights, the values were 13,360 cd and 3700 K, respectively; and 
for the LED headlights, the values were 18,030 cd and 5200 K, respectively. The relative spectral 
intensity of each headlight type is shown in Figure 2A. 
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Figure 1. Lower-beam headlight model

2.3 Lens types and transmittance
This study utilized two commercially available yellow lenses, a clear lens and a blurred lens 

(convex spherical). The luminous transmittance of the lenses was measured: 99% for the clear 
and blurred lenses, 85% for the yellow Y1 lens (Actiview night drive: TOKAI OPTICAL Co., Ltd, 
Aichi, Japan), 78% for the yellow Y2 lens (Viewnal SP: TOKAI OPTICAL Co., Ltd, Aichi, Japan). 
The spectral transmittance of each lens is shown in Figure 2B. The Y2 lens was made of acrylic, 
whereas the other lenses were made of plastic.

Figure 2. The relative spectral intensity of each headlight and spectral transmission of each lens

2.4 Research environment
The experiment was conducted on a flat field in Kitasato, Minami-ku, Sagamihara-shi, 

Kanagawa, Japan (35-32-27N, 139-23-34E), with no nearby artificial light sources, between July 
and December 2022 when the outdoor horizontal and vertical illuminances were < 1.0 lx. The 
road layout consisted of two 3.5-m-wide and 50-m-long lanes, in accordance with “Article 5 of 
road structure ordinance: Lane” of the Ministry of Land, Infrastructure, Transport and Tourism of 
Japan [11]. The observer was seated with an eye point adjusted to 1.3 m from the ground. The 
headlight model was placed on the side of the oncoming vehicle with the observer in the driver 
position. The headlights were positioned 40 and 20m from the observer to create a peripheral 
glare (Figure 3). A windshield with 75% transmittance was placed 10 cm away from the eyes of 
the observer, and the mounting angle of the windscreen was 40° from the horizontal to allow them 
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to see through it. The illuminance reaching the observer's eyes, caused by each headlight in the 
research environment, was measured using a spectral illuminance meter (IM-1000R; Topcon 
Technohouse Corporation, Tokyo, Japan). The measured illuminance values were as follows: 
0.10 lx for halogen, 0.18 lx for HID, and 0.30 lx for LED headlights at a distance of 40 meters from 
the participants; and 0.60 lx for halogen, 1.08 lx for HID, and 1.30 lx for LED headlights at a 
distance of 20 meters from the participants.

Figure 3. Research environment

2.5 Evaluation of discomfort glare
Discomfort glare was evaluated using the De Boer rating scale to assess subjective glare [12].

The 9-point scale consists of the following ratings: 9, Just noticeable; 7, Satisfactory; 5, Just 
admissible; 3, Disturbing; and 1, Unbearable. The observers evaluated the peripheral glare from 
the headlights, fixated on a yellow asterisk optotype displayed on a 15.6 inch Organic-LED 
(Guangxi Century Innovation Display Electronics Co.,Ltd) screen positioned at a distance of 50 m 
(Figure 2). This distance was based on a single scene of looking into the distance while driving.
Measurements were taken under a combination of the three headlight conditions, three color-lens 
conditions (1: Clear, 2: Y1, 3: Y2), and three blurred-lens conditions (baseline refractive correction 
plus either +0.50 diopter sphere (DS) or +1.00 DS binocular spherical blur). The yellow lens 
conditions were measured at baseline refraction. Observers were instructed not to look directly at 
the headlights and rate the glare they experienced during the 3 s facing the front optotype. The 
observers were masked (specifically, the headlight portion) when not being evaluated and 
unmasked during the evaluation, with the assessment conducted continuously to minimize
masked time. The headlight and lens combinations were randomized for each observer.

2.6 Diagnosis of visual acuity, ocular refraction and color vision
Participants will be evaluated by an ophthalmologist (HI) and orthoptist (TI) for refraction, 

visual acuity, and color vision. Visual acuity and ocular refraction when using blurred lenses were 
diagnosed using the VC-60(Takagi Seiko Co., Ltd, Nagano, Japan), and color vision when using 
yellow lenses was diagnosed using the Neitz anomaloscope OT-II (Neitz Instruments, Tokyo, 
Japan).

2.7 Statistical analysis
Statistical analyses were conducted using Microsoft Excel 365 (Microsoft Co., Albuquerque, 

NM, USA) and Bell Curve for Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan). 
The Shapiro–Wilk test was performed to assess whether the data distribution was parametric or 
non-parametric. The De Boer rating scale was non-parametric. Aligned rank transform was used 
for non-parametric data analysis, as it is more robust and powerful than the traditional analysis of 
variance (ANOVA) [13,14]. To evaluate the effects of discomfort glare and color lenses in each 
headlight, a two-factor repeated-measures ANOVA was conducted with the De Boer rating scale 
index as the dependent variable, the headlight condition as the independent variable, and the
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color-lens condition as the within-subject factor. A two-factor repeated-measures ANOVA was 
conducted to evaluate the effects of discomfort glare and blurred lenses. The De Boer rating scale 
index was the dependent variable, the headlight condition was the independent variable, and the 
within-subject factor was the blurred-lens condition.

These were assessed based on the interaction between the headlight and lens conditions and 
the main effect of each condition. Differences between the headlight and lens conditions were 
analyzed using Tukey’s post-hoc test. Statistical significance was set at a two-sided p-value < .05.

3.  RESULTS
3.1 Visual acuity and color vision with yellow and blurred lenses

The mean (± SD) logarithm of the minimum angle of resolution of binocular visual acuity was -
0.26 (± 0.06) at baseline, -0.06 (± 0.07) at blur 0.50, and 0.10 (± 0.07) at blur 1.00 for the 20 
individuals with baseline refractive correction and blurred lenses. Color vision remained normal for 
all participants throughout the yellow-lens wear period.

3.2 Discomfort glare with yellow lenses
A two-factor repeated-measures ANOVA of discomfort glare at 40m (three headlight

conditions × three color-lens conditions) showed no significant interaction between the headlight
and lens conditions (F4, 114 = 0.52; p = 0.72) for yellow lenses. There was a significant main effect 
of the lens condition (F2, 57 = 5.54; p = 0.005), and post-hoc multiple comparisons within lens 
conditions showed a significant difference between Y2 and Clear for Halogen-HLG (0.25 Boer 
score, p < 0.001) and LED-HLG (0.30 Boer score, p = 0.003), with lower transmission resulting in 
slightly higher average De Boer scores (Figure 4A). There was no significant main effect for the 
headlight condition (F2, 57 = 0.01; p = 0.99).

Similarly, a two-factor repeated-measures ANOVA of discomfort glare at 20m (three headlight
conditions × three color-lens conditions) showed no significant interaction between the headlight
and lens conditions (F4, 114 = 0.13; p = 0.97) for yellow lenses. There was a significant main effect 
of the lens condition (F2, 57 = 5.54; p = 0.006), and post-hoc multiple comparisons within lens 
conditions showed a significant difference between Y2 and Clear for Halogen-HLG (0.40 Boer 
score, p < 0.001), and LED-HLG (0.35 Boer score, p = 0.002), with lower transmission resulting in 
slightly higher average De Boer scores (Figure 4B). There was no significant main effect for the 
headlight condition (F2, 57 = 0.01; p = 0.99).

Figure 4. Impact of discomfort glare with yellow lenses and each headlight
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3.3 Discomfort glare with blurred lenses
A two-factor repeated-measures ANOVA of discomfort glare at 40m (three headlight

conditions × three blurred-lens conditions) showed no significant interaction between the 
headlight and blur conditions (F4, 114 = 0.98; p = 0.42), but a significant main effect in the blur 
condition (F2, 57 = 30.3; p < 0.001). Post-hoc multiple comparisons within blur conditions showed a 
significant difference between blur 0 versus blur 0.5 and blur 0.5 versus blur 1.0 for all HLG (p < 
0.01) and blur 0 vs. blur 1.0 for Halogen- and LED-HLG (p < 0.01). The average Boer score 
difference between blur 0 and blur 1.0 was 0.6 for halogen, 0.9 for HID, and 1.1 for LED (Figure 
5A). The lower the blur, the higher the mean score and the lower the glare. There was no 
significant main effect for the headlight condition (F2, 57 = 0.01; p = 0.99).

Similarly, a two-factor repeated-measures ANOVA of discomfort glare at 20m (three headlight
conditions × three blurred-lens conditions) showed no significant interaction between the 
headlight and blur conditions (F4, 114 = 1.09; p = 0.36), but a significant main effect in the blur 
condition (F2, 57 = 15.9; p < 0.001). Post-hoc multiple comparisons within blur conditions showed a 
significant difference between blur 0 versus blur 1.0 for all HLG (p < 0.01) and blur 0.5 vs. blur 1.0 
for Halogen- and LED-HLG (p < 0.05). The average Boer score difference between blur 0 and blur 
1.0 was 0.75 for halogen, 0.4 for HID, and 0.7 for LED (Figure 5B). The lower the blur, the higher 
the mean score and the lower the glare. There was no significant main effect for the headlight
condition (F2, 57 = 0.01; p = 0.99).

Figure 5. Impact of discomfort glare with blurred lenses and each headlight

4.  DISCUSSION
This study aimed to investigate the impact of yellow and blurred lenses on headlight peripheral 

glare in a nighttime road environment. The results showed that when using yellow lenses 
adhering to ISO standard transmittance, no disturbances were observed on the De Boer rating 
scale. Additionally, no significant differences were found between the different of HLGs tested. 
Although yellow lenses had a minimal effect on reducing glare, it was noted that as the level of 
blur increased, there was an associated increase in perceived glare.

The physiological mechanisms of unpleasant glare are not fully understood, but the blue-
sensitive short-wavelength-sensitive cone stimulation hypothesis is the most promising [15,16]. In 
our study, using the De Boer rating scale, we showed that no participant reported a “disturbing” 
level below a scale of 3 for HLG. LEDs are generally considered more dazzling than halogen or 
HID; however, no “disturbing” effect was observed with any of the HLGs, and there was no effect 
of the type of light source. To compare light sources, high disturbance light levels are necessary
[17]. The LED-HLG did not cause any disturbance, suggesting no difference between it and other 
HLGs. We initially expected that discomfort glare would increase as the light source approached 
the visual axis; however, we observed slightly greater discomfort glare at a distance of 20 m, 
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which is farther from the visual axis. This may be attributed to the increased amount of irradiation 
into the eye, as well as a perception of greater glare due to the proximity of the HLGs. 
Nevertheless, the potential effectiveness of the yellow lens did not vary with distance. Yellow 
lenses slightly reduced glare, but no significant interaction effect was observed. It might be due to 
a reduction in the total amount of light entering the eye rather than a result of the short-
wavelength cutoff. However, the De Boer rating scale showed a minimal average difference, 
making it unclear whether yellow lenses is meaningful for reducing photophobia while driving at 
night. Yellow lenses with a luminous transmittance of 75% or higher should not be recommended 
as glare measures. 

We found that increasing blurriness resulted in more discomfort glare, which was unexpected. 
Light stimulus applied to the retina from a light source is generally uniform across the entire visual 
field and not influenced by optical correction [18,19]; however, our results do not support this 
finding, possibly because the blurred lens affects the size of the glare. The peripheral glare from 
low-beam headlights suggests that drivers experienced discomfort glare and evaluated changes 
in glare, halo, and starburst size through the blurred lens. Separating direct discomfort glare from 
the apparent evaluations of glare, halo, and starburst could lead to a more accurate discomfort 
glare evaluation. Notably, a stronger response was observed with the blurred lens than with the 
yellow lens, and additional research is needed to explore this finding. In addition, it is important to 
note that the experience of a person accustomed to driving with myopia blur may differ from the 
investigation conducted using optically reproduced blur. Visual acuity with the blurred lenses used 
in this study met the Japanese standard for acceptable driving binocular acuity, thus reproducing 
the poor quality of vision of actual drivers. 

This study has limitations as it only considers the HLG in a stationary two-lane setting and 
does not simulate actual driving conditions. Therefore, the results of this study cannot be 
generalized to all driving situations. In addition, the windshield used was miniaturized for the 
experiment and fixed near the eye. The study used yellow lenses with a luminous transmittance of 
at least 75%, per the ISO standards, and pale-yellow lenses, preferred by the general public. 
However, neither lens type should be recommended for reducing glare, even though they do not 
worsen visual sensitivity. Lenses with < 75% luminous transmittance may also minimize glare if 
visual sensitivity is unaffected. Therefore, it is premature to dismiss glasses for nighttime driving 
completely. Finally, the results of this study were based on healthy young adults, and different 
results may be obtained in older adults owing to the impact of eye aging and cataracts on glare. 

Our study revealed that there was no significant difference in discomfort glare caused by each 
HLG, even when yellow lenses were used. Based on these findings, it is not advisable for eye-
care professionals to recommend yellow lenses for the purpose of reducing glare. Instead, the 
prescription of refractive-corrected glasses should be considered, as they have the potential to 
mitigate the perception of glare, halos, and starbursts.  
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ABSTRACT 

Visible Light Communication (VLC) is a wireless communication technology that uses visible light 
for illumination and communication at same time. Compared with the conventional wireless 
communication technology with radio channels, VLC transceiver units can be integrated with the 
existing lighting system. VLC system has advantages such as energy saving, easy deployment, 
no radio interference, electromagnetic compatibility and so on. It also has the disadvantages of 
being easily blocked by moving object, interrupted and interfered by sunlight. Finding the right 
application scenario for visible light communication has always been a challenge. 

With the technology progress of medical digitization, traditional hospitals and are transforming into 
digital hospitals. More and more medical devices with wireless communication capabilities are 
being deployed, and more wearable devices are used in patients' body, such as pacemaker. 
Serious electromagnetic interference problem should be considered to affect medical safety. In 
this project, VLC technology is used in the digital operating room to reduce electromagnetic 
interference as an application experiment.  

Keywords: Visible Light Communication, interference, transceiver, application experiment
ElectroMagnetic Compatibility 

1. INTRODUCTION

Visible Light Communication (VLC) refers to communication method that directly transmits optical 
signals in the air by using Light in the visible band as information carrier. VLC technology is green 
and low-carbon, and can realize nearly zero energy consumption. It can also effectively avoid 
electromagnetic signal leakage and other weaknesses of radio communication, and quickly build 
an anti-interference and anti-interception safe information space. The idea is not new. On June 3, 
1880, Alexander Graham Bell transmitted the first wireless telephone message on his newly 
invented "photophone," a device that allowed for the transmission of sound on a beam of light [1]. 

In the 21st century, with popularity of Light Emitting Diode (LED), VLC rises again and the 
technology is reinvented with new breakthroughs. LED can support faster switching on and off 
than traditional fluorescent and incandescent bulbs. By adding microchips to ordinary LED lights, 
they can be made to flash at extremely fast speeds and send data. As long as the overhead light 
is shining, it is theoretically easy to transfer data information, access the Internet, make voice and 
video calls, or adjust the switch of Internet of Things devices, and with the ultra-high transmission 
rate, the application experience is far better than WiFi and 4G networks. In the future, VLC will 
interact with WiFi, cellular networks (3G/4G/5G) and other communication technologies (such as 
zigbee and wsn), bringing innovative applications and value experience to the Internet of Things, 
smart city (home), aviation, navigation, subway, high-speed rail, indoor navigation, underground 
operations and other fields[2][3]. Visible light communications can be interfered with by sunlight 
and be blocked by objects, which physically limits the application range of VLC. The operating 
room is a good scene for VLC applications naturally. Furthermore, VLC can solve the Electro 
Magnetic Compatibility problem in the digital operating room. 

Electro Magnetic Compatibility (EMC) defined as "the ability of equipment and systems to function 
properly in their electromagnetic environment without causing intolerable electromagnetic 
disturbance to anything in the environment." This definition has two meanings. First, the 
equipment should be able to work normally in a certain electromagnetic environment, a certain 
electromagnetic immunity (EMS). Secondly, the electromagnetic disturbance generated by the 
device itself should not have too much influence on other electronic products, namely 
electromagnetic disturbance (EMI). 
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EMC is not only related to the safety and reliability of the product itself, but also related to the 
protection of electromagnetic environment. Therefore, meeting EMC requirements is also a very 
important condition for products to enter digital operating room. With the progress of technology, more 
and more electronic equipment and medical equipment is miniaturization and wireless. Wearable 
devices and implantable medical devices, such as pacemakers, are used for the patients in digital 
operating room, rehabilitation centre and elderly care community. The density of electronic equipment 
is becoming higher and higher, with the requirement for EMC becomes more and more serious. The 
earth's EM environmental background noise is shown below, in Fig1.  

 
Fig1. Level of background EM noise [4] 

As shown in the figure above, we can see that the increase of electronic equipment causes the change 
of spectrum utilization and spectrum noise. The appearance of VLC makes it possible to develop an 
innovative method to solve the problem of EMC in digital operating room. 

With the architectural design of hospital and digital operating room, it is found that hospital operating 
room meet VLC requirement, no daylight and only artificial light. Therefore, in the research work of this 
paper, the possibility of using VLC in digital operating room to solve EMC problem is preliminary 
experimented and evaluated in a real world. 
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2. METHOD  

The operating room always uses artificial lighting system and is a good place for VLC usage 
without interference of sunlight. With the increase of digital equipment, digital operating rooms are 
plagued by more and more radios interference. This situation will affect the safety of surgery and 
the patient's healthy with pacemaker and other important equipment inside the body. In the 
experiment, the project team with both electronic engineering ability and medical license, deploys 
VLC system in a real digital operating room and verified the effectiveness of VLC in operation. 

The application experiment consists of two tasks: 

 Verify the digital operating room environment can support video-level VLC applications. The 
light source in the operating room will not interfere with the video transmission of the VLC 
system. 

 Verify the multi-emission source technology can be used to ensure that the VLC senders (8 
in the experiment) would not be completely blocked by the body of the doctor and nurse 
during the operation.  At least one transmitter of VLC system can work to maintain the 
communication functions. 

For task one, shadow less operating lamp is modified as VLC receiving unit (Signal receiving 
module), the core receiving and control module of VLC system. Shadow less operating lamp, as 
the lighting source in the operating room, can theoretically produce a full range of transceiver 
without dead angle and solve the problem of visible light interruption caused by shading. The 
system is shown in Fig2. The sender of VLC video system is integrated with shadow less 
operating lamp. 

 
Fig2. VLC video transmission system used in the digital operation room 

For task two, in the operating room, eight potential device deployment points install the VLC 
sender (Signal transmitting module) module. In one hour simulated operation, the interference of 
doctors and nurses with VLC system at different locations was simulated. Experiment data are 
collected comprehensively as in Fig 3. 
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Fig3. Eight potential device deployment points to verify the VLC video transmission continues in the 

digital operation room 

3. RESULT 

The application of the VLC technology in the digital operating room achieved preliminary results. The 
experiment proved that it was feasible to carry out two-way data transmission through the multi-
transmitting point method in the actual operation when shadow less operating lamp are used as the 
arbiter control. The communication would not be interrupted or interfered by the movements of doctors 
and nurses. 

4. CONCLUSIONS 

The experiment of VLC technology in the digital operating room proved that VLC can be well applied in 
the digital operating room, especially relying on shadow less operating lamp as the base station. VLC 
is a potential way to reduce electromagnetic interference, maintain the safety of patients' implantable 
electronic devices, and improve the security of communications in digital operating rooms and medical 
environments. Particularly, shadow less operating lamp is the natural VLC centre in the operating room. 

5. FUTURE WORKS 

The current combination method of the VLC system and shadow less lamp is unacceptable in the real 
operating room. Cooperation with the manufacturers of medical devices is needed to develop a 
customized shadow less lamps that support VLC which will meet the requirements of aseptic treatment 
in the operating room.  
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ABSTRACT

The rapid development of nighttime lighting in Chinese cities has led to a significant increase
in the number of LED advertising screens in different lighting environments, causing excessive
light intrusion into surrounding residential buildings, directly or indirectly affecting the physical and
mental health of surrounding residents. Therefore, 22 LED advertising screens from five cities in
China were selected for subjective and objective research. Based on the mixed urban layout of
commercial and residential areas in China, the basic background brightness ranges for different
lighting environment zones were given, and the basic data of LED advertising screen light
intrusion was mastered. Six influencing factors of LED advertising screen light intrusion were
determined. In order to control the main influencing factors and propose reasonable setting
suggestions, a computer simulation analysis experiment was designed using orthogonal
experimental method. The ranking of the influence weights of each factor was obtained as follows:
screen brightness>screen area>horizontal linear distance between screen and window>relative
vertical height>horizontal angle between screen and window surface normals>background
brightness, with screen brightness and area having the greatest impact. Provide guidance for the
setting of LED advertising screens in different lighting environment areas.

Keywords LED advertising screens, The windows of residential buildings, Light trespass,
Light environment partitions, Relative position relationships

1. INTRODUCTION

Against the backdrop of rapid urbanization, the urban night lighting industry in China has
developed rapidly, and the urban night light environment is becoming increasingly bright.
Traditional lighting methods are gradually being replaced by light emitting diodes (LEDs), which
has led to a diversification of types and forms of urban night scene lighting. Due to the needs of
commercial promotion, a large number of LED advertising screens are installed[1], which do not
control the number and location of settings, do not control the screen size, brightness, and color,
and even add dynamic images for promotional purposes [2]. The problem of high-frequency
flashing screen images is becoming increasingly apparent, leading to a large amount of light
pollution on LED advertising screens, leading to abnormal environmental light and dark cycles,
and affecting the ecosystem Human health[3] and even astronomical observation activities bring
enormous pressure.

Nowadays, LED advertising screens are spread throughout various areas of human activity,
including urban parks, community center road intersections, building facades, and even rural
squares. As a result, the problem of visual intrusion[4][5][6] on residents, road drivers, nighttime
travelers, and activity groups near the advertising screens is becoming increasingly common and
serious. According to statistics, in some cities' environmental complaint cases, the number of
complaints about light pollution is increasing year by year, and the causes of light pollution are
mostly directed towards LED advertising screens. The research on LED advertising screen setting
and light pollution control at home and abroad mainly focuses on setting suggestions[7] on
controlling its brightness, opening and closing time, Switching frequency, etc., as well as providing
limit reference for LED advertising screen brightness according to environmental zoning and
screen area division. In theoretical research, more efforts are made to avoid its impact on human
visual comfort[8], road drivers[9]and pedestrians[10] The residents of surrounding residential
buildings[11][12] have an impact. In the relevant research on residents in residential areas, it
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focuses on exploring the subjective impact of various factors on residents[13][14], and achieves the
goal of reducing light pollution by controlling the influencing factors. The research method is
mainly based on on-site inspection and research, as well as subjective evaluation experiments,
supplemented by software simulation and other methods. However, in previous studies, there has
not been much research on LED advertising screens with different lighting environment zones,
and there has been no consensus on the zoning standards and recommended brightness limits
for different areas formulated by relevant regulations[15][16][17][18] . At the same time, there has been
less consideration of discussing the location relationship with the intrusion source in residential
building light intrusion research.

At present, the restrictions on outdoor lighting light pollution in China [19][20][21]and the
restrictions on LED display screens[22] both refer to the CIE Technology No. 150[15] regulations,
and their division of environmental areas is more based on foreign urban layout models. However,
there is a mixed commercial and residential urban layout characteristic in China, which leads to a
greater impact of LED advertising screens on the windows of surrounding residential buildings.
Therefore, further research is needed on the setting standards of domestic LED advertising
screens based on different lighting environment zones.

2. METHODS

2.1 TESTING AND RESEARCH ON TYPICAL SCENARIOS OF LED ADVERTISING
SCREENS FOR LIGHT INTRUSION IN RESIDENTIAL AREAS

On site data monitoring on light intrusion of 22 LED advertising screens in five cities of
Hangzhou, Guangzhou, Chongqing, Beijing and Nu Cygni, the LED advertising screen location
shall be selected based on covering as many light environment areas as possible, and in areas
with large population flow or easy to disturb people in surrounding residential areas, while
ensuring the diversity of types of intrusion.

2.1.1 QUESTIONNAIRE INVESTIGATION

In order to fully grasp the current views of residents in residential buildings on the installation
of LED advertising screens, understand the specific impact of LED advertising screens on
surrounding residents, the types of activities that affect residents, and the tolerance of residents to
various factors that cause light intrusion by LED advertising screens, identify the factors that have
a significant impact and conduct key research, providing theoretical support for subsequent on-
site measurement and simulation research.

The survey questionnaire mainly aims to understand the personal situation, home activity
habits, and subjective feelings related to LED advertising screen light intrusion of the survey
subjects. The light intrusion evaluation in the questionnaire design mainly starts with the overall
intrusion degree and various possible intrusion factors. According to the residents' possible daily
feelings, the LED advertising screen brightness, screen Switching frequency, area, relative
position with the window, broadcast content, lighting time and other influencing factors are
screened out to understand the impact of various factors on residents. The Likert scale is used to
set up questions related to satisfaction and impact. A total of 233 questionnaires were distributed
and 214 valid questionnaires were collected. Gender balance of the surveyed subjects; Balanced
coverage of age groups; Eye health conditions vary and are covered.

2.1.2 ON SITE TESTING

Referring to relevant domestic regulations[24], it is divided into two forms: single frame image
type (with a single image staying for too long) and rolling video type (with a continuous playback
image), based on the area of LED advertising screens.

(1) LED advertising screen brightness:

For advertising screens with an area less than or equal to 2m2, select at least 6 measurement
points; If the advertising screen area is greater than 2m2, at least 9 measurement points should
be selected. The tester is located in the area affected by the interference of the LED advertising
screen. The single frame image measurement uses a point brightness meter (CL10W) to conduct
a 9-point brightness test on the single frame image played by the LED advertising screen, and
record the data results. Rolling video measurement uses a brightness meter to continuously
measure the same measurement point at equal time intervals (20s~60s), with 6 readings taken at
each measurement point and 54 readings taken at 9 measurement points. After the test is
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completed, a single frame image measurement can be used to supplement the testing of single
frame images that appear multiple times and stay for a long time on the advertising screen.

(2) Illuminance of the measuring point window disturbed by LED advertising screen

The tester stands at the window interfered by the LED advertising screen and adopts the
"center layout method" to divide the outdoor surface of the bedroom window into rectangular grids,
with the center point of each grid being a vertical illuminance measurement point. If the window
area is less than 1m2, at least 6 measuring points should be selected; If the window area is
greater than or equal to 1m2, at least 9 measuring points should be selected; And evenly arrange
the measuring points. The single frame image measurement tester is tested synchronously with
brightness, and the rolling video measurement is conducted continuously at equal time intervals
(20s~60s). Each measurement point is read 6 times, and 6 or 9 measurement points are read 36
or 54 times.

(3) LED advertising screen playback content and playback method

Using camera photography and video recording functions to record the playback content and
format of LED advertising screens (single frame image type, rolling video type).

(4) LED advertising screen size

The tester chooses Leica Disto D5), tape measure, step measurement, visual inspection and
other methods to measure the length and width of LED advertising screen according to the actual
situation, and calculate its area.

(5) Relative position relationship between LED advertising screen and measuring point

The relative position relationship between the LED advertising screen and the measuring point
includes the horizontal straight distance, the horizontal angle between the measuring point and
the surface normal of the LED advertising screen, and the vertical height from the bottom of the
LED advertising screen to the measuring point.

(6) LED advertising screen surrounding background brightness

Due to the specific study of LED advertising screen light intrusion based on different light
environment zones, the background brightness around the LED advertising screen should be
synchronously measured during the research.

Referring to the previous research[2] , the
background range is defined as the nine grid area
centered on the LED advertising screen (Figure 1).
The Sky brightness, building facade brightness,
outdoor advertising and signs brightness, road
brightness, etc. included in the background range are
measured uniformly, and the average value is
calculated according to the proportion of each part in
the background range, which is used as the
background brightness (Lb) of the LED advertising
screen. Refer to the following equation (1):

Figure 1 Definition of the Background
Range of LED Advertising Screen

Lb = γ × Ls + ρ × Lbuild + ε × Lsign + τ × Lr γ+ ρ+ ε + τ = 1 (1)

In the formula: Lb background brightness,cd/m2;Ls Sky brightness, cd/m2; Percentage
of sky area within the background range,%; Lbuild Building facade brightness,cd/m2;
Percentage of building facade area within the background range,%;Lsign Outdoor advertising
and signage brightness,cd/m2; Percentage of outdoor advertising and signage area within the
background range,%; Lr Road brightness, cd/m2; Percentage of road area within the
background range,%

2.1.3 DIVISION OF LIGHT ENVIRONMENT AREAS

This article focuses on the previous research and standardization of CIE150[16], which
divides the light environment into E1 (dark area), E2 (low brightness area), E3 (medium
brightness area), and E4 (high brightness area) based on the mixed commercial and residential
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urban layout in China. The division criteria are shown in Table 1. Dividing and defining the
functional areas of the 22 research points mentioned above is more in line with China's urban
planning model, and can provide a more comprehensive foundation for further research on the
standardization of LED advertising screen settings.

Table 1 Division of Light Environment Areas

Light environment
zoning

E1 (dark
area)

E2 (low brightness
area)

E3 (medium
brightness area)

E4 (high brightness
area)

Division basis(The
level of prosperity in
the surrounding area)

Not bustling,
shops and
pedestrian
flow scarce

Moderate, with
some shops and
low pedestrian

flow

Busy, with many
shops and high
pedestrian flow

Extremely bustling,
with numerous
shops and high
pedestrian flow

Research points / 1;12;20 2;3;4;5;10;11;21;2
2

6;7;8;9;13;14;15;16;
17;18;19

Functional Zone
Industrial and
residential
areas

Residential, office,
and commercial

areas

Residential, office,
and commercial

areas

Residential, office,
and commercial

areas

2.2 RESEARCH ON INTRUSION SIMULATION OF SCENE SETTING CONDITIONS FOR
URBAN LIGHT ENVIRONMENT ZONING

2.2.1 Simulation process

This article mainly studies the light intrusion of residential windows by factors such as LED
advertising screen brightness, area, relative position with the window, and background brightness.
Due to the fact that the "vertical illuminance of the exterior surface of residential building windows"
(hereinafter referred to as "illuminance at the window") is an important indicator for determining
the degree of visual interference among residents, and has been clearly defined as a limit in
China's industry standard[20], this article
calculates the illuminance value at the
window using simulation software and
judges the degree of window interference
based on specifications.

The simulation adopts the software
GWLE2015 developed on AutoCAD,
which utilizes the principle of LED display
Lambert body luminescence to divide the
LED screen into several small pieces,
and uses the segmented center point as
the Lambert body point light source for
simulation calculations. By setting the
light source surface, the average
illumination of building windows disturbed
by LED advertising screens can be
accurately calculated.

Figure 2 The specific model construction and process

2.2.2 Setting of influencing factors

The main source of intrusion in typical intrusion light models is LED advertising screens, and
the intrusion factors of this intrusion source include advertising screen brightness, background
brightness, advertising screen size, and relative position with the object being invaded. This
simulation is set to static light intrusion mode.

In order to reduce the visual intrusion on the window under the LED advertising screen, this
paper establishes a Relational model between the typical position of the LED advertising screen
and the affected window as shown in Figure 3 for simulation and discussion. Based on field
research, questionnaire survey, and literature review, determine the LED advertising screen area
S (m2), the horizontal straight distance L (m) between the LED advertising screen and the window,
the brightness Ws of the LED advertising screen (cd/m2), and the horizontal angle between the
LED screen and the window surface normal ,The vertical height H (m) of the LED advertising
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screen relative to the window and the background brightness Wb (cd/m2) are the main factors that
affect the window illumination value. Simulation research mainly focuses on these six influencing
factors.

Figure 3 Relational model between LED advertising screen and the typical position of the disturbed window

(1) LED advertising screen area S

According to the actual survey results, the area of LED advertising screens ranges from
1.6m2 to 367.5m2 (with lengths ranging from 1.6m to 35m and heights ranging from 1m to 14m),
and most of them are above 25m2. The simulated LED advertising screen is set to have an area
range of 25m2~400m2. It is divided into five steps by Geometric progression. The boundary area
is set to be 25m2, 50m2,100m2,200m2,400m2, and the length height ratio is set to 2:1.

(2) Horizontal straight-line distance between LED screen and window L

According to on-site research data, the horizontal straight distance between LED advertising
screens and the affected window is between 28 and 120.5m, and most of them are above 30m. In
most cases, LED advertising screens beyond 100m have a small impact[6], so a distance of
30~100m is selected for simulation, and the Arithmetic progression is graded into 5 steps. The
distance L is set as 30m, 45m, 60m, 75m and 90m respectively.

(3) Brightness of LED screen Ws

According to the actual measurement and research results, the brightness range of LED
advertising screens is between 0.25~5927cd/m2, with a large range. The brightness range values
come from certain extreme brightness values rather than average values, which is not
representative. Therefore, referring to the average brightness range of LED advertising screens
(164.34~3752.33cd/m2), the brightness division is carried out using 200~3200cd/m2 as simulated
values. The brightness of LED screen is set as 200cd/m2,400cd/m2,800cd/m2,1600cd/m2,
3200cd/m2 respectively by grading Geometric progression into five steps.

(4) Horizontal angle between LED screen and window surface normal

The measurement points selected in the research range from 0 to 60 from the horizontal
angle of the surface normal of the LED advertising screen. With the line of sight perpendicular to
the LED advertising screen as the axis, the visual perception of the window in the left and right
directions of the LED advertising screen is similar, so only a simulation point needs to be set on
one side of the LED advertising screen. According to the field survey results, the Arithmetic
progression is divided into five steps, and the angles are set as 0 , 15 , 30 , 45 and 60
respectively.

(5) Vertical height of LED advertising screen relative to window H

According to the actual survey results, the Elevation between the LED advertising screen
and the measuring point is between 1.4 and 21m, and most of the settings are based on the
height of multi-storey buildings above the ground. Therefore, the height from the bottom of the
LED advertising screen to the ground is controlled between the first floor and the fifth floor
(0~20m). With the single floor height (about 4m) as the tolerance, the Arithmetic progression is
graded into 5 steps, and the height from the ground can be set as 4m, 8m, 12m, 16m, 20m,
respectively, The relative vertical height between the actual window and the LED advertising
screen is also determined based on this value.

(6) Background brightness Wb
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The actual survey results show that the background brightness of LED advertising screen
varies from 0.75 to 68.36cd/m2, and is between 0 and 25cd/m2 except for very few cases.
Combining the simulation with the actual survey, the background brightness is set to be 0cd/m2,
6cd/m2,12cd/m2,18cd/m2,24cd/m2respectively by grading the Arithmetic progression into five
steps.

2.2.3 Simulation Experiment Settings

According to the scientific method of orthogonal experiments[24], this article conducts value
selection for various factors, aiming to select representative and typical appropriate points from a
large number of experimental points. By reducing the number of experiments and selecting
representative experiments, complete the experimental tasks.After design, a total of 25 equivalent
simulation experiments are required for the 6 factors and 5 steps listed. The specific simulation
combination of the experimental design scheme is shown in Figure 4. Model 25 sets of LED
advertising screen light intrusion scenarios selected through orthogonal experimental schemes,
as shown in Figure 5.

Figure 4 Simulation combination of
orthogonal experimental design scheme

Figure 5 Schematic diagram of simulation model creation

3.ANALYSIS OF RESULTS

3.1Questionnaire data analysis

(1) 42.6% of respondents reported being strongly disturbed by LED advertising screen light, while
only 10.3% of respondents reported being insensitive to the light intrusion generated by LED
advertising screens outside the window;

(2) The surveyed subjects engage in a variety of activities in rooms facing LED advertising
screens, and all activities are subject to varying degrees of intrusion from LED advertising
screens. Among them, they are more susceptible to light intrusion during rest, sleep, and work
and learning that require focused attention.

(3) The brightness of LED advertising screens is the most intrusive to the respondents; In addition
to brightness, the factors that have a greater impact are area, distance from the screen, horizontal
angle with the normal of the screen surface, contrast with background brightness, and screen
switching speed. Therefore, in field measurements, the above factors should be emphasized.
Whether the content is dull or not has a relatively small impact on the respondents.

Therefore, it is recommended to control the brightness of the screen first in the setting of
LED advertising screens; Secondly, appropriately reduce the screen area, set the screen as far
away from residential building windows as possible, twist the angle to avoid facing the window in
a large area, and avoid setting high brightness advertising screens in situations where the
background is too dark; In addition, the screen switching speed of LED advertising screens
should be controlled; If there is spare time, you can choose more interesting and attractive
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playback content, reduce the aversion of surrounding residents to dull content, and control the
opening and closing time of LED advertising screens to avoid continuous light pollution in the late
night.

3.2 Research data analysis

(1) Based on the level of bustling surrounding environment and background brightness, the light
environment can be divided into different zones to make it more suitable for the urban layout
model of mixed commercial and residential areas in China;

(2) According to the measured brightness data, there are 9 screens that exceed the standard;
According to the measured illuminance data at the measuring points, there are 19 screens that
exceed the standard. This indicates that although some screens have their brightness controlled
within the specified limits, other reasons such as large area, close proximity to the measurement
point, background brightness, and surrounding stray light may cause the illumination value of LED
advertising screens at the measurement point to exceed the standard, leading to light pollution. It
has been found that the current regulations and previous studies that only specify brightness
limits are insufficient to control the light pollution of surrounding residential buildings. In the future,
more factors should be explored to influence the degree of light intrusion.

3.3 Weight analysis of influencing factors

Simulate 25 sets of LED advertising screen light intrusion scenarios selected through
orthogonal experimental schemes, and the results are shown in Table 6.

Table 6 Simulation Results of Orthogonal Experimental Schemes

Serial
number

Illumination at the
window (lx)

Serial
number

Illumination at the
window (lx)

Serial
number

Illumination at the
window (lx)

01 5.35 02 5.05 03 5.00

04 5.00 05 4.73 06 17.38

07 10.46 08 11.27 09 28.64

10 1.94 11 47.26 12 74.91

13 75.21 14 3.27 15 4.11

16 171.16 17 272.98 18 13.79

19 6.81 20 19.34 21 699.50

22 24.63 23 42.59 24 63.15

25 66.24 / / / /

The processing and analysis of the experimental results obtained in the orthogonal
experimental design method are shown in Table 7. The first columns I, II, III, IV, and V in the table
respectively represent the sum of simulation results when the LED advertising screen area is
taken as 25m2, 50m2, 100m2, 200m2, and 400m2; The I, II, III, IV, and V in the second column are
the sum of the simulation results when the horizontal linear distance between the screen and the
window is taken as 30m, 45m, 60m, 75m, and 90m, respectively. The rest of the results are
similar. Then subtract the extreme values of all I~V values of the same factor to obtain the
corresponding T values of each factor. By comparing the T values, the influence weights of
different influencing factors can be analyzed.

Table 7 Weight analysis of various influencing factors

Test
number Screen area

Straight line
distance

from window

Screen
brightness

Horizontal
angle

Relative
vertical
height

Background
brightness

Ⅰ 25.13 940.65 48.98 170.83 356.86 164.07

Ⅱ 69.69 388.03 75.94 316.51 160.98 738.43

Ⅲ 204.76 147.86 145.21 364.87 788.16 233.54

Ⅳ 484.08 106.87 328.58 732.86 141.56 369.77

P.306



14th Asia Lighting Conference (Tokyo, Japan)

8

Test
number Screen area

Straight line
distance

from window

Screen
brightness

Horizontal
angle

Relative
vertical
height

Background
brightness

Ⅴ 896.11 96.36 1081.06 94.7 232.21 173.96

T 870.98 844.29 1032.08 638.16 646.60 574.36

The following conclusions are obtained through calculation:

(1) Among the six factors that affect window illumination, the order of degree of influence is
screen brightness>screen area>horizontal linear distance between screen and window>relative
vertical height>horizontal angle between screen and window surface normals>background
brightness. The brightness of the LED advertising screen has the greatest impact on the
illumination at the window, while the background brightness of the LED advertising screen has the
smallest impact on the illumination at the window;

(2) As the brightness and area of the LED advertising screen increase and the background
brightness increases, the illumination at the window increases, and residents are more affected
by the interference of the LED advertising screen.

(3) As the distance between the LED advertising screen and the window, the horizontal
angle with the window surface normal, and the relative vertical height with the screen increase,
the illumination at the window decreases, and residents are less affected by the interference of
the LED advertising screen.

(4) The relative vertical height between the LED advertising screen and the window, the
horizontal angle between the surface normal, and the background brightness have little impact on
the illumination value at the window, with the background brightness having the smallest impact.

4.CONCLUSION

This study conducted a subjective questionnaire survey on the light intrusion of residents
around LED advertising screens, in order to understand the activity behavior characteristics of
surrounding residents, their subjective feelings and degree of intrusion towards LED advertising
screen light intrusion, the types of activities affected by intrusion, and the specific manifestations
of intrusion, And through the Likert scale, we learned that the subjective evaluation of the weight
of each possible factor that may cause light intrusion to LED advertising screen by residents is:
screen brightness>screen area>window to screen distance>horizontal angle between window and
screen surface normal>brightness contrast with background>screen switching speed>playing
content.

Complete on-site research and measurement of 22 LED advertising screens in five cities in
China, and divide the lighting environment areas (E1~E4) that are more suitable for the mixed
layout of commercial and residential areas in China based on the bustling surrounding
environment and background brightness; At the same time, understand the current situation of
LED advertising screens invading residential buildings in China, and obtain basic data such as
LED advertising screen brightness, area, relationship with surrounding residential building window
positions, background brightness, illuminance, etc., to provide data support for subsequent
simulation research.It is found that only the brightness meeting the specification can not
completely control the light intrusion to the window, so other factors such as area and relative
position should be considered simultaneously. The orthogonal experiment method was used to
design the weight simulation experiment of LED advertising screen light intrusion effect. Six
factors were selected: LED advertising screen brightness Ws, area S, horizontal linear distance
from residential building window L , horizontal Angle from window surface normal , relative
vertical height H, background brightness Wb, and the illumination of the window was simulated.
The weight of the influencing factors is sorted as follows: screen brightness > screen area >
horizontal straight distance from the window > relative vertical height > horizontal Angle >
background brightness, so it is recommended to first control the brightness and area of the LED
advertising screen; In summary, it is suggested that when controlling the LED advertising screen,
the relevant specifications should give priority to controlling the brightness and area of the LED
advertising screen, and mainly control the brightness level of the LED advertising screen to
reduce the interference to the window.
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THE INTERVENTION EXPERIMENT OF LIGHTING IN WORKING 
SPACES ON HUMAN EMOTIONS 

Yi Su, Weiwei Chen,Yaowu Yang 
SPT Lighting Co., Ltd., Jiangsu, China  

ABSTRACT 

This study is aimed at people who work continuously in a fully artificial lighting 
environment. In the interval of work, different LED lighting environments are given to observe 
their mental state, emotional changes, work quality and efficiency. Here, we set up three 
different experimental schemes by adjusting the LED parameter configurations, e.g. color 
temperature, blue light proportion and luminous intensity. The experimental results make it 
clear that the blue-rich and strong lighting environment before starting work should increase 
the excitement level of employees, and then possibly improve work efficiency and reduce 
operation mistake.  

Keywords: Fully artificial lighting environments, LED parameter configurations, Excitement level. 

1. INTRODUCTION

Nowadays, the confined spaces, all of which are illuminated by artificial light, are
required for many working environments, such as isolated laboratories, clean workshops, etc. 
In the design of these artificial lighting environments, people only consider functional lighting 
and often overlook non-visual light, which not only easily leads to work fatigue of operators, 
but also affects people's emotions. A good lighting environment can improve people's visual 
and non-visual effects, and many studies on this aspect have been carried out and further 
prove this point. Recently, the efforts that the exposure level of the artificial light is regulated 
in preparation of the work, have been already taken to discuss the possibility of blocking the 
work fatigue of the assembly-line operators. As previously reported, the light exposure 
experiment in the assembly-line workshop lounge illuminated by the artificial light was carried 
out to observe the changes in the alertness, attention and mood of the assembly-line workers, 
where three luminous intensities and two color temperatures were set up.1 Herein, our study 
is only for the specific workers in a fully artificial lighting environment. A certain amount of 
lighting intervention at the working interval is provided for observing their psychological and 
physiological changes, which is a main part of our researching project named "The research 
of light on employee health". In this study, we concentrate on studying the changes in the 
participants' working quality and efficiency after such lighting intervention at the working 
interval.  

2. EXPERIMENTAL DETAILS

The participants are a group of operators who are engaged in the quality inspection of 
chemical pharmaceutical bottles. In a completely closed clean room, they are responsible for 
sorting out unqualified ampoules from a batch of products to be inspected, which is a routine 
work of the drug inspection line in the pharmaceutical factory. The LED parameter 
configuration in the regular working environment is shown as No.1 of Table 1, which meets 
the national standards and production requirements. Meanwhile, the LED lighting conditions 
at working intervals are shown as No.2 and No.3 of Table 1, respectively. And on this basis, 
we set up three different experimental schemes as follows. 
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Table 1. The LED parameter configurations in different lighting environments.  

Serial NO. Color 
temperature  

Blue light 
proportion GCRI Luminous 

intensity  
Uniformity of
 illuminance UGR 

NO.1 4500 K 15% 80 300 cd 0.7 19 
NO.2 4000 K 5% 80 150 cd 0.6 19 
NO.3 6000 K 25% 80 1000 cd 0.6 19 

Notes: GCRI represents general color rendering index. UGR is the abbreviation for 'Unified glare rating'. 

3. RESULTS AND DISCUSSION 

Experimental scheme 1: The experimental participants are ten skilled workers and engaged 
in the same work as the above mentioned. After two hours of continuous work in the production 
line, 10 minutes available for rest were provided for them under completely unchanged lighting 
environment (No.1 of Table 1). Subsequently ten participants were arranged to detect unqualified 
ones from 1000 bottles, where 1% unqualified ones were intentionally mixed. The experimental 
results are illustrated in Table 2. 

Table 2. The  results  based on experimental scheme 1. 

Serial  
NO. 

Total 
amount 

Unqualified
 amount 

Pass 
rate 

Fallout 
rate Sampling time /minute 

1 1000 9 90% 0% 13.50  
2 1000 10 100% 0% 14.20  
3 1000 11 100% 10% 13.70  
4 1000 10 100% 0% 14.50  
5 1000 10 100% 0% 14.20  
6 1000 9 90% 0% 15.20  
7 1000 10 100% 0% 13.90  
8 1000 10 100% 0% 13.70  
9 1000 10 100% 0% 14.60  
10 1000 10 100% 0% 14.50  

Average 1000 /  98% 1% 14.20  

Experimental scheme 2: Ten participants conducted two hour periods of work under the 
lighting environment (No.1 of Table 1), and then took a 10-minute break under the another lighting 
environment  (No.2 of Table 1). After this short rest, they went on with the same task, that is, to 
detect unqualified ones from 1000 bottles involving 1% unqualified rate. The experimental results 
are shown in Table 3. 

Table 3. The acquired results on basis of  experimental scheme 2. 

Serial  
NO. 

Total 
amount 

Unqualified
 amount 

Pass 
rate 

Fallout 
rate Sampling time /minute 

1 1000 10 100% 0% 13.80  
2 1000 11 100% 10% 13.50  
3 1000 10 100% 0% 13.70  
4 1000 10 100% 0% 14.20  
5 1000 10 100% 0% 14.20  
6 1000 11 100% 10% 15.20  
7 1000 9 90% 0% 14.20  
8 1000 10 100% 0% 13.50  
9 1000 10 100% 0% 14.20  
10 1000 10 100% 0% 14.50  

Average 1000 /  99% 2% 14.10  

Experimental scheme 3: After two hours of continuous work under the lighting environment 
(No.1 of Table 1), ten participants were firstly scheduled a five-minute break under the lighting 
environment involving a low proportion of blue light and low illumination intensity (No.2 of Table 1), 
and then went on with a five-minute break under the another lighting environment with 
a particularly high proportion of blue light and high illumination intensity (No.3 of Table 1). After 
that, they conducted the same work to detect unqualified ones from 1000 bottles containing 1% 
unqualified rate. The experimental results are shown in Table 4. 
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Table 4. The experimental results according to scheme 3. 

Serial  
NO. 

Total 
amount 

Unqualified 
amount 

Pass 
rate 

Fallout 
rate Sampling time /minute 

1 1000 10 100% 0% 12.50  
2 1000 10 100% 0% 13.20  
3 1000 10 100% 0% 13.20  
4 1000 10 100% 0% 13.60  
5 1000 10 100% 0% 14.10  
6 1000 10 100% 0% 13.80  
7 1000 10 100% 0% 14.00  
8 1000 9 90% 0% 13.20  
9 1000 10 100% 0% 14.20  

10 1000 10 100% 0% 14.20  
Average 1000 / 99% 0% 13.60  

By contrast between Table 2 and Table 3, the specific lighting environment at the working 
intervals, that  possesses a low proportion of blue light and low illumination intensity, provides the 
employees with a possibility to relieve fatigue. Furthermore, the experimental results of Table 4 
are detailedly compared with ones of Table 3. Before starting work, introducing the blue-rich and 
strong lighting environment (the experimental scheme 3 ) should increase the excitement level of 
employees, and then possibly improve work efficiency (sampling time) and reduce 
operation mistake (fallout rate). With these findings, this study may open an attractive direction for 
a wide range of design possibilities in terms of LED lighting environments at the working intervals.  

4. CONCLUSION 

Long-term working in an artificial lighting environment enables the workers to feel tired, and 
even causes decreased visual function or discomfort, which directly leads to a decline in work 
quality and efficiency. According to the above three different experimental schemes, the acquired 
results show that the lighting intervention at working intervals, especially the blue-rich and 
strong lighting, is capable of increasing the excitement level of workers, and then potentially 
improving work quality and efficiency. The experiment is still in progress, the report is only our 
periodic work, and the results need to be verified in future studies. 
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ANALYSIS OF TRANSMITTANCE BY LED WAVELENGTH TO 
IMPROVE ROAD LIGHTING VISIBILITY IN FOG CONDITIONS

Ji-myung Kim*, Sung-gi Chae*, Yo g-ju Cho*, Meeryoung Cho*, An-seop Choi**

Korea Photonics Technology Institute (KOPTI)*, Sejong University**

ABSTRACT 
The purpose of this study is to find the best road lighting spectral distribution for foggy conditions. 

As a result of analysis, the visibility of each wavelength band in the fog situation targeting the 
currently used street light, the fog transmittance increased as the long wavelength regardless of the 
street light color. For future studies, in order to increase the accuracy of the test results, it is planned 
to secure data on the radiant flux reduction rate by wavelength through experiments on various fog 
generation conditions and lighting fixtures of various colors in the future.

Keywords: fog, road lighting, radial flux decreasing rate

1. INTRODUCTION
Road lighting plays a role in helping driving by recognizing the lanes of the road and the shape

of the road through the light emitted from lighting fixtures not only at night when there is no light, 
but also in environments where it is difficult to secure visibility due to tunnels and specific weather 
conditions. However, it is difficult to secure forward visibility in foggy conditions, increasing the risk 
of traffic accidents. Therefore, it is necessary to develop a light source to secure the driver's visibility 
in a foggy environment.

This study aims to secure basic data for the development of light sources suitable for fog 
conditions by analyzing the spectral power reduction rate by wavelength in fog conditions by color 
temperature of lighting fixtures.

2. METHODS
2.1 Measurement overview

In this study, measurements were performed using a smog generator and a steam generator 
made of actual moisture particles to reproduce the fog situation. The LED lighting used is a module 
that can be changed to Cool White (correlated color temperature 4,800K) and Warm White 
(correlated color temperature 3,000K) in one module, and the correlated color temperature variable 
is driven by turning on/off each different LED PKG. The measurement conditions were set as in 
Table 1.

Table 1. Measurement conditions

Fog generation 
method

Visibility distance measurement result
measurement space

No fog Fog

CASE 1 Smog 2400m 50m large dark room
(W120m*D20m*H13m)

CASE 2 Steam 2400m 50m small chamber
(W3m*D3m*H2m)

Used Equipment
Visibility system: Biral SWS-100

Measuring equipment: Spectroradiometer (CL-500A)
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The characteristics of the light source used in the study are as follows in Table 2.  

 
Table 2. Optical characteristics analysis 

 Color temperature conversion LED PKG 

 3,000K 5,000K 

Measurement image 

Luminous flux (lm) 1,515 1,494 

Efficiency (lm/W) 65.29 63.69 

Power Factor 0.96 0.96 
Correlated color 
temperature (K) 3,015 5,018 

 

2.2 Case 1: Smog generation method 
The measurement using the smog generator reproduced the fog generation situation in the large 

dark room, and the visibility distance was confirmed by installing the visibility meter. In order to 
measure the radiant flux reduction rate by wavelength in the fog situation, a spectral irradiance 
meter (CL-500A) was installed at an interval of 8m directly below the lighting, and the spectrum for 
each color temperature was repeatedly measured 10 times before and after the fog situation, and 
the average value of the radiant flux for each wavelength compared. 

   

Figure 1. The measurement method using a smog generator 

2.3 Case 2: Steam generation method 
The measurement using the steam generator reproduced the fog generation situation in a small 

chamber, and the visibility distance was confirmed by installing a visibility meter. In order to 
measure the radiant flux reduction rate by wavelength in the fog situation, a spectral irradiance 
meter (CL-500A) was installed at a distance of 1 m from the lighting, and the spectrum for each 
color temperature was repeatedly measured 10 times before and after the fog situation, and the 
average value of the radiant flux per wavelength was measured compared. 
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Figure 2. The measurement method using a steam generator 
 

2.4 Measurement results 
As a result of analyzing the reduction rate by the wavelength of radiant flux by reproducing the 

fog situation using the smog generator in case 1, It was confirmed that the longer the wavelength 
from 410 to 720(nm), the smaller the radiant flux decreases. However, 360 409 [nm] and 720 780 
[nm] were excluded due to the significant deviation from the small measured radiant flux. And it was 
confirmed that Warm White had a higher reduction rate than Cool White. 

 
Figure 3. Radiant flux reduction rate graph using smog generator method 

 

As a result of reproducing and analyzing the fog situation using the steam generator of case 2, 
it was shown that the radiant flux decreased at a constant rate in the wavelength range from 400 to 
688 [nm]. The steam generator was also excluded from 360-409 [nm] and 720-780 [nm] due to the 
significant deviation due to the small amount of radiant flux measured. Contrary to case 1, it was 
confirmed that the reduction rate of Cool White was higher than that of Warm White. 
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Figure 4. Radiant flux reduction rate graph using the steam generator method 

 

3. CONCLUSION   
As a result of this study, in the smog generation method, regardless of color temperature, the 

longer the wavelength, the lower the radiant flux reduction rate, and it showed the characteristic of 
increasing the fog transmittance. However, a constant decreasing rate was maintained in the steam 
generation method. This difference in the rate of decrease occurred as a result of the difference in 
scattering characteristics of the smog-type particles used to reproduce the fog and the moisture 
particles of the steam-type method.  

However, this paper is the result of a preliminary experiment measured using only two fog setting 
conditions and two correlated color temperature settings, respectively. Therefore, future studies are 
planned to supplement the experimental results by comparing the difference in ie scattering 
characteristics with various conditions of fog density, particles, and correlated color temperature. 
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ABSTRACT:

Adolescent myopia has become the focus of the whole society, classroom lighting is one of the 

causes of students' myopia, the Yangtze River Delta region is demonstration area for 

classroom lighting transformation in China. However, requirements of the standard is difficult 

to achieve due to the complexity of classroom environmental facilities and the non-standard 

transformation construction. This paper tests the maintained average illuminance and 

uniformity ratio of illuminance of the desk and the blackboard, the correlated color temperature, 

color rendering index and unified glare rating of typical classrooms in the Yangtze River Delta 

region, then analyzes the reasons leading to low lighting quality in classrooms. The result

shows that the maintained average illuminance and uniformity ratio of illuminance of the 

blackboard and unified glare rating are the main parameters that affect the substandard quality 

of the classroom lighting. By selecting suitable luminaires, formulating reasonable design 

schemes and optimizing luminaire installation methods, etc., the quality of classroom lighting 

can be improved and students' visual health can be protected. By analyzing the problems 

existing in classroom lighting transformation, this paper proposes solutions to optimize 

classroom lighting quality, and provides guidance for classroom lighting transformation not only 

for the Yangtze River Delta region but also the whole of China.

Keywords: classroom lighting renovation; luminous environment of the classroom; illuminance 

of the blackboard ;unified glare rating; 

0 INTRODUCTION

In recent years, with the continuous increase in myopia rate and the emergence of younger 

PT-20

P.330



14th Asia Lighting Conference (Tokyo, Japan) 

 2 / 12 
 

age, the visual environment of adolescents has received widespread attention from society and 

government departments. More than 60% students in China spend their time in the classroom 

every day during their school years, so classroom lighting is an important factor affecting the 

visual development and health of adolescents[1]. Whether the quality of classroom lighting 

Compliances  standards has a significant impact on students' visual health and learning 

efficiency. The quality of the lighting environment affects students' physical health directly and 

a reasonable and high-quality luminous environment of the classroom can enhance students' 

learning enthusiasm. Therefore, ensuring a high-quality luminous environment of the classroom 

is crucial for students. 

Due to the former campus environment and long construction time of some classrooms, 

the complexity of related facilities in the classrooms has increased the difficulty of renovation. 

Additionally, non-standard renovation construction in some typical classrooms may indirectly or 

directly result in some parameters still not meeting the standard requirements. In response to 

the above issues, analyze and explore the corresponding problems arising from the renovation 

of different luminous environment of the classrooms, and provide corresponding adjustment 

plans and guidance suggestions to fundamentally improve the current problems in luminous 

environment of the classroom [2]. 

1 MEASUREMENT METHOD 

In accordance with the requirements of the national myopia prevention and control policy, 

according to DB31/T 539-2020, GB 7793-2010, GB/T 5700-2008 and GB 50034-2013, the 

maintained average illuminance of the desk, uniformity ratio of illuminance of the desk, 

maintained average illuminance of the blackboard, uniformity ratio of illuminance of the 

blackboard, light power density per 100 lx, uniform glare rating, correlated colour temperature, 

general colour rendering index Ra and the special colour rendering index R9 are tested. The 

test items and relevant limit requirements are shown in Table 1[3-6]. 

Table 1. Testing Items and Related Limit Requirements 
Number Testing items Limit 

1 maintained average illuminance of the desk ≥300 lx / ≥500 lx 
2 uniformity ratio of illuminance of the desk ≥0.7 
3 maintained average illuminance of the blackboard ≥500 lx 
4 uniformity ratio of illuminance of the blackboard ≥0.8 
5 Light power density per 100 lx ≤1.8 W/m2/100 lx 
6 Unified glare rating ≤16 
7 Correlated colour temperature 3300 K-5300 K 
8 General colour rendering index Ra ≥90 
9 Special colour rendering index R9 >50 

 

2 SUMMARY OF CLASSROOM SPOT CHECK DATA AND EXISTING PROBLEMS ON 
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SITE 

In the typical classrooms of primary and secondary schools and kindergartens sampled, 

the most problematic detection items are the uniformity ratio of illuminance of the blackboard 

and uniform glare rating. The main reason for disqualification of correlated color temperature, 

General colour rendering index Ra and Special colour rendering index R9 is the selection of 

luminaires, which can be avoided by selecting products with better quality. In the typical 

classrooms of primary and secondary schools being tested, preliminary size parameter 

research is particularly important, and corresponding simulations should be conducted based 

on the surveyed data and different acceptance standards in different regions. Insufficient 

research, lack of professional simulation, and unprofessional installation personnel can directly 

lead to issues such as low uniformity ratio of illuminance of the blackboard, high uniform glare 

rating, and certain safety hazards during installation. 

In the typical kindergarten classrooms tested, due to the complexity of the environmental 

facilities in the kindergarten classroom, the installation of lighting fixtures in the kindergarten 

classroom is often due to the artistic design of the ceiling or irregular shape of the classroom. 

The lighting fixtures cannot be uniformly arranged and installed in a regular manner, which is 

also an important factor that can easily lead to inconsistent glare values and classroom 

illumination uniformity in the kindergarten classroom. 

Based on the results of on-site testing and research, the typical classrooms tested mainly 

have the following issues: 

1. The problem of luminaire selection is the main reason that the unified glare rating, 

correlated color temperature, general colour rendering index and special colour rendering index 

are not up to standard; 

2. The installation position and angle of the blackboard are the main reasons for the 

unsatisfactory maintained average illuminance and uniformity ratio of illuminance of the 

blackboard; 

3. The issue of the installation position of classroom lights is the main reason why the 

unified glare rating, maintained average illuminance of the desk, and uniformity ratio of 

illuminance of the desk do not meet the standard; 

4. Safety hazards during on-site construction and installation. 

Below, we will focus on analyzing and exploring corresponding solutions to the above 

issues. 

3. OVERALL ANALYSIS AND IMPROVEMENT OF SPOT CHECK ISSUES 

3.1 Selection of Luminaires 
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In some schools, the optical parameters of the LED chips inside the lighting fixtures used 

in certain classrooms are poor. Improper selection of the LED chips inside the lighting fixtures 

can lead to the relevant optical and color parameters of the classroom lighting fixtures not 

meeting the standard requirements, as shown in Figure 1. At the same time, the optical 

components of such luminaires are mostly not subjected to anti glare treatment, and uneven 

light output can easily lead to excessive local brightness of the luminaires, resulting in low 

maintained average illuminance of the desk and poor uniformity ratio of illuminance of the desk. 

It is also easy to cause low background luminance of the ceiling, floor, and side walls in the 

classroom, resulting in high uniform glare ratings in the classroom. 

 

Figure 1. Classrooms with Poor Related Data 

The type of classroom lighting fixture shown in Figure 2 is an LED bulb. After actual 

measurement, it was found that its relevant optical and color parameters do not meet the 

standard requirements. In addition, the light source has a small luminous area and a large 

output per unit area, which can easily cause uniform glare rating too hight. 
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Figure 2. Classroom with LED light bulbs 

In summary, the selection of lighting fixtures in the classroom should choose lighting 

fixtures with high-quality LED chips, good overall optical parameters, and optical components 

that require anti glare treatment. On the basis of ensuring that the color related measurement 

indicators in the classroom meet the standards, the output of the lighting fixtures can be evenly 

distributed in the classroom, thereby increasing the maintained average illuminance of the desk, 

uniformity ratio of illuminance of the desk, and background luminance in the classroom. 

3.2 Blackboard illumination and uniformity issues 

In the on-site spot check, the insufficient number of blackboard lights installed in some 

classrooms (as shown in Figure 3) resulted in the average illumination and uniformity of the 

blackboard not meeting the standards. It is recommended to simulate the size of the blackboard 

before installing it, in order to determine the number of blackboard lights installed. 

 
Figure 3. Classroom with insufficient number of blackboard lights 
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When simulating and installing the blackboard luminaire, many manufacturers' installation 

drawings only provide the distance between the blackboard luminaire and the upper edge of 

the blackboard. It was not considered that there are significant differences in the types and 

sizes of different blackboards and supporting electronic teaching equipment in actual 

installation. 

The width of the blackboard has an impact on the placement of the testing points for the 

illumination of the blackboard luminaire (as shown in Figure 4). So in order to avoid measuring 

the average illumination and uniformity of the blackboard as much as possible, on the basis of 

meeting the standard that the blackboard luminaire is 0.2m higher than the upper edge of the 

blackboard, the vertical distance between the lower edge of the blackboard luminaire and the 

horizontal centerline of the blackboard should be considered during installation to prevent 

installation errors caused by different widths of the blackboard in the design of the lighting 

fixtures. At the same time, the distance between the two lights of the blackboard luminaire and 

the horizontal distance between the edge of the blackboard luminaire near the blackboard 

surface should also be determined. 

 
Figure 4. Effect of Different Blackboard Widths on the Distance from Blackboard 

Measurement Points to Blackboard Luminaire Installation 

At the same time, it should also be considered that the height and size of different 

projectors equipped with different blackboards may affect the installation position of blackboard 

lights. Therefore, simulation of the installation of blackboard lights can be conducted based on 

the projector position to ensure that the test results meet the standard requirements. During 

on-site testing, we also found that in the case of projectors or all-in-one machines, most 

blackboard lights do not have shunt control. For blackboards with multimedia devices, single 

light control should be implemented to avoid discomfort caused by reflective glare and contrast 

glare when students and teachers use multimedia devices in class[7-8]. 

3.3 Installation location and uniform glare rating of classroom lights 

In the typical classrooms sampled, the common problems with classroom lighting in 

primary and secondary school classrooms and kindergarten classrooms are mainly the 

unreasonable and concentrated installation of lighting fixtures, which leads to excessive local 

illumination (as shown in Figure 5). 
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Figure 5. Classroom with overly concentrated lighting installation positions 

Some kindergarten classrooms have low floor height and suspended ceilings (as shown in 

Figure 6). However, when the classroom floor height is low, it is not advisable to install too many 

and too concentrated classroom lights. If the installation location is not designed properly, it can 

easily cause local brightness to be too high and background luminance to be too dark, leading 

to high uniform glare rating in the classroom. 

 
Figure 6. Classroom with lower height 

In typical classrooms in primary and secondary schools, different types of blackboards can 

also have an impact on the uniform glare rating. At present, there are three main types of 

blackboards we encounter in the Yangtze River Delta region: dark green material, milky white 

material, and black blackboards with multimedia display screens. The three types of 

blackboards are shown in Figures 7, 8, and 9. 
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Figure 7.  Dark green blackboard 

 

Figure 8. Milk White Blackboard 

 

Figure 9. Black Multimedia Integrated Writing Pad 

The materials of the three mainstream blackboards are different, resulting in differences in 

their corresponding reflectivity. The reflectivity of different blackboards can also have a certain 

impact on the background luminance in the classroom. For example, when the blackboard 

surface in the classroom is black, the reflectivity of the board surface is lower. Therefore, 

installing a black blackboard in the classroom will have a lower background luminance than 

installing a dark green blackboard. If the color and reflectivity of the blackboard are not taken 

into account during simulation, the unified glare value will be higher during actual testing. If the 

color and reflectivity of the blackboard are not taken into account during simulation, the uniform 

glare rating will be higher during actual testing. Therefore, blackboard materials with different 
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reflectivity should also be considered during simulation. 

According to the calculation formula of the unified glare value, if we want to reduce the 

unified glare value, we can pull the luminaires as high as possible or close to the walls around 

the classroom. On the basis of increasing the background luminance, we can make the last row 

of luminaires as close to the back wall as possible, so that the unified glare value Test point can 

not observe the last row of luminaires. 

In terms of increasing background luminance, the unified glare values measured in the 

classrooms of most newly built schools are lower than those of old schools. The main reason 

is that the background luminance of newly built schools is relatively high. Therefore, the method 

of increasing the reflectivity of walls, related facilities, and curtain materials to brighten the 

surrounding walls, related facilities, and ceilings in the classroom to improve the background 

luminance and reduce the uniform glare rating is also worth referring to. 

So when simulating the light environment in the early stage, factors such as the reflectivity 

of materials such as walls, ceilings, and curtains in the classroom should also be taken into 

account, which will reduce the data differences between the simulated design in the early stage 

and the actual on-site testing results in the later stage. 

In terms of reducing the brightness of the lighting fixtures, anti glare treatment can be 

applied to the optical components of the lighting fixtures. However, when performing anti glare 

treatment, it is also necessary to consider the direct impact of changing the optical components 

on the lighting angle and luminous flux of the classroom lighting fixtures, as well as the indirect 

impact on the average illumination and uniformity of the classroom lighting, in order to avoid 

attend to one thing and lose sight of another. 

3.4 On site installation issues 

In the process of testing typical classrooms, many typical classroom lighting fixtures are 

installed too rough, with problems such as poor uniformity of lighting fixtures, installation of 

blackboard lights or classroom lights not on a horizontal line, inadequate handling and repair of 

wiring slots and installation holes, and so on. Due to the fact that the main personnel in the 

classroom are students, their safety awareness is relatively weak, and the consequences of 

safety accidents such as the detachment of luminaire suspension rod screws are unimaginable. 
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Figure 10. Classroom with Unneatly Installed Luminaires 

The installation of lighting fixtures is too inclined, which can easily lead to uneven stress 

on the suspension rods of the lighting fixtures. As the service life increases, the risk of the 

suspension rods falling off can increase, leading to safety accidents. At the same time, tilted 

lighting fixtures will also have a certain impact on the unified glare rating of luminous 

environment of the classroom indicators, as well as the illuminance and uniformity of the 

desktop. 

 
Figure 11. Classroom light with exposed power cord 

The wiring in some typical classrooms after renovation is very rough and there is no wiring 

slot installed, and the power cord is exposed. The holes after installation construction are visible 

to the naked eye. 
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Figure 12. Blackboard light with nominal IP40 

In a typical classroom, it was found that the nameplate of the lighting fixture claimed to 

have a dust and water resistance level of IP40, but in reality, it did not meet the declared dust 

and water resistance level. At the same time, the wiring was too simple, and the wires were 

exposed and hung outside, which could easily lead to poor contact of the lighting fixture wires 

and lead to electric shock accidents. 

In the early stage of engineering design, the lighting design drawings should be designed 

and simulated using professional lighting design software according to the acceptance 

standards shown in the bidding documents. During the construction phase, the lighting fixtures 

in the classroom should be installed by professional lighting fixture installation personnel or 

professional testing personnel. Due to difficult to estimate on-site environmental factors, it is 

necessary to avoid significant errors between the on-site installation position and the simulated 

installation position, which may result in significant differences between the actual test results 

and the simulated results, thereby affecting subsequent acceptance work. 

4 CONCLUSION 

Choosing safe and energy-saving lighting products is essential for ensuring high-quality 

luminous environment of the classroom. It is necessary to conduct sufficient research on on-

site environmental facilities and developed a diversified lighting distribution design for complex 

environmental facilities. In terms of installation, the simulation design must be carried out in 

advance according to the on-site investigation, and the construction and installation must be 

strictly carried out according to the specific installation position and angle parameters of the 

luminaires in the design. After construction, regular cleaning and maintenance of lighting 

fixtures should be carried out to ensure a sustainable high-quality lighting environment. 
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Therefore, for different classroom types, by selecting appropriate lighting fixtures, 

developing reasonable design plans, and optimizing the installation methods of lighting fixtures, 

a good luminous environment of the classroom should follow four requirements from beginning 

to end: good lighting fixtures, good design, good installation, and good maintenance. 

Surrounding the above four requirements, a specific analysis of the problems that can arise 

during the renovation process is conducted, providing excellent improvement plans and 

guidance suggestions for the problems that may arise during the classroom lighting renovation 

work in the Yangtze River Delta region and even the whole country. 
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A STUDY ON THE EFFECT OF SOUND AND LIGHT 
INTERFERENCE ON HUMAN COMFORT IN URBAN 

NIGHTSCAPES
Yifei Li, Xiaoxi Liu

School of Film and Cinematic Arts, Communication University of China, Beijing, China

ABSTRACT
As the urban nocturnal landscape continues to evolve, certain inadequately designed 

elements have become sources of pollution. Both sound and light pollution can have significant 
impacts on individuals' physical and mental well-being in contemporary society. In reality, 
individuals are exposed to environments where multiple factors interact with one another. 
However, it remains unclear which of these factors - sound or light - exerts a greater impact on 
people's comfort levels and whether they interact with each other in an enhancing or inhibiting 
manner. Therefore, it is crucial to investigate the intricate interplay among these factors.

This paper aims to investigate the impact of audiovisual sensory experiences on individuals' 
comfort levels, with dynamic light's colour and flicker frequency as well as sound decibel serving 
as research factors. A quantitative subjective evaluation experiment is conducted to explore the 
extent of influence that acousto-light complex factors have on people's comfort and to examine 
the interaction between sound and light. Finally, the study postulates on the impact of various 
forms of combined stimuli involving dynamic lighting and background noise as opposed to single 
stimuli, offering insights and recommendations for designing nighttime light environments and 
controlling pollution.

Keywords: sound-light interference, subjective evaluation experiment, nightscape, flicker
frequency, decibel

1. INTRODUCTION
At the same time as the development of urban nocturnal landscape, some unreasonable

design has caused serious pollution (light pollution, noise pollution, etc.) to the surrounding 
environment. In promoting the development of urban nocturnal landscape, it is necessary not only 
to consider how to better integrate regional culture with digital media art, but also to develop an 
environmentally friendly night economy without damaging the natural ecological environment. 
Much of the light pollution that occurs at night is caused by the flickering of coloured light, while 
noise pollution is often caused by high decibels. Both types of pollution have serious effects on 
the physical and mental health of people in today's society. 

Most of the existing studies on the main factors influencing the nighttime visit experience are 
from a qualitative perspective and are relatively macroscopic. They focus on the design methods 
of the nighttime landscape and are mainly based on case studies. However, the night 
environment is a complex object composed of multiple elements, not only the visual single 
element will affect the overall feeling of space, the remaining four senses for the comprehensive 
impact of space should not be ignored, and the sense of hearing has a variety of interaction with 
vision. It is well known from the literature that an additional visual representation of the sound 
source can significantly influence the attitude towards it (e.g. Shams L. Kamitani Y Shimojo S et al. 
2000[1], Shams L. Kamitani Y Shimojo S et al. 2002[2], Wolfson and Case et al. 2000[3], Kosuke 
Itoh et al. 2019[4]). Therefore, in outdoor urban landscapes, and even in urban nightscapes, the 
impact of the interaction of multisensory elements is inevitable and urgent to explore.

The aim of this study is to investigate the interaction effects of sound and light on people, and 
ultimately to speculate on the perceptual differences induced by different forms of dynamic light 
and background noise, in order to provide new theoretical underpinnings for further research on 
the multisensory comfort experience at night. The results of the study will provide guidance and 
suggestions for the future design and control of nighttime light environments.
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2. EXPERIMENT

2.1 Stimuli

2.1.1 The colour and flicker frequency of dynamic light

In this experiment, an LED screen is used as a simulated dynamic light source, and visual 
stimuli are presented through pre-made videos. The light colour is red, blue and warm yellow, 
which are the main light colours of artificial lighting in daily life at night, representing warm light, 
cool light and warm yellow light, respectively. On the other hand, according to the existing 
research on dynamic lighting, the dynamic frequency range of flickering dynamic light is limited to 
0.5-4Hz[5]. Therefore, four different flicker frequencies were set for each colour, which were 
0.5Hz, 1Hz, 2.5Hz and 4Hz from low to high. A total of 12 groups were set after the light stimulus 
was mixed. To ensure the same surface brightness of the three colour dynamic lights, their 
brightness was adjusted in Photoshop and measured with a luminance meter in the experimental 
room. (During the experiment, the surface brightness of the three colours presented through the 
display is controlled at 210cd/ . As shown in Figure 1.)

Figure 1. On-site measurement of the surface brightness of three light-coloured light sources (author's own 
photo)

2.1.2 The loudness level of sound

Most of the sounds involved in urban nightscapes are mostly background sounds and do not 
exist as the core of the main body. People do not need to pay too much attention to these sounds.
Therefore, in this experiment, in order to simulate the ambient sound of the outdoor environment 
at night, a stereo is chosen for external playback, which is the real noise sampling of the street 
environment at night.

According to the study of Nicolas Pellerin et al. [6], when people are in an environment of 
85dB, they will become very restless and feel seriously uncomfortable at the same time; however, 
sounds below 55dB do not constitute irritability. Therefore, in this experiment, after considering 
the hearing safety and emotional state of the subjects, the sound pressure level was chosen 
above 55dB and below 85dB. Finally, taking into account the total duration of the test and the 
actual effect, three sound levels were chosen, 55dB, 65dB and 75dB, corresponding to relatively 
quiet, slightly noisy and very noisy.

2.1.3 Design of test conditions

According to the experimental factors and levels selected above, the acousto-optic stimuli are 
combined (3×4×3) and 36 sets of stimuli were eventually obtained.

2.2 Methods

2.2.1 Site

This experiment was conducted in the Light Environment Laboratory of Communication 
University of China in April 2023. The interior size is 15m×8m×3.5m, movable baffles are installed 
around the walls, and shading curtains are installed on the windows, which can ensure the dark 
room environment. The background noise of the detected laboratory is about 45dB, and the noise 
decibel level set in this experiment is above 55dB, so it will not affect the simulated acoustic 
environment in the experiment.

For the size, shape and height of the light source displayed on the LED screen, as well as the 
distance between the subject and the screen, the solid angle was calculated, and the scale 
comparison between it and the night street presented by the projection was referred to. The 
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height of the sitting position is 1.2 m, the centre of the light source is ensured on the horizontal 
line of sight, the seat is placed in a circular arc, and the distance to the LED screen is 3 m. The 
angle between the screen and the vertical direction of the wall is 45°. Three seats were placed in 
the centre of the room within the range of the computer monitor. After actual observation, the 
declination angle between the three seats and the monitor did not exceed 60°, which could 
ensure a good viewing effect.

Figure 2. Laboratory layout plan (self-drawn by the author)

The projection scenario simulation was set up to better integrate the subjects into the set 
scene environment: by playing the photos of the outdoor street at night with depth, taken by the 
author from a human perspective, the subjects could feel more involved.

The tools used in this period include:(1) computer; (2) noise meter (model UNI-T UT353 BT); 
(3) luminance meter (model UNI-T UT383 BT); (4) luminance meter (model Shiguang L-758D); (5) 
projector; (6) LED screen; (7) stereo surround sound audio.

2.2.2 Questionnaire design

In order to achieve the expected purpose of this experiment, the method of experimental 
design and the establishment of evaluation indexes of a large number of related studies were 
referred to. Considering that this experiment had too many variables and the overall environment 
was complex, and at the same time, individual judgments were found to be somewhat different in 
the pre-experiment, a ten-point scoring system of 1-10 was established for this experiment, with 
smaller numbers representing more comfortable and vice versa uncomfortable. At the same time, 
in order to unify the scoring criteria, a standard stimulus of 1 point was established, on the basis 
of which the subjects scored the comfort of the subsequent stimulus groups.

Figure 3. Questionnaire scoring evaluation scale (author's own drawing)

2.2.3 Subjects

The experiment was based on the subjective evaluation of the subjects, and 35 students and 
teachers from Communication University of China were gathered. All the subjects participated 
voluntarily and had no colour blindness or weakness. The basic information of the subjects is 
shown in Table 1 and Figure 4 below.

Table 1. Age and gender distribution of subjects (author's own drawing)
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Figure 4. Age and gender distribution of subjects (author's own drawing)

2.2.4 Procedure

The flow of this experiment is shown in the following Figure 5:

Figure 5 Experimental flow chart (author's own drawing)

After arriving at the laboratory at the scheduled time, subjects will first undergo a 5-minute 
dark adaptation session. The pre-experiment will begin after the precautions have been explained, 
and the formal experiment will begin after the pre-experiment has been completed without 
objection. Subjects were asked to remain seated throughout the experiment and were not allowed
to use electronic devices.
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There were 6 sets of acousto-optic stimuli in the pre-experiment and 36 sets of acousto-optic 
stimuli in the formal experiment. The duration of each group of stimuli was 20 s. After each group 
of stimuli, the subjects had to score the questionnaire corresponding to the serial number, and the 
time to answer each serial number was 20s. In the pre-experiment, six sets of acousto-optic 
stimuli were scored first and will be used as the scoring criteria for the formal session of the
experiment: the first stimulus is representative of a 1-point stimulus.

3.RESULTS AND DISCUSSION

3.1 Analysis of pre-experimental results
The pre-experiment at the beginning of the formal experiment simulated the procedure of the 

formal experiment. Subjects were provided with the stimulus of the "1 point" scoring standard 
while receiving the stimulus of the single element, in order to understand the influence of the 
single light colour and the single sound loudness on the comfort level, and to provide basic data 
support for the later formal experiment of the composite factors. After averaging the scores of the 
6 stimulus groups, the following Figure 6 is obtained.

Figure 6. Histogram of the mean of subjects' comfort scores under single-element stimulation (author's 
own drawing)

According to the figure, it can be clearly seen that for the stimulation of single light colour
variables, the subjects' comfort level of warm yellow light is significantly higher than that of 
coloured light (red light, blue light). Meanwhile, red light has the greatest influence on the comfort 
level of people, and makes people feel the most uncomfortable under the condition of the same 
luminous area and surface brightness. As for the influence of sound loudness on human comfort, 
it follows the general cognition and research, that is, the higher the decibel, the more 
uncomfortable.

3.2 The significance analysis of the effects of dynamic light colour, flicker frequency and 
sound decibels on human comfort

In the formal experiment of this study, the score of human comfort under different conditions of
sound and light environment was obtained by means of a subjective questionnaire. A total of 35 
questionnaires were collected, 34 of which were valid. The reliability analysis is shown in the table 

icating high reliability.
Table 2. Formal experimental data reliability analysis (author's own drawing)

Then, the data of the experiment were sorted out and the single-factor analysis of variance 
(ANOVA) in SPSS was used to study the correlation of the influence of the three influencing
factors on the human comfort level. Then, the significance values of the three factors and the 
mean value of the comfort score are shown in Table 3:
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Table 3. Results of significance analysis of the effects of dynamic light colour, flicker frequency and 
sound decibels on human comfort (author's own drawing)

According to the results of ANOVA analysis, the correlation significance between light colour
and comfort level is 0.35 > 0.05, and comfort level is not significantly affected by light colour.
However, the correlation significance between light scintillation frequency and comfort level was 
0.025, and the significance of sound decibel was 0.000, both < 0.05. Therefore, both light 
scintillation frequency and sound decibel had a significant effect on people's comfort level, and 
the effect of sound decibel was the most significant.

3.3 The variation rule of human comfort level under the interaction of dynamic light and 
sound

The stimuli in the experiment were grouped and analysed according to light colour and sound 
loudness, and the mean and standard deviation of each group could be obtained as shown in 
Table 4.

Table 4. Light colour as a classification method of comfort scoring (author's own drawing)

By analysing the data using the light colour classification standard, it can be seen that the 
subjects' comfort level follows the rule that warm yellow light is more comfortable than coloured
light; however, the level of discomfort under blue light is slightly higher than that under red light. 
Contrary to the experimental results obtained by changing the single light colour, it is speculated 
that the dynamic light scintillation frequency and pressure level may affect the results.

Using loudness as a classification standard to analyse the data obtained, it can be seen that 
the change still follows the rule that the higher the decibel, the more uncomfortable, which is 
consistent with the results obtained by changing the loudness of single sound. It is speculated 
that the change of decibels in acousto-optical interaction stimuli is the main factor affecting the 
comfort level of people. This conjecture is consistent with the results of ANOVA analysis above.

3.4 The effect of sound-light interaction on human comfort under the influence of different 
light colours

First, the 36 groups of stimuli were grouped according to the light colour analysis, and the 
score of each stimulus was averaged to get the following Figure 7.

Figure 7. The influence curve of sound and light interaction on human comfort under the influence of 
different light colours (author's own drawing)
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(1) In the blue light condition, the influence of dynamic light scintillation frequency and sound 
loudness all follows the trend that the higher the scintillation frequency, the higher the sound 
pressure level and the more uncomfortable.

(2) For red light, the higher the scintillation frequency, the higher the sound pressure level and 
the more uncomfortable the sound pressure level of 65dB and 75dB followed the trend; however, 
at 55dB, people are most comfortable when the scintillation frequency is 1Hz. Therefore, when 
the noise level of the outdoor environment is at a low pressure level of 55dB, red light with a 
flashing frequency of about 1Hz can be considered for landscape design to improve people's 
comfort.

(3) Under the condition of warm yellow light, the sound pressure level of 55dB and 65dB 
follows the trend that the higher the flicker frequency, the higher the sound pressure level, the 
more uncomfortable; however, under the sound pressure level of 75dB, people were most 
uncomfortable at the flicker frequency of 2.5Hz, and the discomfort was relieved when the flicker 
frequency increased to 4Hz. Therefore, if the noise level of the outdoor environment is at the 
lower pressure level of 75dB, dynamic light with a flicker frequency of 2.5Hz should be avoided in 
the design.

The obtained data were imported into SPSS to analyse the correlation between dynamic light 
scintillation frequency and ambient sound pressure level and human comfort, and the significance 
of mutual influence under the same light colour. The scintillation frequency was numbered as 0.5 
Hz-1, 1 Hz-2, 2.5 Hz-3, 4 Hz-4, and the sound pressure level was numbered as 55dB-1, 65dB-2, 
75dB-3. Scintillation frequency, sound pressure level and comfort level were all defined as 
numerical values. Correlation analysis resulted in the following Table 5:

Table 5. Correlation between sound pressure level, dynamic light flicker frequency and comfort under 
three light colours (author's own drawing)

* Correlation is significant at the 0.05 level (2-tailed).

**.Correlation is significant at the 0.01 level (2-tailed).

From the above table, it can be analysed that:

(1) Under the conditions of warm yellow light and red light, the correlation coefficients of the 
background sound pressure level and the average value of the comfort score are 0.794 and 0.885,
and the Sig values (significance test results) are 0.002 and 0.000, indicating that there is a strong 
and significant positive correlation between the background sound pressure level and the comfort 
level under these conditions. However, under the warm yellow light and red light conditions, the 
Sig value (significance test result) of the moving light scintillation frequency and the mean value of 
the comfort score Therefore, under this article, the correlation between the dynamic light 
scintillation frequency and the comfort level is not significant, that is, there is no significant 
correlation between the two. Therefore, when warm yellow light and red light are used in the 
design, the speed of the flicker frequency will not have a significant effect on the comfort level of 
the experiencers. More attention should be paid to the setting of the background sound pressure 
level in the design: to make the experiencers feel more comfortable, the sound pressure level 
should be reduced.

(2) Under the blue light condition, the correlation coefficient between the background sound 
pressure level and the average comfort level is 0.727, the correlation coefficient between the 
dynamic light scintillator frequency and the average comfort level is 0.661, and the sig value 
(significance test result) is 0.019, indicating that under this condition, there is a highly significant 
positive correlation between the background sound pressure level and the comfort level and 
between the dynamic light scintillator frequency and the comfort level. Therefore, when blue light 
is used in the design, the speed of the flicker frequency and the setting of the background sound 
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pressure level will have a significant effect on the comfort level of the subjects. Blue light should 
be chosen with great care in the design.

4.CONCLUSION
This article combines dynamic light colour, flicker frequency and sound pressure level in an 

experiment to investigate the effect of the interaction of two elements of the three factors on 
human comfort. The article explores the interaction of the sound and light composite factors 
through quantitative subjective evaluation experiments, and the following conclusions are drawn 
from the full study:

(1) Human comfort follows the rule that warm yellow light is more comfortable than coloured 
light when stimulated by sound and light alone; the higher the sound pressure level, the more 
uncomfortable it is. Dynamic coloured light brings a different feeling of comfort than static 
coloured light of the same colour.

(2) Human comfort is not significantly affected by light colour, but light flicker frequency and 
sound decibels both have a significant effect on human comfort, and the effect of sound decibels 
is the most significant.

(3) The effect of light colour on human comfort was not as significant as the effect of dynamic 
light flicker frequency and background sound pressure level in the combined sound and light 
stimulus conditions. However, separate analysis of the difference between dynamic light flicker 
frequency and background sound pressure level for each light colour showed that there was a 
strong positive correlation between background sound pressure level and comfort level in the 
warm yellow and red light environments, i.e. the higher the sound pressure level, the more 
uncomfortable it was; however, the correlation between dynamic light flicker frequency and 
comfort level was not significant, i.e. there was no significant correlation between the two. In
contrast, there is a strong positive correlation between dynamic light flicker frequency and 
background sound pressure level and comfort level in blue light environments.
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DEVELOPMENT OF A LIGHTING CONTROL AND CONDITION 
MONITORING SYSTEM 

Yumi Hayashi, Tatsuya Nagai, Hiroki Okamoto, Kazuki Fujimoto 

SEIWA ELECTRIC MFG.CO.,LTD, Kyoto, Japan  

ABSTRACT 
Industrial lighting equipment installed in expansive and dangerous areas regularly requires 

time-consuming service and maintenance. The lighting control and condition monitoring system 
developed in this study enables the remote monitoring of equipment status (leakage current value, 
life of lighting equipment, etc.) measured by the lighting equipment itself. Furthermore, it enables 
the dimming control of the lighting equipment. Accordingly, an operator can remotely identify 
malfunctioning equipment and determine the status of the lighting equipment. This prevents 
accidents in dangerous areas and simplifies system inspection. Additionally, this system reduces 
energy consumption by facilitating minute lighting control. 

Keywords: lighting control, condition monitoring, accident prevention, simplification of inspection, 
energy saving 

1. INTRODUCTION
Many pieces of industrial lighting equipment ("lighting equipment" hereafter) are installed in

factories. This lighting equipment is installed in various locations, including high and dangerous 
areas, and workers must visit the site in person to check whether the lighting equipment is on or 
off. This form of servicing and maintaining lighting equipment consumes a significant amount of 
time. Furthermore, leakage current is typically checked in individual circuits to which multiple 
pieces of lighting equipment are connected. If an abnormal value is detected, the worker must 
then check the wiring for each piece of lighting equipment. Therefore, time is consumed in 
identifying which lighting equipment is causing the problem. 

Work sites and other locations continue to be automated to minimize the number of workers 
required, and companies are under constant pressure to streamline their work. Additionally, 
awareness is increasing in the field of factory management to transition to so-called smart 
factories. Innovative technologies such as Internet of Things (IoT) and Artificial Intelligence (AI) 
are expected to streamline workflow and reduce energy consumption. 

To address these requirements, we are developing a system capable of remotely monitoring 
the conditions of lighting equipment, with the aim of streamlining maintenance work. By 
developing this lighting control and condition monitoring system, we aim to significantly reduce the 
time and effort required to service and maintain lighting equipment and make factory 
management more efficient. 

2. SYSTEM OVERVIEW

2.1. SYSTEM CONFIGURATION 
The lighting control and condition monitoring system consists of lighting equipment, a base unit, 

a server, a Web application, and an operation terminal. The lighting equipment is connected to a 
network and operated using a Web application. The configuration of this system is shown in 
Figure 1. The system is administered and managed from a server on the network. The system 
application is installed on the server. This application is used to control the lighting equipment and 
record condition monitoring data. The application is operated using a Web browser from the 
operation terminal (personal computer [PC] or tablet computer) connected to the system network. 

PT-23

P.358



14th Asia Lighting Conference (Tokyo, Japan) 

2 

The lighting equipment in this system consists of control, power supply, and light source 
sections. The control section contains a control board, which includes an antenna for wireless 
communication and a control circuit. Lighting equipment is dimmed through Pulse Width 
Modulation (PWM) control, based on control commands received from the server. The lighting 
equipment and the base unit are capable of wireless communication in the 920-MHz band and 
connect wirelessly to form a network. The base unit can communicate over Wi-Fi and serves as 
the gateway connecting the network formed by the lighting equipment with the network of the 
server. The system communicates wirelessly, eliminating the necessity to install control lines or 
other wiring, and enabling layout changes to be made during or after installation. 

 
Figure 1. System configuration 

 

2.2. FUNCTIONS 
This section describes lighting control and condition monitoring, which are the major functions 

provided by the lighting control and condition monitoring system. 

The lighting control function enables lighting equipment to be remotely turned on/off or dimmed 
through the use of an application. Figure 2 shows the control mechanism. When lighting control is 
performed, control commands are sent through the base unit to applicable lighting equipment. 
Lighting equipment dimming is performed by receiving these control commands. Lighting 
equipment can be controlled individually, together (such as controlling all lighting equipment on a 
particular floor), or separated into groups of multiple pieces of lighting equipment. This facilitates 
different types of lighting control. Some examples include turning off lighting equipment for idle 
production lines or dimming lighting equipment near windows during the day. The lighting control 
application can also be used to check the lighting status of lighting equipment in real time, as 
shown in Figure 3. This enables workers to check the lighting status of lighting equipment without 
requiring them to visit the site in person. 

In addition to manual control, lighting control can be performed automatically on a schedule 
(scheduled control). Scheduled control enables users to set time slots and actions, with control 
performed automatically according to these settings. Actions can be repeated on certain days of 
the week or performed on specific days, enabling users to set different usage patterns during the 
week and on holidays (Figure 4). Scheduled control can be used to ensure that lighting equipment 
is turned off when not in use and can make it easier to turn lighting equipment on when needed. 
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Figure 2. Lighting control 

 

Figure 3. Lighting control operation screen  Figure 4. Schedule configuration screen 

 

The condition monitoring function enables the condition measured for lighting equipment to be 
remotely viewed using an application. Specifically, it can be used to detect lighting equipment that 
cannot be turned on and to check leakage current values, cumulative lighting time, lighting 
equipment temperature, lighting equipment lighting status, and signal strength. Figure 5 shows 
the method of obtaining condition monitoring data. The base unit periodically sends commands to 
obtain data from the lighting equipment. When the lighting equipment receives this command, it 
returns the condition monitoring data to the base unit. The base unit then forwards the data 
received from the lighting equipment to the server. Data obtained by the server is shown as a list 
in the application, as shown in Figure 6. An alert is displayed if lighting equipment cannot turn on, 
or if data exceeds a preset threshold. This enables lighting equipment defects to be discovered 
without having to visit the site in person. Alerts are shown for each piece of lighting equipment, 
making it easy to identify defects. 

Condition monitoring data is also stored on the server at regular intervals. This data can be 
used to display a graph, such as that shown in Figure 7. These graphs can be used to identify 
lighting equipment trends and estimate when lighting equipment should be replaced. 

 
Figure 5. Obtaining monitoring data 
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Figure 6. Data list screen    Figure 7. Graph display screen 

 

3. CONCLUSION 
The new lighting control and condition monitoring system we have developed can remotely 

perform lighting control and condition monitoring functions for lighting equipment. This system 
provides three benefits: The first is streamlining maintenance work. The conditions of individual 
pieces of lighting equipment can be remotely monitored, which can reduce the amount of work 
required for workers to visit a site in person. This can also prevent accidents in high or dangerous 
places. The second benefit is reducing energy consumption. Different types of lighting control can 
be performed, and the lighting status can be checked to ensure that lighting equipment is turned 
off when not in use. This can reduce the amount of power consumed by equipment, which can 
contribute toward the Sustainable Development Goals (SDGs). The system can also be used to 
respond immediately when authorities request that power usage be limited. The third benefit is 
that it makes the planning of equipment replacements easier. Data obtained from lighting 
equipment can be used to predict trends, which can be of use in planning when to replace lighting 
equipment. In the near future, we will continue to enhance this system through methods such as 
linking external sensors and using AI to analyze data. 
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RESEARCH ON THE EFFECTS OF LIGHTING ENVIRONMENT ON 
HUMAN VISUAL PERFORMANCE AND BIOLOGICAL REACTIONS 

Toru Kitano, Kunio Kanemaru 

(Iwasaki Electric Co., Ltd., Tokyo, Japan) 

ABSTRACT 

We studied the effects of lighting environment on human visual performance and biological 
reactions. We measured the heart rate variability (HRV) of 12 subjects under three lighting 
conditions, and asked them to perform visual tasks and answer subjective evaluation questions. 
The LF/HF values obtained from frequency analysis of HRV were significantly lower in the lighting 
environment with a correlated color temperature of 2,700 K than in that of 5,000 K. This study 
showed the importance of lighting control based on people’s emotions and behavior objectives.  

Keywords: Circadian rhythm, Lighting control, CCT, Visual performance, HRV, LF/HF 

1. INTRODUCTION
In recent years, office rooms, hotels, and hospital rooms have increasingly adopted lighting

control systems that automatically change the room brightness and light color according to time of 
day. Generally, the illuminance and correlated color temperature (CCT) are set higher in the 
morning to daytime period, and set lower in the evening to night-time period. Some studies [1] 
have shown that such lighting control systems regulate a person’s circadian rhythm, resulting in 
quality sleep. On the other hand, the effects of the lighting environment on visual performance 
and psychological state are not fully understood. We therefore constructed a laboratory mounted 
on the ceiling with a multi-wavelength variable light source device capable of arbitrarily adjusting 
the spectral distribution of the light source to conduct a basic investigation about the effects of 
lighting conditions on human visual performance, subjective comfort, fatigue, and biological 
reactions. 

2. METHODS
The experimental room was 2.0 m wide, 2.0 m deep, and 2.0 m high, with the interior walls and

ceiling covered with gray Kent paper (with approximately 20% reflectivity) and a black carpet laid 
on the floor. A wall was erected in the center of the room to separate the spaces on either side, 
and a multi-wavelength variable light source device (Light Replicator; Telelumen, California, USA) 
was installed to the ceiling of each space. A chair and a desk were placed in the left and right 
spaces, respectively, so that two subjects can conduct experiments simultaneously in a seated 
position. Figure 1 shows the room’s interior during experiment and Figure 2 a multi-wavelength 
variable light source device used in the experiment. The lighting environment in the laboratory can 
be adjusted by controlling the multi-wavelength variable light source device through dedicated 
software installed on a PC, and the CCT were pre-set to be 2,700 K at 500 lx, 5,000 K at 500 lx, 
and 5,000 K at 50 lx at the measurement points on the desk. Figure 3 shows the spectral power 
distributions at CCTs of 2,700 K and 5,000 K. The color rendering index (CRI) of all light sources 
was 98. 

Figure. 1: View of the laboratory interior  Figure. 2: Multi-wavelength variable light source device 
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Before starting the experiment, the heart rate sensor (WHS-1; UNION TOOL, Tokyo, Japan) 
shown in Figure 4 was attached to an electrode pad and affixed to the subject’s left chest to 
measure the heart rate and heart rate variability (HRV) of the subject continuously until the end of 
the experiment. The experiment was conducted according to procedural steps I through VI shown 
in Figure 5, in which the subjects were asked to perform simple visual tasks under one of the 
three lighting conditions and answer subjective evaluation questions of comfort and fatigue. 

     
Figure 3 Spectral power distributions      Figure. 4: Heart rate sensor 

Figure 5: Experimental procedure 

In the visual tasks, the subjects were given a sheet of paper with a string of characters (17 
characters per line) that randomly combined the kanji representing the color names (red, yellow, 
green, blue, and black) shown in Figure 6 with the colors of the characters (red, yellow, green, 
blue, and black), and asked to count and enter the number of matches between the meaning of 
the kanji and the color of the character for each line. The subjects were instructed to answer as 
many questions as possible within the time limit. 

Figure 6: Answer sheet for visual tasks 

In the subjective evaluation of comfort, the subjects were given the following items: “The room 
was bright enough,” “It was easy to work,” “I was able to concentrate on my work,” and “It was 
easy to read the characters.” They were asked to rate each question item on a scale of 1 to 5: 1. 
disagree, 2. somewhat disagree, 3. can’t say either way, 4. somewhat agree, and 5. agree. 

I. (5 min)  

Adaptation to darkness 

II. (5 min) 

Adaptation to lighting 
environment 

III. (5 min) 

Visual task practice 

IV. (5 min) 

Subjective evaluation

V. (15 min) 

Actual visual task 

VI. (5 min) 

Subjective evaluation 
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 In the subjective evaluation of fatigue, the subjects were asked to rate a total of 25 question 
items, with five questions each on “sleepiness,” “instability,” “discomfort,” “sluggishness,” and 
“blurriness.” They were asked to rate each item on a scale of 1 to 5: 1. not true at all, 2. slightly 
true, 3. somewhat true, 4. substantially true, and 5. very true. Experimental steps I through VI 
were repeated three times under all three lighting conditions. The subjects were 12 males aged 
between 26 and 62 years (average age 44.8 years). 

 

3. CONCLUSION 
Figure 7 shows the number of answers, the number of correct answers, and the percentage of 

correct answers for visual tasks under the three lighting conditions. Statistical analysis of each 
average value of the 12 subjects by t-test showed that the number of correct answers and the 
percentage of correct answers were both significantly better (p = 0.05) in the lighting environment 
with a horizontal illuminance of 500 lx than in that with 50 lx. On the other hand, when compared 
under the condition of 500 lx with equal horizontal illuminance, there was a trend toward better 
visual performance in the lighting environment with a CCT of 5,000 K compared with that with 
2,700 K, but no significant difference was observed. These results show that the horizontal 
illuminance contributes to visual performance. 

 
(a) Number of answers (b) Number of correct answers     (c) Percentage of correct answers 

Figure 7: Results of visual task (*: 5% level of significance) 

 

Figure 8 shows the results of the subjective evaluation of comfort in lighting environments. Our 
statistical analysis of the average of the subjective evaluation of the 12 subjects by t-test shows 
that the lighting environment with a horizontal illuminance of 500 lx was significantly better (p = 
0.05) than that with 50 lx for the question items “the room was bright enough” and “it was easy to 
work.” For the question item “I was able to concentrate on my work,” the results showed that the 
lighting environment with a higher horizontal illuminance (5,000 K at 500 lx) was rated significantly 
better (p = 0.01) than that with a lower horizontal illuminance (5,000 K at 50 lx). For the question 
item “The characters were easy to read,” the results were statistically significantly better (p = 0.01) 
for 5,000 K at 500 lx, 2,700 K at 500 lx, and 5,000 K at 50 lx, in that order. These results showed 
that lighting conditions with higher horizontal illuminance and higher CCTs are preferred for the 
lighting environment under which visual tasks are performed. The results also showed that the 
lighting environment with a higher visual performance and that with a higher comfort were 
generally similar. 

  
Figure 8: Results of subjective evaluation of comfort                                                                               

(*: 5% level of significance, **: 1% level of significance) 

Figure 9 shows the results of subjective evaluation of fatigue before and after visual tasks. 
Statistical analysis was performed on the average value of subjective evaluation of the 11 
subjects by t-test, excluding as an outlier the result of one subject who was extremely high in 

*
* 

* 
* 

** 
** 

** 
* 

** ** ** ** 
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“sleepiness,” “instability,” “discomfort,” and “sluggishness” in subjective evaluation before 
performing visual tasks. In the lighting environment with a high horizontal illuminance of 500 lx, 
“sluggishness,” which indicates physical fatigue, increased significantly (p = 0.01) before and after 
visual tasks, and in the lighting environment with a high CCT of 5,000 K, “instability,” which 
indicates mental fatigue, increased significantly (p = 0.05) before and after visual tasks. The 
results showed that both physical and mental fatigue increased before and after visual tasks in 
the lighting environment of 5,000 K at 500 lx with a higher horizontal illuminance and a higher 
CCT. The results also showed that “blurriness,” which is an indicator of eyestrain, increased 
significantly (p = 0.05) in the lighting environments with 2,700 K at 500 lx and 5,000 K at 50 lx 
before and after visual tasks. These results may indicate that the horizontal illuminance and CCT 
affect the type of fatigue perceived. 

   
(a) 5,000 K - 500 lx (b) 2,700 K - 500 lx (c) 5,000 K - 50 lx 

Figure 9: Results of subjective evaluation of fatigue                                                                        
(*: 5% level of significance, **: 1% level of significance) 

Finally, Figure 10 shows the ratio of low frequency to high frequency (LF/HF) results obtained 
from frequency analysis of HRV. A high LF/HF value is said to indicate sympathetic nervous 
system dominance, which increases blood pressure and causes the body to enter an active state. 
A low LF/HF value is said to indicate parasympathetic nervous system dominance, which results 
in lower blood pressure and a relaxed, calm state. Our statistical analysis for the average LF/HF 
value of the 12 subjects by t-test shows that LF/HF values were significantly lower (p = 0.05) in 
the lighting environment with a CCT of 2,700 K than in that with 5,000 K. The results may indicate 
that the CCT affects the balance between sympathetic and parasympathetic nervous system 
activities. 

A lighting control system that automatically changes the brightness and light color of a room 
according to time of day may regulate a person’s circadian rhythm and bring about quality sleep. 
On the other hand, this investigation also showed the importance of controlling the room 
brightness and light color according to people’s emotions and behavioral objectives. In the future, 
more personalized and highly controlled lighting control systems will need to be realized. 

 
Figure 10: Results of LF/HF (*: 5% level of significance) 
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RESEARCH ON THE PREDICTION OF LIGHTING LOAD IN
PUBLIC BUILDINGS BASED ON GA-SEQ2SEQ MODEL

Haozhe Zhu, Qingcheng Lin, Xuefeng Li, Hui Xiao

(College of Electronic and Information Engineering, Tongji University, Shanghai, China)

ABSTRACT

Lighting load is an important component of building energy consumption, and accurate
prediction can not only promote the reduction of energy consumption but also optimize the
allocation of power resources. However, due to the variability of climates, the variability of working
days and holidays, and the uncertain behavior of personnel, the daily operating state of lighting
equipment is random in regularity, which affects the accuracy of the prediction algorithm in
analyzing the distribution of lighting load behavior.

To address the above problems, a Sequence-to-Sequence (Seq2Seq) model based on
Genetic Algorithm (GA) optimization under classification is proposed in this study to solve the
uncertainty of lighting load prediction. Using the lighting load of a public building in Shanghai and
the corresponding meteorological data as the analysis sample, the energy consumption behavior
patterns are classified based on the load value of a certain off-peak hour of the daily lighting load
to obtain three categories of labels: high lighting load, medium lighting load, and low lighting load,
and then the Seq2Seq model with the hybrid genetic algorithm is used to predict the lighting load
during the peak hours of the forecast day. The three types of labels obtained by the classification
are used as input for the features together with the building lighting loads and the related
meteorological data, which can further improve the fit of the model. Also, the optimization of
model hyperparameters based on genetic algorithm can reduce the uncertainty interference and
further improve the prediction accuracy. The proposed method in this study is validated by
analyzing actual data cases. The results show that the method proposed in this study shows the
optimal MAE, RMSE, and R2 indexes, which can solve the problem more effectively in the
direction of lighting load prediction and provide technical support to improve buildings' intelligent
operation and maintenance management.

Keywords: lighting load prediction, classification, energy consumption behavior patterns, genetic
algorithm, Seq2Seq model

1. INTRODUCTION

Building energy consumption accounts for about 30% of the total global energy consumption,
and building energy efficiency is a key link to reduce carbon emissions in the construction sector
[1]. At the same time, lighting energy consumption occupies a very large proportion of the overall
building energy consumption during the use phase of building projects, and reducing lighting
energy consumption and improving energy utilization is the first task to alleviate the energy
shortage problem[2].

However, reducing lighting energy consumption without losing lighting quality requires
accurate lighting load prediction. In addition, some building research institutes and related
building enterprises have collected a large amount of lighting load data by building energy
consumption monitoring platforms [3] to provide data sets for lighting load prediction, but there is
still the problem of poor utilization.

Currently, in the field of load prediction, Yongchao Cui et al [4] applied the Seq2Seq-LSTM
model to short-time series load prediction, which has a better performance compared with
traditional ANN and LSTM. However, it is not reasonable to directly predict without analyzing the
building load behavior patterns if the dataset is complex and large, which leads to a decrease in
prediction accuracy [5]. On this basis, Zaki Masood et al [6] reaped good results in load prediction
by the Seq2Seq model based on the results obtained from single-family electricity load clustering.
However, only single variable load values are considered in this method, while climate factors
also play a crucial role in actual load forecasting [7], and its lack of ability to mine Seq2Seq
superior superparameters leads to uncertainty in load forecasting results. At the same time, in
practical applications, the load pattern of the forecast day cannot be obtained in advance, and
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because most of the short-term load forecasting tasks are focused on the peak load time [8]. In
this paper, based on the above problems, a Seq2Seq model based on genetic algorithm
optimization under classification is proposed for single-user lighting load forecasting, which
divides three load intervals into high lighting load days, medium lighting load days, and low
lighting load days, classifies and labels the load values of a certain off-peak period of the knotted
daily load curve, and uses them as features along with lighting loads and relevant climate data as
Finally, the Seq2Seq model optimized by the genetic algorithm is used to predict the lighting load
during the peak hours, and the genetic algorithm can help us find the optimal hyperparameters of
the model so that the lighting load prediction can achieve better prediction accuracy.

2. BACKGROUND AND RELATED WORK

2.1 Algorithm Introduction

2.1.1 Genetic Algorithm

Hyperparameters are parameters that need to be set before the model training process starts,
and excellent hyperparameters can greatly improve the performance of the model [9]. In this
study, to optimize the hyperparameters, the model is optimized using a genetic algorithm. Genetic
algorithm is an optimization search algorithm that simulates the law of superiority and inferiority in
natural selection [10,11,12], and is capable of adaptively adjusting the search space with a high
global search capability. Genetic algorithms have a wide range of application areas, and in deep
learning, they can effectively search for hyperparameters of neural networks to achieve structural
as well as parametric optimization of the network.

2.1.2 LSTM-based Seq2Seq

Seq2Seq is a network model with an encoder and decoder structure, which has good
performance in the field of time series multi-step prediction [13,14,15,16,17]. Compared with the
traditional RNN, LSTM as the encoder and decoder of the Seq2Seq model can better solve the
gradient disappearance problem and the long-term dependence problem that occurs during the
backpropagation [18].

Seq2Seq has a better performance compared to LSTM in scenarios with different input and
output lengths. In this study, Seq2Seq is more applicable for predicting the future 4-moment load
by inputting 24-moment load, and its better fit is demonstrated in the later experimental section.
The structure of the Seq2Seq model is shown in the figure below.

Figure 1. Structure of single-layer Seq2Seq model

Figure 1 shows the structure of the single-layer Seq2Seq model, which consists of two parts:
encoder and decoder, each part is implemented based on LSTM. The encoder takes the input
sequence as input and passes the parameters of the hidden node hm at moment m and the
memory cell Cm as the state vector to the decoder, which generates the target sequence based
on this.
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2.2 Data preparation

2.2.1 Data collection

In this study, an office building located in Shanghai was selected for analysis, and the load
data collected from its internal equipment was highly segmented to better filter the lighting load
data. The lighting load data of this office building is shown in Figure 2. This study selected the
building lighting load data for the building from February 2019 to May 2020, which contains
normal lighting, emergency lighting, etc., and obtained relevant climate data, which contains data
related to atmospheric temperature, humidity, and total cloudiness.

Figure 2. Original lighting load data graph

2.2.2 Data processing and feature selection

To improve the prediction accuracy of the lighting load model, the missing and outlier values of
the data need to be processed. For missing values, the fill function in the Python library is used to
fill the vacant data with the average value. For the outliers, a box line plot (quartile method) is
used to detect the outliers and replace them with the mean value[19]. After data processing, the
lighting load data of this office building is shown in Figure 3.

Figure 3. Lighting load data graph after data processing

Table 1. Table of partial input features of the model

A reasonable feature analysis not only can reduce the dimensionality of the data and remove
redundant or irrelevant features, but also can improve the prediction accuracy of the model as

ID variable explain Unit

1 Value Building lighting load data kW·h

2 Temp Atmospheric temperature

3 Hum Relative Humidity %

4 wd_power Wind Speed m/s

5 Cloud Total Cloud Volume %
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well as the generalization ability. This study takes into account the close relationship between
lighting loads and weather. Building lighting load data, atmospheric temperature, relative humidity,
wind speed, and total cloudiness are selected as some of the inputs to the model, as shown in
Table 1.

3. RESEARCH METHODOLOGY

3.1 Training set and test set division

To verify the feasibility of the method in this study, the data need to be divided into training and
test sets first. The data from February 2019 to February 2020 are used as the training set, and the
data from February 2020 to May 2020 are used as the test set. The training set is mainly used for
the training of the GA-Seq2Seq prediction model, and the test set is used to verify the accuracy of
the model.

3.2 Classification method

In order to improve the prediction accuracy, this study divided three load intervals into [0,250],
(250,430], and (430,800] corresponding to low lighting load days, medium lighting load days, and
high lighting load days, and judged whether the load values during the non-peak hours of 8:00-
9:00 in the daily lighting load. The category labels are used as input to the model along with the
lighting load and related climate data, and the classification results are shown in Figure 4.

Figure 4. Schematic diagram of the results of lighting load classification

3.3 Model Predictions

To eliminate the scale differences between different features and to unify the feature values to
the same scale, the data were normalized using the min-max scaling approach [20], where the
values of all features were deflated to between 0 and 1 according to Equation 1.xi' = xi−xminxmax−xmin (1)

To verify the superiority of the model proposed in this study, RNN, GA-LSTM, BiLSTM, CNN-
LSTM, and our proposed GA-Seq2Seq model are compared. The model input features include
lighting load, relevant climate data, and daily classification labels, and the predicted values are
chosen after 9:00 a.m. daily. The experiments are based on the Pytorch framework, Adam is
chosen as the optimizer, and the MSE mean square loss function is used for the loss function with
140 iterations. The evaluation metrics are chosen as MAE, RMSE, and R2 for prediction result
evaluation. A comparison of the test set prediction results is shown in Figure 5.
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Figure 5. Comparison of the actual load curve and the predicted load curve of the method in this paper
and the other four evaluation models

Table 2. Comparison of the performance indexes predicted by the method in this paper and the other
four evaluation models

The above experiments show that using our proposed GA-Seq2Seq model in this study has
better MAE, RMSE, and R2 metrics compared to GA-LSTM, BiLSTM, CNN-LSTM, and RNN.

The GA-Seq2Seq model is optimized by genetic algorithm to find the hyperparameters. In this
study, the selected hyperparameters are the number of layers and the hidden size of the model,
and the number of layers and the hidden size of the encoder and decoder are set to be the same.
The number of iterations of the genetic algorithm is set to 20, and the number of populations in
each generation is 20. Since the number of hyperparameters is 2, the size of each DNA is set to 2.
The optimization results are shown in Figure 6.

Figure 6. Comparison of the actual lighting load curve and the predicted load curve with the four optimal
hyperparameters of GA-Seq2Seq

Predictive Models MAE RMSE R2

GA-Seq2Seq 0.0333 0.0503 0.889

GA-LSTM 0.0353 0.0539 0.873

BiLSTM 0.0396 0.0557 0.869

CNN-LSTM 0.0374 0.0544 0.871

RNN 0.0468 0.0699 0.786
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Table 3. Comparison of performance indexes under hyperparameters of genetic algorithm optimization

According to Table 3, the Seq2Seq model has better performance when
num_layers=1,hidden_size=44. In summary, it can be seen that the hyperparameter optimization
of Seq2Seq by the genetic algorithm can improve the performance of the model and thus further
improve the prediction accuracy.

In order to further verify the superiority of the method, this study compared the methods of
classification without using classification labels and the traditional sense of classification with both
weekday and holiday labels, and the experimental results are shown in Figure 7.

Figure 7. Comparison of the actual lighting load curve and the predicted load curve with different label
numbers

Table 4. Comparison table of evaluation indexes under different label numbers

As can be seen from Figure 7, the method in this study has a better fit; the method without the
use of categorical labels is the least effective, and its prediction error for holidays is larger; the
method based on two types of labels for weekdays and holidays does not perform well in the case
of fluctuating load changes during weekdays. In addition, according to Table 4, the method that
analyzes the trend of a certain off-peak period to obtain three types of classification labels as part
of the characteristics and inputs them into the GA-Seq2Seq model for load forecasting has lower
MAE, RMSE, and higher R2 index than the method that does not use classification labels and
forecasts based on two types of labels for weekdays and holidays. In summary, the method not
only has good performance in forecasting on holidays but also fits the load usage trend well in the
face of load fluctuations on weekdays, effectively reducing the forecast error.

Hyperparameters

[num_layers:hidden_size]
MAE RMSE R2

[1,44] 0.0333 0.0503 0.889

[1,16] 0.0358 0.0527 0.879

[1,40] 0.0356 0.0530 0.877

[2,48] 0.0358 0.0536 0.875

Number of tags MAE RMSE R2

3 0.0333 0.0503 0.889

2 0.0389 0.0607 0.841

1 0.0442 0.0709 0.786
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4. CONCLUSION

In order to predict building lighting loads more accurately, this paper proposes a Seq2Seq
model based on genetic algorithm optimization under classification, which classifies energy
consumption behavior patterns based on the trend of daily lighting loads during a certain off-peak
period to obtain three types of labels: high lighting loads, medium lighting loads and low lighting
loads, and uses the obtained classification labels with lighting loads and related meteorological
data as the input features of the GA- Seq2Seq model and optimize the hyperparameters of the
model by genetic algorithm to further improve the prediction accuracy of the model and compare it
with other models (GA-LSTM, BiLSTM, CNN-LSTM, and RNN). In addition, this paper also
compares the methods that do not use daily classification labels and those that are traditionally
classified with both weekday and holiday labels in order to closely verify the superiority of the
proposed method. The results show that the multi-step time series prediction method proposed in
this study has better MAE, RMSE, and R2 metrics in both comparison experiments, which
confirms that the method proposed in this paper can have better performance and is a reliable
method for lighting load prediction in the field of lighting load prediction.
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ABSTRACT 
The mother and baby room is a special public space for maternal and infant breastfeeding, 

nursing or resting, and its light environment design should fully consider the needs of mothers and 
infants, from color temperature, luminaire arrangement, lighting methods and other aspects. We 
conducted field research on the natural and artificial light environments in 33 commercial spaces 
in Shanghai, and summarized the common luminaire arrangements and lighting methods in 
mother and baby rooms. Subsequently, the color temperature, illuminance, and uniformity of the 
main area (nursing area, breastfeeding area, resting area and so on) of four mother and baby 
rooms with different lighting methods were measured and calculated. Through the statistical and 
analytical results of the research data, lighting design recommendations for the mother and baby 
rooms were presented. 

Keywords: maternity, infant, light environment design, field research; artificial lighting 

1. INTRODUCTION
Breastfeeding can help reduce postpartum weight retention and also the risk of breast and

ovarian cancer, and is recommended by the WHO (World Health Organization), UNICEF (United 
Nations International Children's Emergency Fund) and American Academy of Paediatrics to 
support optimal growth and development in infants [1]. Existing design standards for mother and 
baby rooms provide recommendations from perspective of artificial lighting, natural lighting, 
illumination, and so on. Some commercial spaces in Shanghai are well-equipped for mother and 
baby rooms, which provide travel convenience for lactating women, but their light environment 
may not be finely designed. Based on the design standards of mother and baby rooms, this study 
investigated and statistically analyzed 33 mother and baby rooms in commercial spaces in terms 
of luminaire types, natural lighting, interior light color, lighting design of the guidance system, and 
so on. The parameters of horizontal illuminance, color temperature and uniformity of each 
functional area in 4 mother and baby rooms which representing different types of lighting methods 
were measured to explore the advantages and disadvantages of different lighting arrangements 
and to provide reference for the design of indoor light environment in mother and baby rooms. 

2. RECOMMENDATIONS OF EXISTING DESIGN STANDARDS FOR MOTHER AND BABY
ROOMS

UNICEF posed the points that breastfeeding is key to the comprehensive development of 
children, their mothers and society. It provided recommendations that natural light and soft 
lighting are preferred environment in creating a comfortable environment for breastfeeding rooms 
[2]. WELL Building Standard version 2 feature also requires ambient lighting of dedicated 
lactation rooms to help nursing mothers breastfeeding. Lactation rooms design guidelines given 
by AIA (American Institute of Architects) suggested that uniform ambient lighting and task lighting 
over the sink and the pump area should be provided for pumping milk and breastfeeding [3]. 
Murrye recommended windows of lactation room should be fitted with shades or opaque glass [4]. 
In China, the Shenzhen Housing and Construction Bureau issued the "Design Regulations for 
Mother and Baby Rooms in Public Places in Shenzhen City", which makes recommendations on 
lighting parameters such as ground illumination, glare value, color rendering index, and power 
density in 2019 (Table 1). The latest "Civil Airport Mother and Baby Room Planning and 
Construction and Facilities and Equipment Configuration Guide" issued by the Airport Department 
of the Civil Aviation Administration of China contains more detailed recommendations on lighting: 
warm light is recommended for the lighting of the breastfeeding and nursing areas, avoiding direct 
light sources (Figure 1). It also posed the point that mirrors are preferably equipped with internal 
light strips as a supplementary light source for makeup. 
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Table 1. Recommended Lighting Indicators of ‘Design Regulations for Mother and Baby Rooms in Public 
Places in Shenzhen City’ 

Surface Illuminance 
(lx)

Unified Glare 
rating

Color rendering 
index Ra

Lighting Power Density W/

Current value Target value

Ground 200 19 80 6.5 5.5

Figure 1. Schematic diagram of positive and negative examples of luminaires

(left: embedded strip, right: spotlight)

3. ANALYSIS OF LIGHT ENVIRONMENT DESIGN PROFILE OF MOTHER AND BABY
ROOMS IN SHANGHAI COMMERCIAL SPACE

Field research was conducted on 33 mother and baby rooms in Shanghai, and statistical 
analysis was conducted on natural lighting and artificial lighting (type of luminaires, light color, 
lighting design of the guidance system, and whether the color temperature illumination is 
adjustable). The statistical results in Table 2 showed that there was no natural light in any of the 
33 mother and baby rooms. For artificial lighting, the most common types of light fixtures in the 
room were strips and spotlights. 24 mother and baby rooms were equipped with strips and 20 
mother and baby rooms were equipped with spotlights. There were 5 mother and baby rooms with 
ceiling lights and downlights which are the next most numerous lamp types. In terms of artificial 
light color temperature, 29 mother and baby rooms were equipped with warm light (<4000K) and 
4 mother and baby rooms were equipped with cool light ( 4000K). In addition, 4 mother and 
baby rooms were equipped with colored light to create a warm and special indoor lighting 
atmosphere (Figure 3). Five of the 33 of the mother and baby room’s guidance system are
designed with lighting which are not only more identifiable, but also more aesthetic and interesting. 
It is worth noting that only 2 of the 33 rooms equipped with adjustable color temperature or 
illumination, while and most lighting environment of the mother and baby rooms are fixed.
Table 2. Field research and records of natural lighting and artificial lighting in 33 mother and baby rooms in 

commercial spaces in Shanghai

Number 1 2 3 4 33

Location
Suhe Bay 
Vientiane
world 2F

Qiantan Taikooli

2F

AI 
Plaza

2F

L+MALL 
2F

JingAn
Kerry 

Center2F

With natural lighting? No No No No No

Artificial lighting

Luminaire types trips, 
spotlights

Strip, wall light, 
spot light, mirror 

front light
strips

Strips, 
downlight

s 

strips, 
spotlights

warm/cool/colored lighting Cool
lighting Warm lighting Warm

lighting
colored 
lighting

Warm
lighting

Guide system lighting design Yes No No No No

Color temperature or 
illumination adjustable No No No No Yes
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Figure 2. Statistical results of the survey on the design of the light environment of mother and baby rooms in 
commercial spaces in Shanghai

During the field research process, we found that the following lighting methods are common in 
mother and baby rooms. The first is indirect lighting with only light strips, such as lighting 
environment of the mother and baby room on 2nd floor of Wanxiang City on Wu Zhong Road and 
the 3rd floor of LCM Hkland and Cifi Plaza where light strips are placed in the ceiling recesses, at 
the bottom of the sink, and on the back of the mirror to light for the breastfeeding and nursing 
areas. The second type of light environment is direct lighting. Only down-illuminated spotlights or 
downlights are set on ceilings illuminating washbasins and diaper tables. The mother and baby 
rooms on the 2nd floor of Ruihong Hall of the Sun, 2nd floor of IFC and the 3rd floor of Reo 
Department Store are representative mother and baby rooms. Another lighting environment is a 
combination of direct and indirect lighting with light strips and downlights or ceiling lights, which is 
the most common. Mainly indoor lamps are light strips combined with downlights, spotlights or 
ceiling lights. For instance, the mother and baby room on the 2nd floor of the First Babaiban Mall, 
2nd floor of Suhe Bay Vientiane world, and JingAn Kerry Centre set light strips to provide ambient 
lighting for the overall space and breastfeeding area, and downlights to directly shine down on the 
diaper table and hand washing pool in the nursing area to provide task lighting. A ceiling light is 
installed in the mother and baby room on the 3rd floor of Sun Moon Light Center to provide task 
lighting. In addition, the mother and baby rooms on the 3rd floor of Sun and Moon Light Center 
and the 4th floor of Plaza 66 are equipped with mirror front lights to improve facial illumination.

Figure 3. three kinds of different lighting methods and luminaire arrangements of mother and baby rooms     
(Left: indirect lighting. Middle: direct lighting. Right: indirect and direct lighting)

4. LIGHT ENVIRONMENT MEASUREMENT AND PROBLEM IDENTIFYING OF 4 MOTHER
AND CHILD ROOMS

After analyzing the indoor light environment of 33 mother and baby rooms, we selected four
mother and baby rooms on the 2nd floor of AI Plaza (indirect lighting), the 2nd floor of Ruihong 
Hall of the Sun (direct lighting), the 3rd floor of Sun Moon Center and 2F floor of Qiantan Taikooli 
(direct lighting and indirect lighting) to conduct light environment measurements and interviews to 
investigate whether the light distribution of different lighting methods can meet the actual usage 
needs of mothers and babies. The mother and baby room on the 2nd floor of Qiantan Taikooli is a 
large mother and baby room (area >30m2), with 3 nursing rooms, 2 diaper tables and children 
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m2), consisting of a 
breastfeeding area, a nursing area and a waiting area. A spectral illuminance meter (Yuanfang 
spic-300aw) was used to measure the illuminance and color temperature in different spatial areas. 
And the type of indoor luminaires was recorded. The illuminance data was measured by the 
center point method in GB/T5700-2008 Lighting Measurement Method (as shown in Figure 2.2), 
which divides the space into a rectangular grid and measures the illuminance at the center point 
of each rectangular grid on the horizontal surface of 0.75m from the ground, and takes the 
average value to obtain the average illuminance of the indoor working surface. The uniformity 
ratio illuminance is calculated by the ratio of the minimum illuminance to the average illuminance 
in the measurement point.
Table 3. Research records of natural lighting and artificial lighting in mother and baby rooms in commercial 

spaces in Shanghai

Area Size
Area

Breastfeeding 
area

Nursing 
area

Waiting 
area Play area

AI Plaza2F Small

Qiantan Taikooli 2F Large

Ruihong Hall of the Sun  2F Small

Sun Moon Light Center 3F Small

Figure 4. Central pointing method for illuminance measurement 

4.1 Light environment measurement result and problem summary in the mother and baby 
room on the 2nd floor of AI Plaza

Table 4. Light environment parameters in the mother and baby room on the 2nd floor of AI Plaza

Area 
Nursing Area 

(Hand washing 
sink) 

Nursing area 
(Diaper 
table)

Breastfeedi
ng area Waiting area Illumination 

uniformity

Illuminance (lx) 289.9 204.2 59.2 259.5

0.98

Color temperature (K) 2578 2986 2403 2940

Luminaires type strip strip strip Strips, 
Spotlights

Lighting method Indirect 
lighting

Indirect 
lighting

Indirect 
lighting

Direct&indirect 
lighting

Photo

The lighting environment in the mother and baby room on the 2nd floor of AI Plaza is indirect 
lighting, with strips behind the mirror, at the bottom of the sink, and at the top of the ceiling 
decoration. The horizontal illumination of the sink and diaper table can reach over 200lx, which 
can meet the needs of hand washing and baby care. The lactation room is also equipped with 
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indirect light-emitting strips, and the horizontal illuminance of the breastfeeding sofa is 59.2lx 
without visible glare. The overall light in the room is soft and uniform. Interviews with users 
showed that most of them were satisfied with the space. 

4.2 Light environment measurement result and problem summary in the mother and baby 
room on the 2nd floor of Qiantan Taikooli 

Table 5. Light environment parameters in the mother and baby room on the 2nd floor of Qiantan Taikooli 

Area 
Nursing Area 

(Hand washing 
sink)  

Nursing area 
(Diaper 
table) 

Breastfeeding 
area Play area Waiting 

area 
Illumination 
uniformity 

Illuminance 
(lx) 890.1 311.87 53.32 331.8 57.6 

0.76 

Color 
temperatur

e (K) 
3421 3170 2872 3362 3318 

Luminaires 
type 

Strip, Wall 
light,Spotlights

,Mirror front 
light 

Strip, Wall 
light,Spotligh

ts,Mirror 
front light 

Strip, Wall 
light, Spotlights Spotlights, 

Strip 

Lighting 
method Direct lighting indirect 

lighting 
indirect 
lighting 

Direct  
lighting 

Direct&indi
rect 

lighting 

Photo 

The mother and baby room on the 2nd floor of Qiantan Taikooli on the is a large mother and 
baby room, clearly divided internally into a play area, a nursing area and a breastfeeding area. 
The nursing area provides ambient lighting with light strips, functional lighting with spotlights 
shining down on the sink and diaper table, and ambient lighting with low color temperature wall 
luminaires. The horizontal illumination level of the sink and diaper table is well above the standard 
requirement of 200 lx. However, Babies lying on the diaper table can see significant direct glare 
by spotlights. The ceiling of the play area is also spotlighted with strong glare. The light 
environment of breastfeeding area is indirect lighting, with light strips and wall luminaires. The 
horizontal illuminance of the sofa in the nursing area is 53.32lx, which can basically meet the 
illuminance demand of the baby nursing in a lying position.    

4.3 Light environment measurement result and problem summary in the mother and baby 
room on the 2nd floor of Ruihong Hall of Sun 
Table 6. Light environment parameters in the mother and baby room on the 2nd floor of Ruihong Hall of Sun 

Area 
Nursing Area 

(Hand washing 
sink)  

Nursing area 
(Diaper table) 

Breastfeeding 
area 

Waiting 
area 

Illumination 
uniformity 

Illuminance 
(lx) 508.36 151.97 416.07 194.8 

0.36 

Color 
temperature 

(K) 
3182 2978 3052 2869 

Luminaires 
type Strip Spotlights Spotlights Strip 

Lighting Direct lighting Direct lighting Direct lighting indirect 
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method lighting 

Photo 

The mother and baby room on the 2nd floor of Ruihong Hall of the Sun is equipped with only 
three spotlights on the ceiling, which are located near the entrance, the washbasin and the 
nursing chair. The horizontal illumination level at the sink is more than 500 lx. While the 
illumination level at the diaper table is only about 150 lx. The illumination level at the 
breastfeeding area is above 400 lx. The illuminance at the diaper table is dark, which cannot fully 
meet the baby's care needs. And the illuminance at the nursing area is too high, which will cause 
the baby's visual discomfort. Besides, the internal illuminance distribution is unreasonable. And 
the uniformity of illuminance in the space is only 0.38. Most of the nursing mothers interviewed 
were not satisfied with the indoor lighting. They thought the harsh light was unfriendly to their little 
babies. 

4.4 Light environment measurement result and problem summary in the mother and baby 
room on the 2nd floor of Sun Moon Light Center 

Table 7. Light environment parameters in the mother and baby room on the 2nd floor of Sun Moon Light 
Center  

Area 
Nursing Area 

(Hand washing 
sink)  

Nursing area 
(Diaper table) 

Breastfeedi
ng area Waiting area Illumination 

uniformity 

Illuminance (lx) 496.7 456.4 91.7 276.4 

0.83 

Color 
temperature (K) 3257 3154 2986 3580 

Luminaires type Mirror front 
light Strip Strip Strip, 

Spotlights 

Lighting method Direct lighting Direct lighting Indirect 
lighting 

Direct&indirect 
lighting 

Photo 

The mother and baby room on the 3rd floor of Sun Moon Light Center provides ambient 
lighting with a combination of uniformly illuminated ceiling lights and light strips. And the mirror of 
the sink is set with a mirror front light. The overall brightness of the space is high with good 
uniformity. The illumination levels of the nursing areas are above 400lx. Although indirectly 
illuminated, the luminance at the nursing chair still reaches 90 lx. The luminance at the 1.2m level 
of the mother and baby room is more than 200 lx, which can meet the visual demand. However, 
some mothers interviewed thought the space make them feel too bright and uncomfortable.  

5 CONCLUSION 

By statistics and analysis of the natural and artificial light environment of 33 commercial 
space mother and baby rooms in Shanghai, as well as light environment measurements and 
interviews in four mother and baby rooms with different lighting methods and luminaire layout, it is 
found that the light environment of mother and baby spaces has problems such as lack of natural 
lighting, irrational luminaire settings, non-adjustable color temperature illumination, insufficient 
illumination in the nursing area, excessive illumination in the breastfeeding area, and glare. The 
light environment design of mother and baby room could be optimized from the following aspects: 
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1.Light strips or uniformly illuminated ceiling luminaires are recommended, while spotlights
are not recommended, whether in the breastfeeding area, nursing area, or play area. The color 
temperature and illumination of the luminaires should be adjustable to meet the needs of mothers 
and babies for nursing, sleeping and breastfeeding. 

2. Indirect lighting environment is softer and more uniform, bringing a stronger sense of
privacy. So it is recommended to use indirect light-emitting strip in mother and baby rooms. The 
light strip can be set in the ceiling, behind the mirror, under the sink countertop recess or ground 
recess, to meet the increased horizontal illumination and ensure the overall space illumination 
uniformity.  

3. In order to increase the comfort, pleasure and relaxation of the space, the color
temperature of the light is recommended to be controlled below 3000K. Local colored light can be 
used to create a relax atmosphere, but the overall space is not recommended to use colored light 
because the overall illumination may be too low for caring for babies. 

4. The guide system of mother and baby room could be designed with low color temperature
light box or backlight, which can not only keep consistent with the sense of light atmosphere 
inside the mother and baby room, but also increase the identifiability of mother and baby room in 
public places. 
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POSSIBLE IMPACT ON SLEEP QUALITY CAUSED BY EXTERIOR 
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ABSTRACT
Industrialization and urbanization have dramatically altered the daytime and nighttime light 

exposure in cities, and the wide-spread artificial light at night (ALAN) is altering human health. 
Policymakers, researchers and lighting management bodies are exploring strategies for controlling 
light pollution from external lighting. We report a series of field measurements to quantify the 
responses of different human photoreceptors and the possible suppression of melatonin production 
caused by the exterior lighting in metropolises. A total of 17,612,800 spectral and 50 hyperspectral 
imaging images were collected at 5.6 ft. above the ground in seven commercial business districts 
in Shanghai. The investigation of seven commercial districts reveals that the luminance distribution 
of urban nighttime illumination primarily falls within the range of 5-25 cd/m², with certain scenes 
exhibiting luminance levels of 25-50 cd/m². A significantly large proportion of scenes display higher 
luminance exceeding 200 cd/m², which can be attributed to the presence of self-luminous fixtures 
within the scenes. It was found that all lighting scenes could potentially affect the sleep quality of 
nighttime pedestrians, as characterized using melanopic equivalent daylight (D65) illuminance 
(melanopic EDI), because they had at least 40% area (in some areas exceeding 90%) with 
melanopic EDI values beyond 10 lx, a working threshold for the maximum melanopsin cell EDI 
before bedtime by 3 hours. 

Keywords: Artificial light at night; Light pollution; Circadian rhythm

1. INTRODUCTION
The industrialization and urbanization have had significant impacts on the illumination of urban

areas during both day and night. The widespread dissemination of artificial light at night (ALAN) is 
currently affecting human health. Research has revealed that human health is regulated by the 
photoperiodic rhythm[1-4], while extensive ALAN during the night prolongs the duration and intensity 
of urban nocturnal illumination, disrupting physiological processes such as the internal circadian 
clock and melatonin secretion in the human body. This may lead to health issues including insomnia, 
depression, and metabolic disorders. For a long time, the lack of effective regulation and 
assessment indicators has resulted in the misuse of artificial light worldwide, and both urban and 
rural areas are living under increasingly brighter night skies[5, 6]. Moreover, excessive nighttime 
lighting also has negative effects on wildlife, plant ecosystems, and stargazing[7-10]. Policymakers, 
researchers, and lighting management organizations are exploring strategies to control external 
light pollution.

Previous studies have revealed that even in individuals with complete blindness, there are 
persistent physiological responses to light stimulation on the eyes [11-13]. Consistent evidence from 
human and animal research indicates that these non-visual responses, including impacts on the 
circadian system, melatonin secretion, sleep/wakefulness, and pupil constriction, are mediated by 
a specialized type of retinal neurons called intrinsically photosensitive retinal ganglion cells (ipRGCs) 
[2, 14]. The photopigment within ipRGCs is melanopsin, which in humans, is most sensitive to photons 
in a distinct portion of the visible light spectrum separate from cone photopigments (λmax 480nm) 
[15-17].

In 2013, the Lucas team proposed a system that weighted irradiance based on the spectral 
sensitivity of five known human retinal photopigments (melanopsin, rhodopsin, S-, M-, and L-cone 
opsins) [18]. In 2018, this framework was formally established as an international standard and 
incorporated into a measurement system that complies with the SI standards to quantify the impact 
of ipRGCs on light (Commission Internationale de l'Eclairage (CIE) S 026)[19]. In this system, the 
effective photon capture rate of each human retinal photopigment under given lighting conditions is 
equated to the illuminance characteristics (such as intensity) of a standard 6500K (D65) daylight 
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spectrum that produces the same photon capture rate. This approach defines an α-opic equivalent 
daylight illuminance (EDI) for each class of photoreceptor, where α-opic represents one of the five 
classes of human photoreceptors that can contribute to the effects on ipRGCs, such as melanopsin. 

In 2022, recommendations regarding lighting were provided based on expert scientific 
consensus, using a readily measurable quantity defined in the standard as melanopsin equivalent 
daylight illuminance (melanopic EDI). 1) The minimum vertical plane Melanopic EDI on surfaces 
should be 250 lx during daytime; 2) The maximum vertical plane Melanopic EDI at a position 1.2 
meters prior to bedtime should be 10 lx within the last three hours[20]. These recommendations were 
supported by a detailed analysis of the sensitivity of human circadian rhythms, neuroendocrine 
systems, and alert responses to ocular light exposure. They provide a straightforward framework 
for lighting design and practice. 

This study collected high-spectral data of architectural facade night lighting in the core 
commercial area of Shanghai, China, at a near-ground scale from a pedestrian's perspective. Unlike 
the traditional method of satellite photography from high altitudes, this high-spectral data is closer 
to human visual perception and offers finer-grained information. Through the analysis of the 
collected data, the brightness distribution of architectural facades and melanopic EDI were obtained, 
enabling an assessment of the impact of urban commercial area architectural facade landscape 
lighting on human health. 

 

2.  METHODS 
2.1   Data Collection 

We conducted research and data collection on the urban nighttime light environment in seven 
core commercial districts in Shanghai. These areas include: North Bund, Lujiazui, Bund, Nanjing 
East Road, Nanjing West Road, Xujiahui and Wujiaochang, as shown in Figure 1, which provides 
geographical location information for each region. The data was collected at a height of 5.6 ft above 
the sidewalk using a TOPCON SR5000-HS 2D spectroradiometer to capture hyperspectral imaging 
(HSI) data for each scene. The spatial resolution of the spectroradiometer is 688*512 pixels, and it 
scans wavelengths from 380 to 780 nm with an interval of 5 nm. Therefore, each captured scene 
obtained HIS data consisting of 81 spectral layers, with 352,256 pixels per layer. This means that 
each pixel has spectral radiation distribution data, as shown in Figure 2. The data collection period 
spanned from December 2021 to October 2023. In the end, we obtained lighting data for a total of 
46 scenes from 6 locations, as shown in Table 1. 

 
Figure 1 (a) Geographical location of seven commercial districts and (b~d) some night. 

 
Figure 2. Hyperspectral imaging acquisition diagram. 
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Table1 The geographical location corresponding to the 46 scenes 

location Scene number 

North Bund 1, 2, 3, 4, 5, 6, 33 

Lujiazui 7, 8, 9, 25, 26, 27, 8, 29, 30, 31, 32 

Bund 10, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46 

Nanjing East Road 11, 12, 13, 14 

Nanjing West Road 15, 16, 17, 18, 19 

Xujiahui 20, 21, 22, 23, 24 

Wujiaochang 47,48, 29, 50 

 

2.1   Data Analysis 
Regarding the collected nighttime landscape data, we extracted the brightness value and 

spectral intensity for each pixel. The brightness data was used to analyze the proportion of scene 
brightness intensity, while the spectral data was utilized to calculate the equivalent melanopic lux 
(EML) and Melanopic equivalent daylight (D65) illuminance (melanopic EDI) of the scene[18]. 
Detailed explanations for the calculation method can be found in the work by Robert J. Lucas et al. 
[21]. 

 

λ is the wavelength of the radiation; 

, the maximum spectral luminous efficacy; 

 is the spectral luminous efficacy function for photopic vision; 

 is the spectral power distribution; 

 is the Melanin spectral optical efficacy function; 

As  and choosing to define , equation (1) can be simplified to 
an equivalent from to that calculations for photopic lux: 

 

Melanopic equivalent daylight (D65) illuminance (melanopic EDI) refers to the illuminance value 
of the standard light source D65 when it produces the same melanopic equivalent illuminance as 
defined by the CIE standard. The calculation formula for melanopic EDI is as follows: 

Whereas EML represents the melanopic equivalent lux, and γ is a constant with a value of 0.9063, 
which serves as the conversion coefficient between the numerical values of EML and melanopic 
EDI. 

The brightness data is divided into ten levels in academic research, namely 1-5, 5-25, 25-50, 50-
75, 75-100, 100-125, 125-150, 150-175, 175-200, and above 200 cd/m². The Melanopic Effective 
Daylight Index (EDI) is categorized into the following ranges: 0-1, 1-10, 10-50, 50-100, 100-150, 
150-200, 200-250, and beyond 250 lx. 

 

3.  Results 
3.1 Luminance Distribution of Building Facades 

In areas where multiple lighting types are used, there is a significant variation in façade 
brightness distribution. Heatmap shows the brightness proportion of 50 scenes from seven 
commercial districts. As show in Figure 3. The majority of areas have brightness levels below 25 
cd/m2 (International Commission on Illumination, 2017), but in some areas, the proportion of 
higher brightness levels has significantly increased. Scenes such as 5, 11, 12, 13, 14, 20, 21, 22, 
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23, 32, and 49 show a noticeable increase in the proportion of brightness greater than 50 cd/m2, 
mainly because these scenes include lights near billboards, LED screens, and projected light 
sources. Some areas reach brightness levels exceeding 200 cd/m2, like scenes 13, 22, 23, 24, 
and 32. These improperly illuminated areas on building facades pose a significant threat of light 
pollution to the nighttime environment on the ground. 

 
Figure 3. Proportion of luminance in different ranges of night lighting scenes in 50 commercial areas. 

According to CIE:150-2017 (International Commission on Illumination, 2017), the lighting 
environment in this survey corresponds to well-residential urban areas and commercial zones, 
representing medium and high bright zones (E3 and E4), with maximum recommended luminance 
limits of 800 cd/m2 and 1000 cd/m2, respectively. Although the proportion of high-brightness 
facades is relatively low across the entire surveyed area, some screens and billboards exceed 
1000 cd/m2 of brightness, creating a strong contrast with the surrounding darker environment, as 
shown in Figure 4. 
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Figure 4. Brightness distribution of some scenes: the brightness of the signboard in (a) is greater than 200 

cd/m², the display brightness in (b) is greater than 1000 cd/m², and the brightness of the advertisement in (c) 
is greater than 500 200 cd/m². 

3.2 Melanopic EDI for the spectral dose of the building façade 

The spectral data of each pixel in the scene was calculated to obtain the Melanopic Effective 
Daylight Index (EDI) at the pixel location using formulas (1)-(3), as shown in Figure 5. Similarly, we 
generated a Heatmap image representing the Melanopic EDI values in each scene based on the 
analysis methodology outlined in Section 2.1, as depicted in Figure 6. 

 
Figure 5 Live-action images in some scenes and distributed images of Melaponic EDI. 

Based on Figure 6, it is evident that the majority of scenes exhibit a significant proportion of 
Melanopic Effective Daylight Index (EDI) values below 1 lx, which is closely related to the 
proportion of sky present in the scenes. This implies that excluding the portion below 1 lx, the 
remaining proportion can be attributed to artificial lighting. Among them, the mean proportions of 
1-10, 10-50, 50-100, 100-150, 150-200, 200-250 and greater than 250 lx were 17.85%, 9.68%, 
6.13%, 4.27%, 3.15%, and 19.68, respectively. Among them, 1-10, 10-50, and larger than 250 lx 
proportions are the largest. In certain scenes, the proportion of EDI exceeding 250 lx exceeds 
60%, indicating a greater influence of artificial lighting on the suppression of melatonin production 
in such scenarios. In 2022, experts reached a consensus regarding illumination recommendations 
for daytime and nighttime conditions: 1) The minimum vertical plane Melanopic EDI on surfaces 
should be 250 lx during daytime; 2) The maximum vertical plane Melanopic EDI at a position 1.2 
meters prior to bedtime should be 10 lx within the last three hours[20]. Figure 7 illustrates the 
percentage of scenes with Melanopic EDI values exceeding 10 lx in 50 urban commercial districts' 
nighttime lighting. It is evident from the graph that the majority of scenes exhibit a proportion 
exceeding 40% for EDI values above 10 lx, with some even exceeding 90%. 
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Figure 6 Proportion of Melanopic EDI in different ranges of night lighting scenes in 50 commercial 

areas. 

 
Figure 7. Proportion of Melanopic EDI with a scale greater than 10 lx in 50 commercial areas. 
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4.  CONCLUSION 
In the investigation of seven commercial districts in Shanghai, the luminance distribution of 

urban nighttime lighting mainly falls within the range of 5-25 cd/m², with some scenes reaching a 
luminance of 25-50 cd/m². A significant proportion of scenes exhibit higher luminance exceeding 
200 cd/m², which is primarily attributed to the influence of large-scale self-luminous facilities such 
as billboards, architectural signage, and media facades within the scenes. Consequently, effectively 
controlling the luminance of commercial district signage, advertisements, and media screens 
becomes a necessary measure for mitigating light pollution. Among the 50 nighttime lighting scenes 
in commercial districts, the mean proportions of luminance ranging from 1-10, 10-50, 50-100, 100-
150, 150-200, 200-250, and greater than 250 lx are 17.85%, 9.68%, 6.13%, 4.27%, 3.15%, 19.68%, 
respectively. The highest proportions are observed in the ranges of 1-10, 10-50, and greater than 
250 lx. According to expert consensus, it is recommended that the Melanopic Effective Daylight 
Index (EDI) be below 10 lx in the three hours prior to sleep onset. However, in the majority of these 
50 lighting scenes, the proportion of scenes with an EDI exceeding 10 lx surpasses 40%, with some 
scenes even exceeding 90%, indicating a certain impact of urban nighttime lighting on the sleep 
quality of nocturnal pedestrians. 
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ABSTRACT 
Population growth and urban expansion have led to increasing demand for buildings. Optimizing

building façade design with integrated photovoltaic shading (PVSD) can reduce building energy 
consumption while ensuring a comfortable indoor light and thermal environment. However, few 
studies have focused on optimizing façades based on indoor light comfort with integrated PV. 
Therefore, this study investigates the association of high-density urban office building façades with 
indoor light environments and their potential as a productive integration. The indoor light 
environment of typical office buildings in five different Daylight Climate Zone in China and their 
façades were investigated. Visual comfort, power generation and a set of workflows for regulating 
the indoor lighting environment with self-produced power are considered, and the optimal façade 
configuration is selected from the established model library. The integrated module effectively 
improves the indoor lighting and visual comfort of the space, resulting in an average light comfort 
of 66.5%. And it also met 7-13.5% of the annual per capita electricity demand of the office. This 
study can guide other densely populated cities to promote the research and construction of solar
façades to improve the visual comfort of office spaces and reduce energy consumption.

Keywords: Solar façade; photovoltaic shading; Daylighting; Useful daylight illuminances; visual 
comfort; Energy production

1. INTRODUCTION
In most developed countries, the building sector accounts for over one-third of the total energy

consumption[1] and contributes to global greenhouse gas emissions[2]. Given the prevailing energy 
crisis, there has been a growing emphasis on energy efficiency in architectural design. Particularly 
in China, which boasts the world's largest building market[3], rapid urbanization and expansion 
have increased energy demand and carbon emissions[4]. Public buildings comprise 21.3% of the 
overall building stock in China, with their energy consumption amounting to 33.2% of the total 
building energy consumption, with office buildings representing the largest portion[5].

Given that the building envelope plays a crucial role in the energy consumption of buildings, 
numerous studies have been dedicated to reducing net energy consumption while maintaining 
indoor comfort[6]. Grondzik and Kwok[7] have identified that the energy consumption of office 
buildings is influenced by orientation and factors such as layout patterns and geometric forms. 
Additionally, Lim et al. [10] emphasize that well-designed glazing on the façade and appropriate 
shading devices can significantly improve daylight conditions and reduce the demand for lighting 
energy. However, excessive direct solar radiation can result in user discomfort due to overheating 
and glare issues[11]. Consequently, shading devices are typically strategically oriented and inclined 
to mitigate unnecessary direct sunlight and radiation effectively, thereby preventing overheating 
and glare.

Solar energy is one of the most popular renewable sources due to its abundance, cleanliness, 
and inexhaustibility. Moreover, photovoltaic technology enables the capture and conversion of light 
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energy into usable energy at a reasonable cost. Building-integrated photovoltaics (BIPV) entails the 
incorporation of photovoltaic modules into the building envelope[12], thereby granting the building 
the capability to generate electricity. On the other hand, photovoltaic shading devices (PVSD), as 
one of these integration methods, not only produce electricity but also regulate and block the influx 
of sunlight and solar radiation through windows[13]. This functionality contributes to reduced cooling 
requirements during summers and improved natural indoor lighting conditions, ultimately enhancing 
the overall energy performance of buildings[14]. Research has demonstrated that the 
implementation of photovoltaic devices can yield savings of 50-80% in artificial lighting[15], as well 
as reductions of 11% in cooling energy consumption and 13% in electricity consumption[16]. These 
advanced building components form a complex boundary between the internal and external spaces 
of a building, and their performance significantly influences the visual and thermal quality of the 
indoor environment, as well as the energy conversion efficiency of the system[17]. 

Optimal lighting conditions in the workspace significantly enhance productivity by improving 
visual comfort[18]. Additionally, the solar gain facilitated by PVSD aids in reducing energy 
consumption for both space heating and electric lighting. However, using large shading devices 
that excessively block solar radiation may result in increased reliance on artificial lighting, 
counteracting some of the original benefits, despite greater energy conversion by the PV material. 
Consequently, the modulation of sunlight through PVSD becomes a complex yet crucial measure 
to maintain comfortable thermal and visual conditions. The most effective control methods for PVSD 
should be adaptable to factors such as climate characteristics, building type, and building 
orientation[13]. Consequently, research on PVSD focuses on four primary aspects: the angle and 
arrangement of PV panels, the axis of rotation, the PV cell material, and the panel size, as these 
factors are closely intertwined with the energy efficiency and indoor comfort achieved through 
PVSD implementation. 

This study focuses on office buildings in five distinct Daylight-climate zones in China: Lhasa, 
Kunming, Beijing, Shanghai, and Chongqing. The optimization of building-integrated photovoltaic 
(BIPV) systems and office building facades varies across regions due to the differences in average 
solar radiation levels among the light-climate zones. This study aims to investigate the methods 
and potential of integrating PV shading into office buildings in these five cities situated in diverse 
daylight-climate zones in China. A multi-objective analysis of the integrated façade configuration 
was conducted to determine the optimal PV tilt angle and application form for the specific building 
environment. The study aimed to enhance daytime indoor light comfort for office occupants and 
reduce unnecessary energy consumption. 

2. METHODS 
2.1   framework for optimization methods 

Figure 1 illustrates the workflow employed in this study. The initial step involved determining the 
dimensions of the module model suitable for the specific office space. A model representing an 
open office measuring 7.8 m (width), 8.5 m (depth), and 3.6 m (height) was established, as depicted 
in Figure 2. Subsequently, evaluation criteria were defined for the façade module, with the Useful 
daylight illuminances (UDI) selected as an indicator for assessing indoor light comfort; while 
electricity production served as an indicator for evaluating the performance of the PV panel 
application. The next step entailed defining the variable parameters of the façade module. These 
parameters encompassed the size and number of rows of PV panels, the direction of the rotation 
axis, the tilt angle, and the type of PV cell. Combining the various permutations of these variable 
elements generated a library of façade prototypes, forming the basis for subsequent simulations. 

In the simulation process, the initial step involved selecting representative cities from five distinct 
Daylight-climate zones in China and extracting their corresponding weather data[19] for subsequent 
simulations. The chosen cities were Lhasa (Zone I), Kunming (Zone II), Beijing (Zone III), Shanghai 
(Zone IV), and Chongqing (Zone V). The multi-objective optimization process relied on Rhinoceros 
and Grasshopper parametric modelling tools alongside performance analysis tools such as 
Ladybug[20], OpenStudio, Daysim[21], EnergyPlus[22], and Radiance[23]. Through these 
parametric simulation tools, 2,880 programs were executed for each façade module across 16 
representative time points throughout the year, encompassing all five cities. Subsequently, a 
meritocratic procedure was employed to identify each city's most efficient façade components and 
determine the optimal combination of axis directions (horizontal, vertical, diagonal). A visual heat 
map depicting the Useful daylight illuminances of each optical module was generated. 
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Figure 1. Overview of methodology 

 
Figure 2. Settings of typical office building space 

2.2   Model setup 
Figure 2 presents the dimensional settings of the selected typical office space, the reflection 

parameters, and the plane where the simulated sensor points are positioned. Initially, a model of 
an open-plan office was established, taking reference from the studies conducted by Shi[24] and 
Wang[25]. The internal space dimensions were set at 7.8 m (width), 8.5 m (depth), and 3.6 m 
(height). The elevation of the office space included a bay window with a height of 0.8 m and a 
standard window with a height of 2.6 m. Subsequently, the plane for the simulated sensor points, 
which assess indoor lighting conditions, was determined to be 0.7 m above the floor surface. 
Additionally, the vertical surface where the PV panels are situated was positioned 0.5 m away from 
the original building façade, providing ample space for the rotation of the equipment and PV panels.

2.3   Evaluation indicators and optimization formula 
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In terms of the evaluation indicators, the assessment considers both the electricity generation 
and the impact of PVSD modules on indoor lighting. The output power of the PV panels is denoted 
as P, representing the resource output for electricity generation. Visual comfort refers to the 
subjective perception of comfort in the visual environment. Given the significant temporal and 
spatial variations in actual daylight levels within buildings, the traditional concept of illuminance 
uniformity is inadequate in reflecting realistic lighting conditions[26]. A more appropriate metric for 
evaluating the indoor light environment is the useful daylight illuminance (UDI), typically ranging 
from 100 to 2000 lx. UDI is commonly used to calculate light distribution within a building[26]. 

The screening process was devised using a multi-objective optimization method described by 
equation (1). Subsequently, the Rhinoceros + Grasshopper tool was employed to process the data 
and extract the optimal component forms for the five cities. 

The design prototype merit formula was calculated as follows: 
 

 
(1) 

UDI = average effective natural daylight illuminance (UDI 200–3000 lx). 
P = output power of the adaptive façade dynamic PV shading system. 

2.4   Definition of variable indicators for the façade  
The PVSD system should be configured to prioritize indoor light comfort while maximizing power 

production. The system involves several key design variables, including the PV cell type, PV panel 
size, number of PV panel layers, rotation axis direction, and tilt angle. Thin film PV and crystalline 
PV are the most commonly used PV cell types in the market. For the PV panel size, a choice of 
0.2m x 0.2m is selected, which corresponds to the largest commercially available monocrystalline 
size commonly used, with a dimension of 210mm[27]. 

Table 1. Characteristics of the different PVSD devices. 

Photovoltaic Type Panel Size Tilt Angle Number of rows Axis Orientation 

Crystalline silicon 0.4 m × 0.4 m 30° 6 Horizontal 

Thin film 0.8 m × 0.8 m 20° 3 Vertical 

  15°  Oblique 

 

As depicted in Table 1, the available sizes for photovoltaic panels are 0.4m  0.4m and 0.8m  
0.8m. The number of photovoltaic layers is limited to six or three, depending on the chosen façade 
size. Each layer can accommodate up to 10 panels, considering the original building façade opening 
width of 7.8m. Drawing inspiration from various design forms commonly observed in adaptive 
façades, three types of rotation axis—horizontal, vertical, and inclined—are implemented. A tilted 
PV configuration yields 20-40% higher power generation than a flat vertical layout [28]. Therefore, 
three tilt angles of 15°, 20°, and 30° are selected for the PV panels. A prototype encompassing all 
elevations is constructed by arranging and combining all the variables above, as depicted in Figure 
3. 
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Figure 3. Façade library. 

2.5 Settings of Simulation  
Ladybug[20] and Honeybee can retrieve weather data to simulate the lighting, thermal, and wind 

environment of the building. All simulations rely on performance simulation software such as 
Daysim[21], Radiance[23], THERM, and OpenStudio. With the aid of this software and plugins, 
energy and lighting simulations can be conducted, and the output data can be visualized. The 
weather and lighting data used in the simulations were obtained from the epwmap website[19]. 

The simulations were conducted in five representative cities in China: Lhasa (Zone ), Kunming 
(Zone ), Beijing (Zone ), Shanghai (Zone ), and Chongqing (Zone ). The objective was to 
investigate the lighting conditions in different regions of China and, based on these findings, design 
and optimize the energy efficiency of PVSD façades. The simulations were performed on four 
selected dates throughout the year: March 22nd, June 22nd, September 22nd, and December 22nd. 
For each date, simulations were conducted at four different time points: 9:00 a.m., 12:00 p.m., 3:00 
p.m., and 6:00 p.m. This approach enables a comparison of results across different seasons and 
visually represents the variations in indoor lighting and PV power production throughout the day. 
With all the variable combinations, a total of 2,880 simulations were conducted. 

3. RESULTS 
The filtering results presented in Table 2 indicate that the optimal configuration for the southward 

orientation of PVSD is a crystalline silicon PV panel with a horizontal axis rotation of 30° and a size 
of 0.8m x 0.8m. All lead to this result, even in different light-climate zones. This finding suggests 
that the most suitable tilt angle between the module and the horizontal plane is 30°, with equal 
weightage given to the indoor light environment and power generation, and it remains unaffected 
by geographical location. Figure 4 illustrates the substantial variations in PVSD power production 
across different light-climate zones, influenced by the varying availability of light in different cities. 
For instance, as observed from Table 2, power production in light-climate zone  such as Lhasa is 
significantly higher compared to several other cities. At the same time, areas like Chongqing are 
less suitable for PV installation. 

In contrast, the cities of Kunming, Beijing, and Shanghai exhibit similar levels of electricity 
production. Although the daily illumination levels may appear comparable across the cities, the 
Useful daylight illuminances (UDI), being a range ratio, limits the visualization of detailed light 
differences. For a more comprehensive understanding, please refer to Figure 5. 

 
Table 2. Best performance results in different cities. 
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Type City Size Tilt 
Angle PV Type Axis 

Orientation UDI
Electricity 
Production 

(Annual)

Lhasa

( )
0.8 m × 
0.8 m 30° Monocrystalline Horizontal 0.61 7990.6  

kWh

Kunming

( )
0.8 m × 
0.8 m 30° Monocrystalline Horizontal 0.66 4152.87 

kWh

Beijing

( )
0.8 m × 
0.8 m 30° Monocrystalline Horizontal 0.62 4691.27

kWh

Shanghai

( )
0.8 m × 
0.8 m 30° Monocrystalline Horizontal 0.69 5463.36 

kWh

Chongqing

( )
0.8 m × 
0.8 m 30° Monocrystalline Horizontal 0.70 1105.63

kWh

As depicted in Figure 4, Lhasa exhibits the highest and most consistent overall electricity 
production performance, maintaining a consistently high level throughout the year. Shanghai 
demonstrates notably high electricity production performance during the summer and autumn 
seasons. Conversely, Chongqing is deemed the least suitable city for PV integration on building 
façades within the selected parameters. The electricity production in each city positively correlates 
with the total light availability within its respective daylight-climate zone.

Figure 4. PV electricity production in different time.

As shown in Figure 5, Lhasa exhibits the highest light levels, which remain consistently high 
throughout the year. This may result in potential glare issues and visual discomfort due to excessive 
illumination. Similar to Lhasa, Kunming and Beijing display comparable light environments. 
However, Lhasa benefits from longer daylight hours in winter and maintains a high level of daylight 
even at 6:00 p.m. Shanghai showcases a pleasant light environment during the spring, summer, 
and autumn seasons while experiencing relatively higher glare levels during winter. However, it is 
essential to note that this discrepancy in winter may be attributed to the specific sample dates 
chosen for analysis. In contrast, Chongqing experiences high illumination levels during the summer 
and autumn seasons, a relatively comfortable light environment in spring, and significantly reduced 
illumination levels in winter, necessitating artificial lighting to compensate.
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Figure 5. UDI Heatmap. 

4. CONCLUSION 
The study examined the indoor light environment and integrated solar facades of typical office 

buildings across five distinct daylight climate zones in China. It develops a collaborative design 
mechanism that considers multiple factors and evaluates its application potential across different 
daylight climate zones. A multi-objective optimization approach was employed to conduct a 
quantitative analysis, performance simulation, resource output calculation, and design selection 
process for the facade design. After parametric simulation has been carried out, an optimal 
configuration for the building façade was selected from a library of established models. The 
integration of the selected module effectively enhanced the indoor lighting and visual comfort of the 
office space, resulting in an average light comfort level of 66.5%. Furthermore, the integrated 
module met 7-13.5% of the annual per capita electricity demand of the office building. The findings 
of this study can serve as a guide for other densely populated cities in promoting research and 
construction of solar façades, aiming to improve visual comfort in office spaces and reduce energy 
consumption. 
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ABSTRACT 
Due to academic pressure, social competition, and interpersonal communication, psychological 
problems like anxiety and depression are common among college students. The campus outdoor 
space, as a vital venue for students, not only serves practical functions but also plays a crucial 
role in enhancing psychological recovery. Lighting, as a significant factor in shaping the 
landscape, has a profound impact on human perception. This research aimed to investigate the 
influence of different lighting environments on visual perception and restorative experiences 
among college students. Three lighting conditions (daytime, nighttime with landscape lighting + 
street lighting, and nighttime with street lighting only) were set up along a university campus 
pathway. Eye-tracking data, interviews, and subjective questionnaires were used to gather 
participants’ experiences. The findings indicate that lighting conditions influence visual perception 
and cognitive preferences. Moreover, pedestrians displayed diverse fixation patterns depending 
on the lighting environment. Nighttime scenes with well-designed lighting exhibited a higher 
restorative effect compared to other scenes. This study provides insights into the role of lighting 
design in guiding visual attention and supports the potential benefits of night landscapes for 
restoration.

Keywords: College students, Psychological problems, Lighting environments, Visual perception,
Eye-tracking

1. INTRODUCTION
College students face serious physical and mental health issues, including heavy academic

workload, intense job competition, and interpersonal relationships, among other complex factors, 
which have drawn widespread attention from society [1][2]. As the space where college students 
spend the majority of their time, the outdoor campus environment not only serves basic functions
of public activities, aesthetics, and ecology but also significantly influences their psychological 
restoration and physiological stress levels [3][4][5]. Light, including natural sunlight and artificial 
lighting, plays a vital role in shaping the spatial image. Under different lighting conditions, the 
same campus space may present different visual images, thus eliciting varying visual preferences 
and restorative perceptions. However, further research is needed to determine how to measure 
these perceptual differences effectively.

The campus landscape, as the most encountered “second nature environment” in the daily 
lives of college students, holds significant importance for positive psychological intervention. 
Current research mainly focuses on exploring the effects of daytime environment and campus 
landscape on emotions [6]. However, the night time is one of the main periods for students’ 
socializing, leisure, and studying activities, and a high-quality campus nightlife can provide a 
comfortable, safe, and pleasant environment for students. A good campus nighttime scenery not 
only satisfies students’ basic mobility needs but also serves as a valuable restorative landscape 
resource, effectively reducing students’ physical and mental stress and helping them restore their 
original state of well-being. Therefore, investigating the perceptional effects of different lighting 
conditions on campus nightlife is of great significance.

Studying human experience and perception has always been an important issue in the field 
of environmental psychology. Traditional evaluation methods for landscape preference, emotional 
experience, and restorative quality can be categorized into two approaches. One method is 
phenomenological interviews that require participants to recall event details as fully as possible. 
Another method is psychological measurement scales, such as mood scales, Perceived Recovery 
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Scale (PRS), and State-Trait Anxiety Inventory (STAI) 7 . However, traditional measurement 
methods like phenomenological interviews and psychological measurement scales demand high 
experiential requirements from the participants, and the data collection process can be labor-
intensive and resource-consuming, limited by the experiences of the participants themselves. 
With the development of wearable sensor technologies, eye-tracking devices, which directly 
measure visual attention, have been applied in studies on environmental perception. Analysing 
indicators such as fixation points, fixation durations, and pupil size while participants view 
landscapes, in conjunction with subjective evaluations, can facilitate a better understanding of 
differences in perception between day and night landscapes. 8 9 10

Consequently, the primary objective of this research endeavor pertains to dual facets:(1) 
investigating the viability of employing eye-tracking as a tool for evaluating the perceptual aspects 
of landscapes in diurnal and nocturnal settings; (2) examining the effects of diverse lighting 
conditions on the restorative perception of college students traversing a predefined campus route. 

2. METHODS 

2.1Participants 
In the first stage, 13 subjects were recruited, all of whom were undergraduate students who 

usually stayed in campus, so all of them were familiar with the experimental road. They were 
required to be in good health, have a regular living schedule and normal vision(the naked eye 
vision of both eyes is greater than 0.8), no colour blindness, colour weakness, glaucoma and 
other eye diseases, also no alcohol abuse or smoking habits. After preliminary screening and 
confirmation, 8 students participated in the experiment finally (see Table 1). The results of Self-
rating anxiety scale(SAS) and Self-rating depression scale(SDS)showed that their anxiety and 
depression levels were all normal. The subjects were estimated through Morningness-
Eveningness Questionnaire (MEQ), showing that 6 of them were "intermediate" and 2 were 
"intermediate evening". There was no "definite morning" or " definite evening", and the sleep 
habits were basically similar. 

Table 1. Description of participants. 
Characteristics Mean SD Maximum Minimum 

Age (years old) 18.63 1.11 21 18 

Self-rating anxiety scale(SAS) 33.75 6.06 42 23 

Self-rating depression 
scale(SDS) 37.75 8.35 50 22 

Morningness-Eveningness 
Questionnaire (MEQ) 45.13 6.27 55 33 

Body Mass Index (BMI) 20.66 2.25 24.30 18.22 

 

2.2 Study Area 
This study selected a road route on Siping Road at Tongji University, with a total round-trip 

distance of 700 meters. The walking route was divided into three segments, and three fixed 
stopping points were established along the way to capture participants’ perception of the static 
environment. The experiment included three different lighting conditions: a daytime scene 
(overcast), nighttime scene A (streetlights and landscape lights), and nighttime scene B 
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(streetlights).

 
Figure 1 Experimental ite 

2.3Research Process 
The experiment was conducted from November 12th, 2022, to November 26th, 2022, during a 

period characterized by mild weather and cloudy skies with dry ground conditions. To minimize 
interference, the experiment was conducted during periods of low student traffic. Daytime 
experiments took place from 8:00 AM to 11:00 AM, while nighttime experiments occurred from 
7:00 PM to 10:00 PM. The experiment utilized a repeated measures design, where each 
participant started by completing a series of tasks indoors to induce stress perception. 
Participants then experienced three scenes in random order, with the experimental procedures for 
each scene being the same. Participants gathered at Room 115 of Wenyuan Building according 
to a predetermined schedule. Before the experiment, participants were provided with the 
designated route and stopping points and were asked to imagine the following scene: "After a 
busy day of studying, taking a stroll alone or with companions on campus. Except for the three 
fixed stopping points, participants could stop and continue at their discretion and use an iPad to 
capture photos of campus environments that interested them and share them with family and 
friends. The duration of stays at the stopping points was self-controlled." 

Each participant was equipped with Tobii Glasses eye-tracking glasses and a GPS device 
(Garmin eTrex 221X GPS), allowing the linkage of GPS locations with visual experiences. After 
the experiment, participants completed Perceived Restorativeness Scale (PRS). between 
sessions. During the experiment, participants were not allowed to speak, eat, or consume energy 
drinks. In the case of unexpected events such as coughing, noise, or interference from other 
individuals, the experimenter recorded audio and video throughout the 
experiment.

 
Figure 2 Research Process 
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Figure 3 Overview of research 

3. RESULTS 
During the process of appreciating landscape spaces, individuals form aesthetic perceptions 

of space through exploration. The presentation of landscape elements in space is orderly, and 
perceptual preferences may vary based on the observer’s viewing methods and locations. 
Therefore, in this study, eye-tracking data was analysed using both quantitative and qualitative 
methods in the context of two behavioural modes: walking and pausing. 

3.1 Analysis of eye movement data during walking 

3.1.1Analysis of the eye movement data 

 
Figure 4 Eye movement fixation data statistics during walking 

When observers were exposed to nighttime scene A, they exhibited the highest number of 
fixations and longest total fixation duration, indicating a visual preference for nighttime scene A. 
The illuminated buildings, seating, and sculptures in nighttime scene A captured the observers’ 
attention. In comparison between daytime and nighttime scenes, observers showed slightly higher 
fixations counts and total fixation duration in daytime scene than in nighttime scene B, while in 
Section 2 and 3, observers exhibited slightly higher fixations counts and total fixation duration in 
nighttime scene B than in daytime scene.  
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Attention allocation remained relatively consistent across all scenes. In terms of pupil size, 
nighttime scene A had the largest pupils, slightly larger than nighttime scene B, while daytime 
scene had the smallest pupils. These findings suggest that changes in lighting conditions 
influence visual perception and behavioural responses, leading to differences in attention 
allocation and cognitive load across different environments. 

3.1.2Analysis of the cognitive and area of interest 

In order to investigate the impact of the same landscape elements under different lighting 
conditions on the visual attraction of participants, we analysed eye-tracking data of key landscape 
elements during walking and generated interest area heatmaps. By combining eye-tracking 
heatmaps with task performance and subjective evaluation results, we were able to uncover the 
relationship between participants’ eye movements and their cognition and behaviour (as shown in 
Table 2). 

Table2 Eye movement, filming tasks and subjective interviews during walking 

Location Content Daytime Scene Nighttime Scene A Nighttime Scene B 

Section1 

Eye-track 

   

Photo 

   
AOI 

elements Plants, Roads, Buildings Streetlights, Roads, 
Illuminated plants. 

The sky, Streetlights, 
Tree shadows 

Evaluation 

” On this road, there are 
people, birds, and trees. I 
feel that they are dynamic 
and full of vitality, which 
makes me feel very 
comfortable.” 

"On the way back, I noticed 
that the area beneath the 
column with the school 
emblem was illuminated by 
lights. It looked quite 
beautiful and created a 
memorable spot that 
brought a sense of joy." 

"It feels like some of the 
lights in the North Building 
have been adjusted and 
dimmed a bit. However, 
seeing classmates still in 
class gives an overall sense 
of softness." 

Section2 

Eye-track 

   

Photo 

   
AOI 

elements Plants, Roads. Streetlights, Roads. Streetlights 

Evaluation 

“Today’s weather is quite 
good, with sunshine. The 
sunlight shines through the 
leaves and onto the ground, 
giving a vibrant and uplifting 
feeling. Compared to the 
nighttime, the daytime is 

 “There is a small pathway 
paved with little stones that 
slowly leads to the depths of 
that garden. Alongside the 
path, there are small, 
scattered lights that 
accompany it. The overall 
feeling is quite attractive and 

“The streetlights form a 
continuous line, creating a 
distinct contrast with the 
darkness on the right side. 
They stand out and appear 
vivid against the black 
backdrop.” 
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much more enriched.” has a sense of mystery.” 

Section3 

Eye-track 

   

Photo 

   
AOI 

elements Plants, Road Buildings, Road Buildings, Road 

Evaluation 

“I find this area facing the 
academic building to be 
quite boring. The 
construction noises around 
here also make me 
uncomfortable.” 

“The main entrance of the 
North Building gives me a 
visual appeal." 

“It makes me feel anxious 
because the lighting there is 
not bright. Although there 
are some lights in the 
direction of the North 
Building, the area beneath 
the benches is quite dark. 
The presence of someone 
lurking in that area could 
create a sense of unease 
and insecurity” 

 

Analysis of gaze points revealed that participants exhibited different patterns of visual fixation 
under various lighting conditions. During daytime scenes, participants showed a primary interest 
in plants, roads, and unique signage along the roadside. In nighttime Scene A, their main areas of 
interest were streetlights, buildings, and roads. In nighttime Scene B, streetlight elements were 
the main focus. Furthermore, due to some segments being poorly illuminated at night, participants 
required additional time to identify the road conditions while walking. However, it does not 
necessarily indicate a positive correlation between duration and areas of interest. 

3.2 Analysis of eye movement data during standing 

3.2.1 Analysis of the eye movement data 

 
Figure 5 Eye movement fixation data statistics during  

Results of the study on gaze points revealed that at Stop 1 and Stop 3, participants exhibited 
the highest number of fixations, the longest total fixation duration, and the highest proportion of 
gaze time in daytime environments. The data for nighttime Scene A and Scene B were relatively 
similar in these aspects. However, at Stop 2, participants showed comparable numbers of 
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fixations and total fixation duration across all three scenes. This finding contrasts with the trends 
observed during walking. 

At Stop 1, participants observed dense vegetation and a water feature in the daytime scene, 
while nighttime Scene A and Scene B showed similar observations of bridges illuminated by 
landscape lights and illuminated bridges internally, respectively. Stop 2, a pavilion, had distinct 
landscape lighting in nighttime Scene A compared to only streetlight illumination in nighttime 
Scene B. Stop 3, located in front of a teaching building, exhibited architectural facade illumination 
and seating in nighttime Scene A, while only interior light transmission was present in nighttime 
Scene B. In the ‘all section,’ participants’ pupil size was slightly larger in nighttime Scene B 
compared to nighttime Scene A, while the smallest pupil size was observed during the daytime. 

3.2.2 Analysis of the cognitive and area of interest 

The study selected eye-tracking data within the first 5 seconds after participants’ arrival at 
each stop to analyze their preferences for the landscape elements at the stops. By combining 
photography tasks and in-depth interviews, it was possible to reveal the relationship between eye-
tracking patterns and cognitive-behavioural aspects (as shown in Table 3). 

Table3 Eye movement, filming tasks and subjective interviews during standing 

Location Content Daytime Scene Nighttime Scene A Nighttime Scene B 

Stop 1 

Eye-track 
Heat map 

   

Photo 

   

AOI 
elements 

Plants, Water features, 
bridge  

A bridge illuminated with 
lights; stars scattered in 
Sky; Water surface 

A translucent storefront; 
the sky above 

Evaluation 

 “The bridge stands out with 
its striking color, it looks 
beautiful. The reflection in 
the water is mesmerizing, 
with the stone pillars 
creating a sense of depth. 
The plants are arranged in a 
scattered manner, creating 
a visually pleasing effect.” 

“The reflection is unique, 
with vibrant colours and a 
feeling of flowing water. The 
soft and gentle glow of the 
small light strips adds the 
perfect touch to it.” 

"Now it's not illuminated, so 
it feels quite dark. However, 
this intersection still has 
some traffic, especially at 
night when some electric 
scooters don't have lights. 
When they approach from 
behind, it makes me feel a 
bit anxious and 
uncomfortable." 

Stop 2 

Eye-track 
Heat map 

   

Photo 

   
AOI 
elements 

Water scenery, plants, 
pavilion. 

Pavilion, reflection on the 
water, plants. 

Street lamp, fountain, 
and building. 
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Evaluation 

“It looks more comfortable 
during the day. The pavilion 
is not glaring at night, and 
you can see more details of 
the plants: the gradient 
colors of the leaves, the 
layering effect, and even the 
stones of the fountain. The 
water area doesn't appear 
as empty.” 

“The pavilion stands out 
under the lighting effects 
and, when combined with a 
calm water surface, creates 
a sense of serenity. The 
predominant colors of the 
lights are red, green, and 
yellow, complemented by 
the deep green and deep 
blue of the background. The 
overall picture appears 
harmonious.” 

“I think the colors in this 
photo are a bit monotonous. 
I only feel that the 
illuminated building 
contrasts with the darkness 
around it, but I don't find this 
photo particularly 
appealing.” 

Stop 3 

Eye-track 
Heat map 

   

Photo 

   
AOI 
elements The building, Plants  The building and the 

illuminated seats interior translucency 

Evaluation 

“I find the North Building to 
be quite attractive from this 
spot. Standing here, I can 
see the entire facade of the 
North Building, including 
some small benches at the 
entrance, plants, and the 
sky. Overall, it looks quite 
beautiful.” 

“While observing at the 
resting point, I noticed that 
there were seating areas 
beneath the big trees, 
resembling fenced 
enclosures. The seats were 
adorned with light strips that 
emitted a glow. I found the 
scene to be quite cozy and 
inviting, making me want to 
sit there. It felt very pleasant 
and comfortable.” 

“I find the sequential 
presentation of internal 
translucency in the photo 
quite boring.” 

 

The analysis at the stopping points revealed that participants exhibited different patterns of 
visual attention under various lighting conditions. At stop1, participants paid attention to a wide 
range of landscape elements, including water features, vegetation, pavilions, bridges, and 
buildings, during the daytime scene. The overall subjective evaluation was high, and the eye 
movement distribution was relatively dispersed. Under nighttime scene A, participants’ gaze 
primarily focused on illuminated elements, such as illuminated pavilions, bridges, and buildings, or 
self-luminous lighting fixtures. Under nighttime scene A, participants’ gaze primarily focused on 
illuminated elements, such as illuminated pavilions, bridges, and buildings, or self-luminous 
lighting fixtures. 

3.3The result of Perceived Recovery Scale 
The results of the restoration scale showed that “readability” and “confusion” were not 

applicable in this study and were subsequently removed. After removing them, the overall 
reliability of the scale was good (Cronbach’s Alpha: 21 items overall: 0.88, distance: 0.81, 
fascination: 0.90, coherence: 0.73, compatibility: 0.87). The scores of the scale (Table 4) showed 
that participants rated restoration perception highest in nighttime scene A, followed by the 
daytime scene and nighttime scene B. 

Table 4 The result of Perceived Recovery Scale 

 Being-Away Fascination Extent Compatibility All 
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Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. 

Day 3.80 1.82 4.52 1.46 4.63 1.58 3.45 1.53 4.40 1.74 

Night A 4.13 1.63 4.67 1.64 4.17 1.70 4.25 1.53 4.59 1.70 

Night B 4.48 1.80 4.09 1.42 4.08 2.04 3.63 1.65 4.32 1.75 

 

4. DISCUSSION 
Previous research has shown a positive correlation and strong consistency between eye-

tracking indicators (such as fixation count and fixation duration) and landscape 
preferences[11][12 ]. Similar findings were observed in this study. In the scenes of interest 
mentioned by participants during interviews and subjective interviews, such as fixation point 1 and 
fixation point 3 in the daytime scene, a diverse range of landscape elements was observed, and 
participants rated them highly in in-depth interviews, resulting in a significant increase in their 
fixation count and fixation duration. 

In some studies on landscape preferences, pupil size has been used to indicate emotional 
preferences[13]. However, pupil size is not as suitable for studies on diurnal and nocturnal 
landscape perception preferences. Pupil size is influenced by various factors including lighting, 
emotions, cognitive load, and attention. During intense lighting conditions, people’s pupils tend to 
be larger. Pupils usually dilate when people feel excited, interested, or focused on a particular 
landscape, and they tend to contract when experiencing dislike, fear, or disinterest. Our 
experiment found that the influence of lighting conditions on pupil size was much greater than that 
of emotional representation, making it challenging to evaluate emotional characteristics of 
participants in diurnal and nocturnal landscapes based on pupil size. 

Furthermore, this study revealed the potential of nighttime scenery for addressing 
psychological issues among college students. SangHyu et al.'s research found that daytime views 
are more beneficial for restorative purposes[14]. However, the results of this experiment suggest 
that the therapeutic effects of the campus nighttime environment, which has undergone lighting 
design improvements, may be even more significant than those of the daytime environment. This 
indicates the possibility that well-designed nighttime landscapes can surpass the restorative 
effects of daytime landscapes, demonstrating the potential for nighttime designs to have superior 
restorative effects. 

5. CONCLUSION 
The research findings indicate that:(1) Eye-tracking data, in-depth interviews, and subjective 

rating scales demonstrate that the same scene elicits different visual perceptions and cognitive 
preferences under different lighting conditions.(2)Eye-tracking results reveal that the fixation of 
pedestrians is more diverse in daytime scenes, with the most common environmental elements 
being vegetation, buildings/structures, and water features. In contrast, in nighttime scenes, 
pedestrians tend to focus their visual attention more on illuminated environmental elements, 
particularly buildings/structures and streetlights.(3)The perceived restoration scale indicates that 
compared to other scenes, Nighttime Scene A has a higher restorative effect, suggesting the 
potential of well-designed night scenes to surpass the restorative effects of daytime scenes. For 
future studies, building upon human factors engineering, eye-tracking experiments will be 
conducted in virtual environments to better control experimental scenes and comprehensively 
analyse the perception between participants and lighting conditions. 
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ABSTRACT 
Light has both visual and non-image effects on people. The design of an indoor lighting environment 
for elderly people should consider both the aging visual system and higher circadian, emotional, 
and cognitive needs to light. In the fourth type of daylight climate zone of Shanghai, which has rich 
daylight sources, a comprehensive solution of daylighting and artificial lighting throughout the day 
should be developed, which is conducive to achieving healthy and energy-saving indoor lighting 
goals. Abstract the typical behavior (standing, sitting, lying, going out) and activity characteristics 
(frequency, duration) of the elderly indoors as human factors parameters (reference planes, 
directions, heights, and residence time), and simulate the characteristics change in spectrum, 
timing, duration, and spatial distribution of light indoor during the 24 hours of four solar terms in a 
normal year, and calculate the compliance rate of integrative lighting needs based on relevant 
standards. 

The conclusion proposes dynamic lighting modes and indoor design suggestions that meet the 
integrative lighting needs: (1) Long stay positions such as beds and sofas should be arranged 
parallel to the lighting surface, with a best distance of 0.5m-1.5m from the window; (2) Adding 
circadian strengthen lightings such as desk lamps in winter and spring; (3) Wall reflectance higher 
than 0.6, ceiling reflectance higher than 0.7, and the use of non-direct luminaires all contribute to 
the circadian lighting quality of the elderly room; (4) The active elderly and the quiet elderly should 
adopt different indoor lighting strategies: the former should focus on protection from exceed light 
before sleep, while the latter should focus on circadian light at daytime; (5) The linkage of import 
and shade of daylight, as well as artificial light, can achieve the optimum indoor lighting environment 
goals about human health and energy conservation.

Keywords: light exposure; the elderly; activities; visual and NIF lighting; circadian lighting; 
melanopic EDI (equivalent daylight illuminance); indoor lighting

1 INTRODUCTION
Light has both visual and non-image-forming effects on people [1], the design of an elder-friendly 
indoor lighting environment should consider the aging visual system, as well as the wakened
circadian, emotional, and cognitive functions especially [2,3]. Although studies indicated that the 
circadian timing system has functional plasticity, it’s difficult to ignore an advanced or disordered 
circadian phase in most old adults [4]. Given that the appropriate ocular light exposure on healthy 
adults had been published by CIE professionals and exports [5], the recommendation for the elderly 
should refer to it and take aging circadian, neuroendocrine, and neurobehavioural into consideration.
CIE’s recommendation, 250lx melanopic EDI (equivalent daylight illuminance) is the minimum level 
of daytime light exposure, while 10lx melanopic EDI and 1lx melanopic EDI are the maximum light 
exposure level 3 hours before sleep and at night respectively, can be interpreted in two ways, 
daytime light stimulus, and protection from light at night. Higher bright light levels, which means 
higher illuminance and blue light percentage in the spectrum, as well as longer exposure time, 
synchronize the human circadian rhythm well, on the condition of balancing energy efficiency, 
avoiding glare, and satisfying visual performance. Aging mechanisms including macular
degeneration, decrease in the densities of ganglion cells, and more sedentary behavior cause less 
bright environmental light exposure, studies show that it was the direct output of rhythm with 
reduced amplitudes, advance, and disorder. The elderly need brighter lighting and twice as the 
recommended melanopic EDI level may be an appropriate value. Taking D65 standard illumination 
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as an example, the equal vertical illuminance level around the elderly eyes reached 500lx, which 
brings superior requirements to the light environment. 

Xinjiang Urumqi belongs to the fifth type of daylight climate region in China, which was abundant in 
daylight resources. Regarding daylight as a primary circadian light source will achieve multi-
purpose goals such as saving energy, fulfilling high-quality circadian lighting (daylight has a high 
melanopic DER), and promoting the elderly outdoor activities, which benefits their health. As a 
consequence, a comprehensive solution of daylighting and artificial lighting throughout the day 
should be developed, which is conducive to achieving healthy and energy-saving indoor lighting 
goals.  

There is a crossover between different classification methods and the age segment classification 
method was taken in this paper. NIH (National Institutes of Health) defined the “elderly” as persons 
age 65 and older [6]. For different age segments, the elderly can be divided into the young old (aged 
60-69), the old old (aged 70-79), and the oldest old (aged 80+) [7]. For functional status, which was 
measured by ADLs (activities of daily living) and IADLs (instrumental activities of daily living), the 
elderly can be divided into 5 levels with a range of low to high functional impairment and frequency 
of exercise [8]. The Law on the Protection of the Rights and Interests of the Elderly in China 
stipulates that the starting age standard for the elderly is 60 years old [9].  

 

2 METHOD 
Three typical old people were observed, measured, and analysed on their daily activities, light 
exposure, and sleep condition for one week through August 2022. Then simulated the daylight 
vertical illuminance around their eye all year round in 2022, based on the hypothesis of stability of 
their daily routines. At last of the article, a full-day dynamic lighting solution was given, which take 
considerably differentiates the daylight regionality and the elderly’s types, as well as a 
recommendation to the elderly about physical activities and home design. 

2.1 Investigation 
Three typical old people were brought into the investigation, detailed information and activity zone 
were shown in Table 1 and Figure 1. All of them lived in the same town, but have different activity 
trajectories. Participant A was a young old male in perfect functional status, his sleep quality was 
not bad and was a definite morning chronotype. Although retired, A had a busy life schedule, and 
his daily life cycle is about 5 km. Participant C is A’s mother, who had been demented and paralyzed 
for two years, thus A had the worst functional status and had a disordered circadian phase taking 
several naps during the daytime and sleeping late and bad at night. C was taken upstairs in a 
wheelchair for sun bask every morning or afternoon if she wants to, and her life cycle is 1km around 
her house. Participant B was A and C’s neighborhood, and was in good functional status, and her 
sleep quality and chronotype were both intermediate types. B lived by herself and with children 
visiting every weekend. She took a small walk every day in the nearest park and went to her friend’s 
house sometime, whose life cycle is about 3km. 

Personal information about three participants
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Figure 1 Activity zone of three participants
Through a week following and measuring these participants, a plot of vertical illuminance around 
the eyes of a typical day was shown below (see Figure 2). It can be easily observed that 1) daytime 
light exposure level: A B C. 2) A had high light exposure during morning and commuting time, 
while B had enough light exposure during daytime for taking outdoor activities, and C was lack of 
light exposure. 3) A seldom took a nap during the day, and his chronotype was definite morning, go 
to bed early then get up early, and sleep well; B had a siesta habit, and she was intermediate 
chronotype; C was always snoozing during the day, especially after the meal with high blood 
glucose, and C was moderate evening chronotype with bad sleep quality. It’s also seen that B and 
C were likely to catch evening naps. 

Figure 2 Vertical illuminance of the participants’ eye
2.2 Calculation
2.2.1 Outdoor daylight calculation

Based on three types of standard general sky models, three typical days (the clear sky, the overcast 
sky, and the cloudy sky) were selected to measure the daylight illuminance of the vertical plane at 
1.6m high (illuminance of eye position). All three typical days supplied abundant circadian stimulus 
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at the eye position, which means outdoor daylight can create more than 500lx melanopic EDI and 
maintain longer than four hours (see Figure 3). The sky condition in August was composed of three 
types of standard general sky models, which were twelve days of clear sky, two days of overcast 
sky, and seventeen days of cloudy sky, while the mean SD of duration of sunshine and total 
irradiance in twelve months of a year were 7.26E+08 3.44E+08 and 362.0 57.3, it is obvious
that the outdoor daylight supplies enough circadian stimulus to the elders through the entire month 
and the whole year in Urumqi.

Figure 3 Illuminance of eye position in the clear sky, the overcast sky, and the cloudy sky conditions (the red 
dot line represents 500lx melanopic EDI)

The standard for daylighting design of buildings (GB50034) illustrates that even in the deficient fifth 
daylight climate zone, the outdoor daylight illuminance was 12klx of an average year, which is about 
4klx eye position illuminance and far more than the recommended values. As a consequence, to 
keep enough daylight exposure, it should be encouraged to prolong the elders’ outdoor activities 
duration and frequency during the daytime, and as for those demented and paralyzed elders, 
electronic luminaires were equipped to enhance indoor circadian lighting.

2.2.2 Indoor daylighting model

The indoor daylighting model needs to consider the daylighting indoors and the elder’s behaviors, 
the former was related to the geographical latitude, altitude, absolute humidity, sunshine duration, 
total irradiance, daylight factor, and daylight climate coefficient, while the latter need to first abstract 
the typical behavior (standing, sitting, lying, going out) and activity characteristics (frequency, 
duration) of the elderly being indoor and outdoor, then figure out human factor parameters 
(reference planes, directions, heights), as well as light parameters (spectrum, timing, duration, and 
spatial distribution of light) around the year, finally calculate the gap between the elderly needs and 
recommended value. The model will be discussed in future research. Referring to the elementary 
measurement data indoors, facing towards the window and staying within a range of one-meter 
distance around the window or the balcony, the daylighting indoors will benefit the elder’s circadian 
system, furniture arranged towards the window was also encouraged. 

3 RECOMMENDATIONS
3.1 Lighting and physical activity solution
Recommendations for lighting and exercise for the elderly were as followed (see Table 2), based
on CIE (International Commission on Illumination) and ACSM (American College of Sports 
Medicine) recommendations:

Table 2 Recommendation for the elderly light exposure and exercise
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3.2 Indoor design 
The dynamic lighting modes and indoor design suggestions to meet the integrative lighting needs: 
(1) Long stay positions such as beds and sofas should be arranged parallel to the lighting surface, 
with the best distance of 0.5m-1.5m from the window; (2) Adding circadian strengthen lightings such 
as desk lamps in winter and spring; (3) Wall reflectance higher than 0.6, ceiling reflectance higher 
than 0.7, and the use of non-direct luminaires all contribute to the circadian lighting quality of the 
elderly room; (4) The active elderly and the quiet elderly should adopt different indoor lighting 
strategies: the former should focus on protection from exceed light before sleep, while the latter 
should focus on circadian light at daytime; (5) The linkage of import and shade of daylight, as well 
as artificial light, can achieve the optimum indoor lighting environment goals about human health 
and energy conservation. 
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A basic study on the effects of interaction between pure tone 
frequencies and lighting luminance on the psychological state 

Kato, Y.1, Yu, H.1, Akita, T.1, Hirate K.1, and Sano, N.1 

(1Tokyo Denki University, Tokyo, Japan) 

ABSTRACT 
It is known that the sense of comfort in the built environment is greatly influenced not only by 

the interaction of visual and auditory factors, but also by the sense of harmony. Therefore, it is 
necessary to study the relationship between the sense of harmony and the sense of comfort by 
taking a composite view of the physical characteristics of sound and light. Therefore, as a basic 
study, this research focused on the interaction between the frequency of pure tone and the 
luminance of lighting and examined the effects of this interaction on the psychological sense of 
harmony and comfort. 

In the experiment, a ratio of 1:10 scale model of a school space was used. The two 
experimental factors were the frequency of pure tone (7 levels between 63 and 4000 Hz) and the 
luminance of the lighting (11 levels between 96 and 4080 cd/m²). Subjects were asked to rate 
their impressions on five factors: harmony, comfort, spatial brightness, tone level, and 
appropriateness for light work on a seven-point scale. Subjects were asked to look into the model 
space, listen to whether the tone and the brightness of the space were in harmony, and evaluate 
their impressions. After that, the light was dimmed until the harmony was changed, and another 
evaluation was made after it was changed. The point at which there was a change was the turning 
point. The same was done for the feeling of comfort. The subjects were 14 healthy students 
between the ages of 21 and 25. 

A two-way ANOVA was conducted on tone and luminance for subjects who had a turning point, 
and significant differences were found in the interaction between luminance and tone and 
luminance for the sense of harmony, and between tone, luminance, and tone and luminance for 
the sense of comfort. Next, an iso-evaluative chart was created and analyzed for the sense of 
harmony and sense of comfort. As a result, it was found that the sense of harmony was found at 
low frequencies with low luminance, high frequencies with high luminance, and the sense of 
comfort was found at high frequencies with high luminance. The subjects were divided into two 
groups for "preferred lighting brightness," dark and light, based on the preliminary survey. The 
results showed that the subjects who preferred dark lighting in terms of harmony rated the 
combination of low brightness at low frequencies, medium brightness at medium frequencies, and 
high brightness at high frequencies, while the subjects who preferred bright lighting rated the 
combination of low brightness at low frequencies and high brightness at high frequencies. The 
group of subjects who preferred dark lighting for a sense of comfort preferred a combination of 
low luminance at low frequencies and medium luminance at medium frequencies, while the group 
of subjects who preferred bright lighting preferred a combination of low luminance at low 
frequencies and high luminance at high frequencies. The results of this study suggest that comfort 
is not necessarily perceived when a sense of harmony is perceived. 

Keyword: Comfort, Harmony, Tone frequency, Luminance, Interaction, Adjustment method

1 Introduction 

When designing architectural spaces, it is important to consider the sense of comfort. 
According to Gassho et al.[1], the overall sense of comfort is not only influenced by the interaction 
of visual and auditory factors, but also by the "sense of harmony. On the other hand, the 
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architectural space in which we usually live contains a variety of environmental information such 
as sound, light, heat, and smell. When people are in an architectural space, they do not perceive 
and judge these pieces of information in isolation, but rather they perceive them simultaneously 
and unconsciously judge their combined impressions. It is also known that there is a resonance 
phenomenon through the psychological properties common to sight and hearing, and that there 
is a concerted phenomenon in which sight and hearing interact with each other to give a better 
impression when sound and images are superimposed [2]. Based on the above, in order to create 
a comfortable architectural space, it is necessary to consider sound and light in a composite 
manner and study their relationship to the "sense of harmony" and "sense of comfort.  

In a study by Someya et al.[3], they focused on the "sense of harmony" caused by the high 
frequency of pure tone and the brightness of achromatic colors in a model space that imitates a 
real space, and described under what conditions a sense of harmony is created in an audiovisual 
complex and the impressions that are created when subjects arbitrarily change the brightness of 
lighting by using the adjustment method. The study also describes the conditions under which a 
sense of harmony is created in an audiovisual complex and the impression that is created. As a 
result, it is stated that the values of illuminance and luminance that harmonize increase 
exponentially with the brightness of walls, etc., but that the values of illuminance and luminance 
that harmonize decrease when the low frequencies are matched. Furthermore, the results show 
that the sense of spaciousness increases with increasing luminance, indicating the need to 
conduct experiments under realistic space conditions. Furthermore, by expressing the results in 
contour plots, the trend of the evaluation changed depending on the subject's preference for the 
brightness of the illumination. However, the difference in frequency range was only two octaves, 
so it is necessary to examine the results in more detail. 

The overall idea and purpose of this study was to investigate the effects of the interaction 
between the frequency of pure tone and the luminance of lighting on the psychological state, 
focusing on the "sense of harmony" and "sense of comfort. This will provide basic knowledge for 
planning architectural spaces. In previous studies [1-9] dealing with audiovisual complex sensory 
perception, visual perception was examined in terms of visual images and various scenic slides 
and hues, and auditory perception was examined in terms of everyday sound events such as 
music, traffic sounds, and natural sounds, as well as music and pink noise. Therefore, in this study, 
we decided to focus on the frequency of physical pure tones and the luminance of lighting and 
examine them quantitatively. 

Based on the above, this experiment focused on "a sense of harmony" and "a sense of 
comfort," and aimed to examine the effect of the interaction between frequency and lighting 
luminance by the adjustment method on the psychological state, and to examine the 
psychological state for environments where lighting brightness can be controlled by the 
adjustment method. In addition, the results of the experiment are expressed as contour plots, 
which can be applied to real spaces, and the differences in evaluations due to differences in 
lighting brightness preferences are also discussed. 

 

2 Method 

2.1 Study design 

The size of the booth used for the experiment was W2000 x D2200 x H2800 mm, with a desk 
(W750 x D1500 x H680 mm) and chairs. The size of the model is W4500 x D7500 x H2800 mm 
at a ratio of 1:10 [Figure 1-2]. For the wall, floor, and ceiling surfaces, in order to study the 
application to a real space, a color with a lightness similar to that of the walls of a laboratory, 
classroom, or office was used out of the grayscale used by Someya [3]. A dimmable LED bulb 
(AKARUE JJ-TGTSQ-9W) with a color temperature of 5000 K and total luminous flux of 1000 lm 
was used, with 11 brightness levels, box illuminance ranging from 38.7 lx to 1683 lx, and 
luminance from 96 cd/m² to 4080 cd/m². The pure tone frequencies and pink noise were created 
by Audition. The equivalent noise level in the room was 32-33.5 dB(A) (Laeq, 10s ), the average 
illuminance of the room was 621 lx, the temperature of the room was 22.3-24.6°C, and the 
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humidity was 23-46%. The two factors were auditory (frequency of pure tone) and visual 
(luminance of illumination). Next, the auditory stimuli were set at seven pure tone frequencies (63, 
125, 250, 500, 1000, 2000, and 4000 Hz) in order to obtain a more detailed understanding of the 
trends. The visual stimuli to be adjusted were dimming LED bulbs with luminances of 96, 453, 
790, 1258, 1720, 2170, 2600, 3020, 3400, 3760, and 4080 cd/m² (lighting brightness 1 to 11). 
Subjects were 14 healthy Japanese students (9 males and 5 females) aged 21-25 years with 
normal color vision and hearing.

2.2 Procedure  

After the subjects entered the laboratory and filled out the face sheet, the experiment was 
taught. After practicing light dimming, the experiment was started on the basis of “harmony”. First, 
the subjects were asked to rest with their eyes closed for 1 minute. Next, the subjects were asked 
to meditate before each stimulus tone and, after 10 seconds of 35 dB(A) pink noise was played, 
they were asked to open their eyes and look into the experimental chamber, where each stimulus 
tone was presented through a speaker. The stimulus level was set at 50 dB(A). The subjects were 
then asked whether the brightness of the stimulus tone and the Spatial brightness they looked 
into were “in harmony” or “out of harmony,” and were asked to evaluate their impressions of the 
combination [Table 1-2]. 

Rating scale

7: Extremely : Moderately 5: Slightly 4: Neither 3: Slightly 2: Moderately 1:Extremely

Indicator

Sense of harmony Harmonious Disharmonious

Sense of comfort Comfortable Uncomfortable

Spatial brightness Bright Dark
Sound Height High Low
Appropriateness of light work Appropriate Inappropriate

Scale
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The participants were then asked to continue dimming until their judgment changed, and if 
their judgment changed, they were asked to evaluate their impression of the combination. When 
the light dimming was completed, the subjects were asked whether their judgment had changed 
or not, and then they were asked to evaluate their impression of the last combination. When the 
stimulus tone was switched, the subject was asked to meditate for 1 minute to avoid retaining the 
impression of the previously presented stimulus tone. This procedure was repeated seven times. 
The same procedure was repeated seven times with “comfort” as the criterion. The brightness 
was controlled by the experimenter using a remote control in accordance with the subject’s 
instructions. In this process, the subject was first asked to dim the lights in two patterns: the 
brightest and the darkest (descending and ascending series). The experiment was terminated by 
having the participants fill out a face sheet after all the steps were completed. The order of 
presentation was set using the Latin case method to eliminate order effects. In the experiment, 
"harmony" means harmony when each person has a "common impression" of the frequency of 
the pure tone and the brightness of the lighting. In addition, the experiment was conducted under 
the definition that "comfort" is comfortable when looking into the experiment box. Finally, “ease of 
light work” in Table 1 was defined as light work such as working on a computer or taking notes or 
memos.

Results

3.1 Impressions

A two-way ANOVA was performed in the tone and luminance conditions on subjects who had 
a turning point [Table 3]. The results showed that the main effects for “sense of harmony” were 
observed in the luminance and tone and luminance conditions, and for “sense of comfort” in the 
tone, luminance, and tone and luminance conditions. This suggests that a “sense of harmony” is 
influenced by the luminance condition and the mutual influence of tone and luminance, while a 
“sense of comfort” is influenced by the tone and luminance conditions.

3.2 Analysis of harmony and comfort

The “sense of harmony” was judged to be harmonized by the interaction between low 
frequency and low luminance, and high frequency and high luminance. The "sense of comfort" 
was judged to be harmonized by the interaction between high frequency and high luminance. 
[Figure 3- 4].

Analysis of variance table Sense of harmony Sense of comfort Brightness of space Sound Height Appropriateness of light work

Tone 0.143 0.001 <.0001 0.320 0.766

Luminance 0.002 0.007 0.013 <.0001 <.0001
Tone Luminance <.0001 <.0001 0.358 0.143 0.166
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3.3 Analysis by brightness preference
The ratio of the number of subjects who judged “not harmonious and uncomfortable” to be 0 

and “harmonious and comfortable” to be 1 for those who had a turning point was tabulated, and 
a contour plot was created by connecting the sense of harmony and the sense of comfort with an 
almost equal line. The contour plots were then drawn for the dark preference group (dark group), 
which consisted of one person who selected “dark” and three people who selected “somewhat 
dark,” and the brightness preference group (light group), which consisted of five people who 
selected “normal” and five people who selected “somewhat bright. The “sense of harmony” and 
“sense of comfort” were compared and discussed, and the two groups were compared and 
discussed.

As a result of drawing contour plots for the dark and light groups, it was found that the dark 
group for “sense of harmony” was judged to be in harmony with a steadily rising trend, especially 
in the interaction between low frequency and low luminance, medium frequency and middle 
luminance, and high frequency and high luminance [Figure 5]. The light group was judged to be 
in harmony in the interaction between low frequency and low luminance and high frequency and 
high luminance [Figure 6]. This suggests that the combination of “sense of harmony” is judged to 
be comfortable in different combinations depending on lighting preference. Next, the dark group 
of “comfort” was judged to be comfortable by the interaction between low frequency and low 
brightness, medium frequency and medium brightness, and 2000 Hz and medium to high 
brightness [Figure 7], while the light group was judged to be comfortable by the interaction 
between high frequency and high brightness [Figure 8]. This suggests that the combination of 
“comfort” judged to be comfortable differs depending on lighting preference.

P.437



 
 
 

14th Asia Lighting Conference (Tokyo, Japan)

6 

4 Discussion 

When looking at the relationship between "sense of harmony" and "sense of comfort" on the 
contour map, not all combinations that are judged to be harmonious are judged to be comfortable, 
which suggests that being harmonious does not necessarily mean being comfortable. Therefore, 
when planning places where many people gather, such as school classrooms, laboratories, and 
offices, the environment should be planned to be favorable to many people in terms of audible 
tone and brightness of lighting. However, when designing a space used by a limited number of 
people, such as a house, it is better to plan an environment preferred by the people who use the 
space. The results of a study by Gassho et al. [1] also revealed that even in environments where 
visual and auditory factors are highly evaluated, the overall evaluation is lowered when the two 
factors are not in harmony. The same tendency was observed in the case of pure tone frequency 
and lighting luminance in this study. Therefore, we believe that the sense of harmony when visual 
and auditory senses are combined is a point that must be taken into consideration when creating 
architectural spaces.  

In the results of the study by Iwamiya [2], a resonance phenomenon was observed in which 
the auditory impression emphasized the visual impression. In a two-way ANOVA, main effects 
were found in the luminance and tone and luminance conditions. Therefore, it is thought that the 
"sense of harmony" was emphasized by the accompanying tone condition. The results of the 
study by Iwamiya [4] indicated that the higher the degree of harmony between tone and image, 
the greater the effect of the evaluation. In this study, low frequency and low luminance and high 
frequency and high luminance were seen to harmonize with each other at the same magnitude. 
Therefore, it is considered that tone and luminance are preferred to be of equal magnitude. 

From the above, it is thought that when planning a place where many people gather, such as 
a school classroom, laboratory, or office, an environment should be planned that is desirable to 
many people in terms of audible tone and brightness of illumination. Therefore, it is necessary to 
understand what is ideal for many people. However, when designing a space used by a limited 
number of people, such as a house, it is better to plan an environment preferred by the people 
who will use the space. 

 

5 Conclusion 

In this study, we investigated the effects of the interaction between the frequency of pure tone 
and the luminance of illumination on the psychological state of people by using a model space 
adjustment method, focusing on "a sense of harmony" and "a sense of comfort. As a result, the 
following were found. 

  The "sense of harmony" was judged as being in harmony when there was the interaction 
between low frequency and low luminance and high frequency and high luminance. The "sense 
of comfort" was judged to be comfortable by the interaction between high frequency and high 
luminance. 

  The "sense of harmony" and "sense of comfort" were different depending on the lighting 
preference. The light group was evaluated to be more comfortable with a combination of higher 
luminance. 

  The contour plot of the relationship between "sense of harmony" and "sense of comfort" 
showed that not all combinations that were judged as harmonious were also evaluated as 
comfortable.  

Therefore, it is possible that being in harmony does not necessarily mean being comfortable. 
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INVESTIGATION OF ERRORS DUE TO SELF-ABSORPTION 
CORRECTION IN INTEGRATING SPHERE MEASUREMENTS 
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ABSTRACT 
An integrating sphere (IS) is widely used to measure the total luminous flux (TLF). The method 

determines the TLF of a DUT by comparing the values obtained with the standard lamp with those 
with the DUT. However, since light absorption of DUT causes errors in the measurement, self-
absorption correction is generally performed. In this study, SRDF was obtained by the optical 
simulation, and the TLF measurement error of the DUT was examined from the self-absorption of 
the standard lamp and that of the DUT. It was found that the larger the self-absorption of the DUT, 
the larger the error in the TLF value of the detector. 

Keywords: integrating sphere, total luminous flux, self-absorption, photometry 

1. INTRODUCTION
An IS is widely used to measure the total luminous flux of lamps. With the spread of LED lamps, 
total luminous flux measurement has become more important for performance evaluation and 
energy saving evaluation. For the measurement of total luminous flux with the IS, the difference in 
the luminous intensity distributions between the standard lamp and the DUT causes an error in the 
total luminous flux measurement value due to the non-uniformity of the spatial response distribution 
function (SRDF) of the IS. The error can be corrected by determining the luminous intensity 
distributions of the standard lamp and those of DUT1). Previous researches showed that the error 
can be corrected by determining the SRDF of each lamp and the IS1-2). On the other hand, the 
SRDF varies depending on the size of the lamp3). In this study, we report the effects of the size of 
the lamp on the total luminous flux measurement by the optical simulation4). 

2. SRDF SIMULATION
The optical model of the IS used in the simulation was based on an actual IS of 1 m diameter, as 

shown in Figure 1. The optical model consists of a lamp, a lighting stand that holds the upward 
lamp, a detector placed at a vertical angle θ = 90° (at the equator), and a baffle (a circular plate 
with a diameter of 125 mm at the distance of 160 mm from the detector). The lamp was supported 
in the center of the IS by a lighting stand of a Φ30mm diameter rod. Its surface reflectance is the 
same as that of the IS inner wall.

The inner wall of the IS was assumed to completely diffuse reflective, and the reflectance ρ was 
varied from 80% to 95%. The reflectance of the baffle was the same as that of the inner wall of the 
IS on both the detector and lamp sides. The change in SRDF was analysed by optical simulation 
when the DUT of either Φ100mm, Φ140mm, Φ200mm, Φ250mm, Φ300mm or Φ350mm (surface 
absorption 100%) was placed at the center of the IS. Lumicept by Integra Inc. was used for the 
analysis4). Figure 2 shows the change of SRDF of the horizontal angle at θ=90° when a 
Φ100~Φ350mm lamp was placed at the center of the IS.

The results were obtained by multiplying the SRDF without the lamp by the SRDF with the given 
size of the lamp. The standard lamp used in this experiment was a JCV100V200WA/F with light 
distribution in 4π geometry and was analysed under the assumption that it has no self-absorption.
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Figure 1 : 1m IS structure(Side view). While the standard lamp is assumed to be a 

point light source, the DUT has a diameter of 100 to 350 [mm] 

 
Figure 2 : SRDF with ( , ) = (90°, 0~355°) of IS. The degradation of the SRDF 

response due to self-absorption is shown by multiplying the ratio of the DUT’s detector 
output by the standard lamp detector output. 
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3. CALCULATION OF TOTAL LUMINOUS FLUX  BY SRDF 
The changes in SRDF with respect to the diameter of the lamp (100% absorption) is mediated due 

to the self-absorption of the lamp. The actual IS has an auxiliary lamp for the self-absorption 
measurement which is not shown in Figure 1. The diffuse light of the inner wall of IS is used to 
correct for self-absorption. The self-absorption correction factor for each DUT were obtained 
according to the definition of LM-795) using the SRDF simulation results when the lamp was 
mounted in the integrating sphere. In this experiment, the self-absorption correction factor is 
calculated using the ratio of standard lamp and DUTs of SRDF simulation value of θ = 0° and the 
correction formula of IES LM-795). Using these self-absorption correction factors, ܭ∗(ߠ) (without  
the lamp) was corrected to obtain ܭ∗(ߠ) (with the size of each lamp). 

 If the average luminous intensity of the lamp in the horizontal direction at the vertical angle ߠ is  ܫ(ߠప)തതതതതതത and the spherical band coefficient at the vertical angle ߠ is Z(ߠ), the total luminous flux ୧ܲୱ 
of the lamp is calculated by the following formula. 

୧ܲୱ = ∑ ୀଵ(ߠ)∗ܭ ∙ Z(ߠ) ∙ തതതതതതത(పߠ)ܫ  (1) 

where n is the number of cross sections of the horizontal angle in the light distribution measurement. ܭ∗(ߠ) are the average value of the IS SRDF in the horizontal angular direction at vertical angle ߠ. 
The ܭ∗(ߠ)  of each lamp, which was corrected for self-absorption, is shown in Figure3. The 
reflectance of IS inner wall was assumed to be 90%. 

It is clear from Figure 3 that the larger the surface area of the lamp, the larger the change of ܭ∗(ߠ) 
with respect to the vertical angle ߠ. These values were used to obtain the SRDF correction factor ܣௌோி  for 18 different lamps with different 50% beam angles of light distribution. The light 
distributions of these 18 lamps are shown in Figure 4. Figure 5 shows ASRDF of 18 lamps, under the 
condition of the reflectance value of the inner wall of 90%. 

 
Figure 3 : Horizontally mean SRDF with the size of the DUT as a parameter. 
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Figure 4 : Light distribution data I(θ) used to calculate SRDF correction factor. 

 

 

 
Figure 5 : SRDF correction factors of the DUT for the different size, calculated from 

simulated SRDF and light distribution data. 
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JIS C78016), which specifies the requirements for IS measurement, requires that the inner wall 
reflectance of the IS should be 90% or higher. Under these conditions, if the ratio of the surface 
area of the lamp to the inner wall area of the IS is smaller than 1% (Φ100mm lamp), the deviation 
of the measured value can be suppressed to be less than 0.5%. CIE S025/E:20157) defines the size 
of the lamps that can be measured with a IS, where the reflectance of the inner wall of the IS is 
higher than 90% or more. The surface area of the lamp should be less than 2%7) of the total area 
of the inner wall of the IS. For the lamp shown in Figure 4, the error in the total luminous flux 
measurement is less than 0.7%. 

4. CONCLUSION 
In an IS with a diameter of 1 m, the internal structure (detector, baffle, lighting stand, etc.) is used 

as an optical model, and SRDFs were obtained using the IS inner wall reflectance as a parameter 
by optical simulation. The deviation of the total luminous flux measurement value was evaluated 
form the size of various lamps. Errors in the measurement are partially caused by the SRDF, which 
contains the self-absorption error. If the IS is designed to have the reflectance of the inner wall  90% 
or more, and the surface area of the lamp (in the case of absorption of 100%) is less than 1% of 
the IS inner wall area, it is expected that the error due to SRD will be suppressed to less than 0.5%. 
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ABSTRACT
This article attempts to establish an aesthetic reference for light on building facades based on 
common sense understanding. The reference is one of the aesthetic standards for beginners 
Compare the knowledge in the fields of architecture and lighting with other fields, especially in the 
field of graphic design, we want to find the principles of graphic aesthetics based on the human 
visual system from the knowledge of patterns design. Correspond this principle to architecture and 
lighting, we deduce a lighting aesthetic reference that conforms to the basic principles of design 
through analogy. 

This aesthetic standard can help lighting beginners analyze successful cases, establish a basic 
aesthetic understanding, and assist them in doing simple lighting design. It can also serve as a 
reference for the design team to evaluate the quality of lighting schemes, in order to compare design 
schemes that are more suitable with the client's requirements. 

Keywords: aesthetic standard, architecture, exterior lighting, graphic design, pattern aesthetics, 
human visual system, 

1. INTRODUCTION
Background of this article: Outdoor lighting beginners' confusion about the aesthetic of architectural 
night scenes 

Maybe different persons can tell different standards on their favorite interests, which are based on 
different civilizations. Two lighting designers may even provide vastly different design solutions for 
the same building, even if they come from countries with the same culture. The evaluation team 
may also have different evaluation results when facing the same lighting design scheme, even if 
the evaluation team is based on the same interests. For a developing industry, without a reasonable 
aesthetic evaluation standard, it will seriously restrict the growth of the industry and be not 
conducive to attracting new people to join the industry. 

2. FURTHER CLAUSE
Many lighting beginners often feel an aesthetic confusion when facing night lighting projects on 
building facades where is the advantage of other successful solution, how to carry out new solutions, 
and so on. So, they can only blindly follow industry success proposal or carry out projects solely 
based on our own feelings. This article attempts to find a method to establish a common sense 
based aesthetic reference for architectural night scenes for beginners, to assist them in reading 
successful cases and applying the knowledge learned to their own lighting plans. Of course, this 
auxiliary approach is not unique, and this article discusses it from a new perspective. 
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SECTION 1: CHARACTERISTICS OF THE APPEARANCE OF BUILDINGS AT NIGHT
During the day, under sunlight and skylight, the shadows received on the surface of the building 
make it look layered. At night, due to the lack of sufficient light to form shadows, it is visually 
impossible to recognize surface feature, and the building appears flattened, transforming the visual 
sense of three-dimensional into a flat feeling.

Unlike during the day, without intentionally increasing external lighting, relying solely on the 
scattering effect of the night sky and urban light, the colour of building materials cannot be correctly 
recognized, the texture of the materials cannot be clear, and even the boundaries of the contour 
appearance are difficult to recognize. The brightest element of night architecture is the projection 
of indoor lights through glass. However, the human eye cannot judge the distance and proximity of 
a building solely through internal light transmission. Under the cover of night, the city's architectural 
complexes are like silhouette paintings that have been flattened and pasted on the night sky.

Figure 1-1 Daytime under the sunlight and skylight                Figure 1-1 Daytime without direct sunlight

Figure 1-3 Evening with insufficient skylight                      Figure 1-4 Night scene with weak light

SECTION 2: ESTABLISHING THE FOUNDATION OF NIGHT SCENERY
Establishing aesthetic standards for nightscape requires a simplified model of nightscape 
architecture, and the simplification process requires a basic understanding of architecture. The 
essential task of lighting designers is to emphasize buildings from the night sky, forming a unique 
style of the building at night. This premise requires designers to understand architectural features. 
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From a visual perspective, the most important elements of architecture in the night scene are 
contour, material, and texture. 

The process of simplifying the nighttime appearance of a building is to topology the building from 
a three-dimensional space to a flat surface. The outline of the building's appearance is refined into 
the main area of the plane, and the material, colour, and texture styles of the building's surface are 
identified within the outline, gradually forming a simplified model. 

 
Figure 2-1 Daytime appearance of buildings (computer graphic) 

 

 
Figure 2-2 Night appearance of buildings (computer graphic) 

 

 
Figure 2-3 Nighttime visual simplified model of buildings 
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After refining the simplified model, sketching night features in the building is like playing a 
coloring game on the simplified model. After analysing the characteristics of the building itself, the 
lighting designer fills in colours and lines to draw the characteristics of the building itself, thus 
achieving a beautiful night view of the building. This aesthetic perception has actually shifted from 
three-dimensional architecture to graphic design. 

SECTION 3: ESTABLISHING AESTHETIC COGNITION THROUGH SUCCESSFUL CASE 
ANALYSIS 
How to create excellent images on paper with simplified model? This article attempts to find a 
feasible method from the fields of architecture and other design, especially in the field of graphic 
design, we want to establish a basic aesthetics standard suitable for beginners to evaluate the night 
scenes. In graphic design, the three main elements of pattern are form, colour, and texture. This 
corresponds to several major elements of architecture: contour, material, and texture. 

Through the knowledge of pattern studies and successful case studies, we establish a cognitive 
understanding of night scenery aesthetics. The important criteria for evaluating the quality of 
patterns can also be referred to as the aesthetic standards of night view architecture. The following 
are examples: 

1. Symmetry and Balance: The natural symmetry method relies on visual perception to obtain
symmetrical patterns, while the psychological symmetry method relies on cultural knowledge to 
obtain balanced symmetry. For example: 

Figure 3-1 Raffles city in Chongqing by BPI      Figure 3-2 raffles city simplified model 

2. Comparison and Harmony: Derived from change and unity, contrast is the difference and
conflict of elements, and harmony is to make the contrasting elements appear harmonious. For 
example: 

Figure 3-3 North star in Changsha by BPI     Figure 3-4 North star simplified model 
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3. Beats and Rhythm: It is a description of the trend of element changes, and the evolution of
the same rhythm is dull. Changes bring fun, but they cannot change randomly and require rhythmic 
support. For example: 

Figure 3-5 Singtel Waterfront Theatre in Singapore by LPA 

Figure 3-6 Singtel Waterfront Theatre simplified model 

There are many other design factors, such as the concept of drawing focus, variation and 
uniformity, proportion and contrast, etc. Due to limited space, we do not provide examples one by 
one. 

SECTION 4: FROM PATTERN STUDIES TO A NIGHTSCAPE PLAN FOR BEGINNERS 
With the assistance of simplified models and the knowledge of patterning, we will create 
architectural night scene plans. 

Here, a very common modern architecture is chosen as a typical case for analysis. Firstly, the 
architecture is abstracted into a simplified model of the night scene, as follows: 
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Figure 4-1 Common modern architecture          Figure 4- Nighttime simplified model 

Firstly, using the principles of symmetry and balance, we analyse the structure direction of the 
upper, middle, and lower parts of the building clearly to find the biggest characteristics of the 
building. As shown in the figure: 

Figure 4-3 Principle of Symmetry and Balance 

Next, the principle of comparison and harmony is added. Using only the principle of symmetry 
and balance often leads to monotonous solutions. By utilizing the different upper and lower 
structures of the building, a different form of lighting is used at the top. This creates a sense of 
building volume through the comparison of the upper and lower parts, as shown in the figure: 

Figure 4-4 Adding the principle of comparison and harmony 

Finally, incorporating the principles of beats and rhythm, incorporating unified elements into 
variations, giving a sense of rhythm to light and dark, creating visual rhythm and showcasing the 
unique charm of architectural night scenes. As shown in the figure: 
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Figure 4-5 Adding the principle of Beats and Rhythm 

Referring to the scale of nature, the scale of the composition of the picture, and the scale of the 
human body, the corresponding method used in night scenes is to compare the scale of the city, 
the scale of the building itself, and the scale of the human observation perspective. By relying on 
the extension of this principle, it can be concluded that the principles of patterning can be extended 
from individual architectural design to the design of urban paln. 

CONCLUSION 
Outdoor lighting is a complex territory, and factors such as materials, light color temperature, 

light distribution, building texture, ambient light, and internal transparency can all affect the external 
performance, The combination of simplified models and pattern design cannot solve all problems, 
but it can assist beginners in establishing preliminary aesthetic evaluation reference, Integrating 
further knowledge, beginners will learn in the lighting industry from shallow to deep. 

The purpose of proposing this aesthetic reference and standard is not to persuade everyone to 
accept it, but to present personal experience, and reflecting on the various confusions I experienced 
from beginner to proficient. Let's see if it can resonate with everyone's cognition, we hope it can be 
of some help to others. 

According to this method, there are even some tricks to form the aesthetic concept of night 
scenery for beginners, whether these concepts can serve as standards for professionals still 
requires careful consideration and proof. But it can alleviate some beginners' confusion in the 
industry. With the deepening of later learning and the addition of knowledge on lighting material, 
beginners will gradually expand their understanding of the lighting industry. Establishing a pathway 
for learning, of course, there must also be other methods for establishing aesthetic standards. 
Welcome everyone to discuss together. 
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ABSTRACT 
Various studies have been conducted on brightness perception. However, the influence of the 

positional relationship of light sources on brightness perception when multiple light sources are 
presented in the visual field has not been well studied. In the present study, we investigated the 
brightness perception characteristics depending on the positional relationship between two light 
sources using a brightness matching method.The experimental results showed a tendency for the 
perceived brightness to one light source to decrease when the number of lights presented is 
increased. In addition, when the phase difference of the light sources was 180°, the perceived 
brightness tended to be slightly higher than when the phase difference was other than 180°.

Keywords: positional relationship by two light sources, peripheral vision, brightness 
sensitivity 

1. INTRODUCTION
The degree of brightness in a full space as perceived by humans, and the consideration of a 

sense of brightness within a space, can be expected to serve as an index for the design of an 
agreeably illuminated space. Although numerous research studies have. evaluated brightness 
sensitivity, investigations have not yet extended to the characteristics of brightness sensitivity for 
multiple light sources directed to the peripheral visual field. The purpose of this study was to 
clarify the effect on brightness sensitivity of the positional relationship by two light sources 
presented to an area within the peripheral visual field.

2. METHODS
Figure 1 shows the experimental environment. The experiment was conducted in a dark room

with a large display. The distance between the subject and the display was 400 mm, and the 
background luminance was 0.2 cd/m2. The brightness matching method, in which the subject 
could adjust the brightness of the test light to be equal to that of the reference light, was used as 
the experimental method. Both the reference light and the test light were circles with a diameter of 
2° and presented alternately. The direction of the light in the peripheral visual field was 0° to the 
horizontal right and every 45° from 0° to 315°, for a total of eight directions.

The experimental procedure is described below.

1. Acclimatize to the display luminance for 10 minutes.

2. Gaze at the central fixation point. Maintain this state throughout the experiment.

3. The test light is dimmed to the same brightness as the reference light. The luminance of the
test light when dimmed is Lt.

4. The luminance of the test light is returned to its initial value. Repeat step 3 by randomly
changing the direction and eccentricity of the light in the peripheral visual field. The procedure
in step 4 is intended to counter the practice effect and the order effect, respectively.
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Figure 1. Experimental environment

2.1  Brightness sensitivity when one light source is presented in the peripheral visual field
A reference light was presented in the center and a test light was presented in the peripheral 

visual field.

The eccentricities of the test light were 5°, 10°, 15°, 20°, 25°, and 30°. The luminance of the 
reference light (Lm) was set at 10 cd/m2, and the initial value of the test light was set at 1.52 
cd/m2.

2.2  Brightness sensitivity when two light sources are presented
A test light was presented in the center and two reference lights were presented in various 

positions in the peripheral visual field.

The eccentricities of the reference light were 5°, 10°, 15°, 20°, 25°, and 30°. The reference 
light was presented at the same brightness and perceived luminance as the 10 cd/m2 presented 
light at the center of each presentation position measured in section 2.1. Since two light sources 
were presented, the initial value of the test light was set to 10 cd/m2, because it was expected that 
the perceived brightness would increase compared to when one light source was presented.

3. RESULTS
Figure 2 shows Lm/Lt in eccentricity in Experiment 2.1. Figure 2 shows that Lm/Lt tends to 

increase with increasing eccentricity. This shows a similar trend to previous studies. Figure 3 
shows the Lt curve for the amount of Lt from the center on the graph in Experiment 2.2. It is the
average of Lt when two light sources, one shown in the direction of the data series and the other 
in the direction from the center, are presented, respectively. Figure 3 shows that the brightness 
sensitivity was lower when two light sources were presented in the peripheral visual field, which 
would result in the same brightness sensitivity as 10 cd/m2, than when one light source was 
presented in the peripheral visual field. This result suggests that when fewer light sources are 
visible, the brightness of those light sources may be perceived more attentively. The brightness 
sensitivity was high when the two light sources were in a phase difference relationship of 180°, 
suggesting that brightness sensitivity in the peripheral visual field may change depending on the 
phase difference between the light sources. Brightness sensitivity was higher when two light 
sources in the peripheral visual field were presented in two different presentation directions from 
among the directions of 225°, 270°, and 315°. This result suggests that brightness sensitivity in 
the peripheral visual field may change depending on the presentation position of the light sources.
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Figure 2. Lm/Lt in eccentricity 

 

 
Figure 2. Lt curve 

 

4. CONCLUSIONS 
In the present study, we investigated the influence of the positional relationship of light sources 

on brightness perception when two light sources are presented in the peripheral visual field. The 
results suggest that the presentation position and the phase difference of the two light sources 
are related to brightness sensitivity. Since this study was conducted under one condition of 
brightness sensitivity as the reference brightness sensitivity, the effect of the positional 
relationship of the light source on the brightness sensitivity under different conditions of reference 
brightness remains unclear. Future studies should be conducted using more reference brightness 
conditions. 
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ABSTRACT
This research seeks to investigate the critical indicators of human-centric lighting design in the 
process from functional design to actual implementation. While the current emphasis in human 
centric lighting is on parameters that related to the non-visual effects, particularly spectrum,
merely discussing the light source is insufficient. Therefore, this paper conducted a status survey 
to identify potential issues in the lighting design process that solely focuses on light source 
parameters. Relevant indicators in domestic and foreign standards and certifications were 
compiled, and key indicators were selected for further statistical analysis.The study concludes 
with the establishment of a comprehensive and innovative lighting design system that spans from 
light source to scene and then to system, guiding the next stage of human-centric indoor lighting 
design. This system includes multiple aspects such as spectrum parameters, luminaire selection, 
and scene design, contributing to improving user health and well-being, as well as enhancing the
utilization rate of lighting devices.

The implementation of the proposed design system will have significant implications in the field of 
indoor lighting, providing a more holistic approach to human-centric lighting design. This study 
provides valuable insights into the factors that must be considered when designing lighting 
systems for indoor environments, ensuring that all aspects of the lighting system are optimized for 
the benefit of users. The proposed design system is expected to serve as a valuable tool for 
designers, architects, and other professionals involved in the indoor lighting industry, facilitating 
the creation of lighting systems that prioritize the needs and well-being of users.

Keywords: Human-centric lighting, spectrum, lighting scenarios, lighting design parameters

1. INTRODUCTION
In addition to stimulating the visual system, light incident on the retina stimulates other biological 
functions, also referred to as non-visual responses. Human-centric lighting is a lighting concept 
that delivered the combination of excellent visual, biological, and emotional effects of light.1 The 
CIE (International Commission on Illumination) is advocating similar concepts for “integrative 
lighting”2,3. In conclusion, human-centric lighting prioritizes non-visual effects far more than 
traditional lighting, highlighting its emphasis on the overall well-being of human.

According to CIE, to successfully design and commission an efficient human-centric lighting 
solution, four parameters must be carefully considered: intensity, spectrum, spatial pattern, timing 
and duration.4 At any given time, the biological potency of a light stimulus can be altered first by 
adjusting light level and second by adjusting light spectrum. A study by Figueiro et al., 2017,
shows that compared to office workers receiving low levels of circadian-effective light, those who 
had receiving high levels is associated with reduced sleep onset latency (especially in winter), 
increased phasor magnitudes and sleep quality.5,6 Research also found that the third kind of 
photoreceptor ipRGCs, which importantly associated with non-visual pathways of human brain, 
are most sensitive to shortwave blue light.7,8 With respect to the spatial pattern of light, light 
exposure on the lower retina more effectively suppresses melatonin than light on the upper retina, 
and light exposure on the nasal side of the retina is more biologically potent than light exposure 
on the temporal side of the retina.9,10 Sleep consolidation is optimal when sleep timing coincides 
with the period of melatonin secretion11, this indicates that proper alignment with lighting 
approaches between sleep–wakefulness and biological (internal circadian) time is crucial. The 
same light stimulus may be beneficial at one time of day but detrimental at another.12 Although 
light source features mentioned above are of great importance, we must have a clear 
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understanding of how to apply them in all aspects of human-centric lighting design. After all, 
human-centric lighting begins with effective prioritization of design goals and is an outcome of 
good decision making at every step in the lighting design process. All of this includes the 
continuous demonstration of support of positive human outcomes in operation and use.

2. STATUS SURVEY OF LIGHTING IN WORKPLACE
Based on two studies of visual and non-visual effects carried out in offices,13,14 we have analysed
possible problems in human factors lighting design. The sample offices in the first study met the 
minimum horizontal illuminance (>300lx) specified in the Chinese and CIE standards, and the light 
sources met the standard usage requirements, but users reported varying degrees of visual 
fatigue and eye discomfort because the lighting was not properly integrated with the VDT office 
style. In another study, the majority of workstations (>75%) in the sample met the WELL standard 
of no less than 200 equivalent melanopic lux (EML) under certain circumstances,15 but according 
to the analysis, there were factors in the light environment that could be improved. Further 
analysis shows that the non-visual effects of office lighting are influenced by weather and lighting, 
with large differences in conversion factors for the same spectrum on sunny and cloudy days. 
Thus, the comprehensive human-centric lighting needs a more full-range and flexible 
implementation to ensure that it maximizes the health effects of light in all aspects.

Figure 1. Comprehensive lighting design process for visual and non-visual considerations

3. CONSIDERATIONS IN DIFFERENT STAGES OF HUMAN-CENTRIC LIGHTING DESIGN 

3.1 Light Exposure
Light exposure, especially the spectral composition and intensity, has a significant impact on our 
visual performance and circadian rhythm. Light with low blue light long wavelength: 415-
455nm and high colour rendering index (CRI>90) can be visually comfortable and soothing to 
our eyes while mimicking the spectrum of natural daylight can promote the synchronization of the 
body's internal clock16,17. For instance, bright and cool-toned lighting in the morning can help 
increase alertness and wakefulness18, and blue lighting can accelerate the relaxation process 
after stress.19

3.2 Luminaire Selection
The selection of luminaires in human-centric lighting is often overlooked, despite its paramount 
importance for the visual health of users. Even when utilizing high-quality light sources, pairing 
them with inappropriate luminaires and drivers can lead to issues such as glare and strobe, 
significantly disturbing and impairing visual function.20 Therefore, it is crucial to allocate attention 
to uniformity, encompassing factors like luminance contrast on the same work surface and the 
contrast of luminance between the overall environment and the visual subject. By addressing 
these aspects, the risk of visual fatigue and eye discomfort can be mitigated, ultimately prolonging 
effective work and reading durations.21,22
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3.3 Light Scenarios 
Different tasks require varying levels and qualities of light for optimal performance. For example, 
reading or working on a computer requires focused and brighter lighting, while relaxing or 
watching TV calls for a softer and dimmer ambiance. By having different light scenes that adapted 
to changing needs, individuals can easily adjust the lighting to suit the specific task at hand, 
enhancing comfort, productivity, and visual performance.23,24 

3.4 Control System and Sensor 
The lighting control system allows for personalization by monitoring and responding to individual 
preferences, activities, and environmental conditions. Integrating luminance sensor to control 
system can enhance task performance, as well as contribute to energy efficiency by ensuring that 
lighting is only active when needed25. With daylight sensor, the lighting level can be automatically 
dimmed or adjusted based on natural daylight availability, promoting a healthy sleep-wake pattern 
and people's overall satisfaction. 

4. INTEGRATION OF KEY METRICS INTO A HOLISTIC SYSTEM 
The design of human-centric lighting encompasses a holistic approach that aims to optimize the 
visual, non-visual, energy, safety and usability aspects of lighting systems. To ensure the 
successful implementation of such designs, a comprehensive checklist of key metrics becomes 
indispensable. This checklist serves as a practical tool for designers, architects, and lighting 
professionals, enabling them to evaluate and incorporate essential considerations into their 
solutions. 

Table 1. key metrics for human-centric lighting design 

Visual 

• Lumen output 
• Dimming range 
• Lowest dim level 
• Glare assessment 
• Luminance distribution, uniformity, local deviations 
• Color rendering index 
• Color uniformity of different product samples 
• Color consistency (SDCM) 
• Maximum deviation from black body line 
• Seamless, smooth transitions without visible steps 
• Flickering (pLMST), temporal light artefacts, stroboscopic effects (SVM) at 
all dim levels 

Non-visual 

• Melanopic daylight efficacy ratio 
• Melanopic dynamic range 
• Color temperature range 
• Characteristics of the dynamic daylight-curves 
• Spectral power distribution 

Safety and 
Usability 

• Electrical safety 
• Photobiological safety 
• Safety instructions 
• Resilience against technical failures 
• Ease of installation and commissioning 
• Individually user-selectable lighting scenarios 

Energy • Luminous efficacy 
• Sensor integration 

 

By addressing visual parameters such as glare control and luminance contrast, non-visual factors 
like circadian rhythm regulation, energy efficiency considerations, safety measures, and user-
friendly interfaces, the checklist acts as a guide for creating lighting environments that prioritize 
human well-being and satisfaction. Through the systematic integration of these metrics, human-
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centric lighting design can fulfil its potential in positively influencing human health and enhancing 
lighting experiences. 

5. CONCLUSION 
In conclusion, the scope of human-centric lighting extends beyond the mere specifications of the 
light source, necessitating meticulous control over various parameters encompassing light source 
selection, scene design, and management systems. While human-centric lighting design is still in 
its nascent phase of exploration, it is evident that heightened awareness regarding the capacity of 
light to positively impact human health calls for the adoption of comprehensive design approaches 
and applications. Further research in this field holds promise as a valuable contribution towards 
advancing the standardization of designs that prioritize human well-being. 
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EFFECTS OF IMMERSIVE VIRTUAL EXHIBITION ON VISUAL 
PERCPTION: A COMPARATIVE EXPERIMENT

Haoyu Wu, Xin Zhang

School of Architecture, Tsinghua University, Beijing, China

ABSTRACT 
The study focuses on the effects of VR immersive exhibitions on visitors’ visual perception 

compared with traditional physical showrooms, conducting on-site experiments in a real 
showroom and simulating the showroom in VR Lab at Tsinghua University. The experiment 
introduces ergonomic metrics into immersive virtual environment study, indicates the correlations 
between visual perception and lighting strategies by analyzing eye movement data of the 
participants. The study aims to optimize spatial experience design in virtual display space, and 
provide theoretical support for the application of digital technology in museums.

Keywords: Immersive exhibition, Lighting strategy, Naked-eye 3D virtual reality, Eye-tracking,
Visual perception

1. INTRODUCTION
Immersive experiences are flourishing with the development of technological strategies,

penetrating into various scenarios. Mobilizing the user's multiple senses and providing real-time 
interaction, the immersive environment creates a deep experience beyond the physical world. In
recent years, immersive technologies have been widely used in digital exhibitions. Digital 
exhibition space is becoming a significant aspect of museum design and an effective way to 
enhance audience experience[1].  

Immersive information and communication technologies such as virtual reality (VR), 
augmented reality (AR), mixed reality (MR) and naked-eye 3D have changed the concept of 
interacting with the reality[2]. Many scholars are concerned with advance in these immersive 
technologies. Some focus on technical application paths and research methods[3-5], while others 
study the spatial experience in virtual space and its effects[6-8]. Some experimental research has 
been done to investigate the factors of immersion and interactivity in virtual environments. The 
comparative studies between the real space and virtual space are relatively fewer.  

Ergonomic metrics such as EDA, ECG and eye-tracking data have provided an effective 
approach to measure spatial experience. Ergonomic analysis in virtual environment is still being 
established. Eye-tracking is a useful method for eye-related signal collecting, analysing metrics
such as pupil size, gaze direction, fixation and saccade. Many studies have indicated the 
correlation between eye movements and cognitive load[9-11], task difficulty[12], emotional 
arousal[13], visual perception[14], etc.

This research aims to reveal the effects of immersive virtual exhibition on visitors’ visual 
perception, optimize spatial experience design in virtual display space, and provide theoretical 
support for the application of digital technology in museums. Eye-tracking experiments were 
conducted both in a physical exhibition hall and immersive virtual exhibition hall supported by 
Unreal Engine and naked-eye 3D technology. We analysed eye movement characteristics in 
these two environments from pupil diameter and fixation duration data obtained by eye-tracking 
device. 

2. METHODS
To investigate the effects of immersive virtual exhibition on visual perception, a comparative

experiment was conducted. We have selected a small-scale exhibition hall in Beijing, China, and 
then replicate the exhibition in a naked-eye 3D-based panoramic simulation laboratory. An eye-
tracking experiment was preformed separately both in the physical and immersive virtual 
showrooms. 

PT-39
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aSee Glasses from 7INVENSUN (Figure 1) and its eye movement analysis system were 
applied to collect eye-tracking data of the participants. The device records more than 20 items of 
eye movement data while capturing real scenes. In this study, aSee Glasses was connected to a 
cell phone recording device, which enabled the participants to move around without restriction
and have more authentic exhibition visiting experiences. The essential parameters of aSee
Glasses are shown in Table1.

Figure 1. aSee Glasses eye-tracking device

Table1. Parameters of aSee Glasses

Parameter Sampling rate Accuracy Delay Glasses weight

data 60Hz <0.5 10ms 40±3g

2.1 Physical exhibition experiment
2.1.1 Site

The physical exhibition experiment was carried out in a small-scale showroom (Figure 2-3) in 
Yizhuang, Beijing, China. The room has a width of 3.30 meters, a depth of 5.50 meters, and a 
height of 2.88 meters. The opaque curtains were kept closed to avoid the influence of daylighting 
during the experiment, ensuring that the showroom was illuminated by artificial lights only.

Figure 2. Physical exhibition hall
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Figure 3. Axonometric diagram of the exhibition hall

2.1.2 Lighting mode selection
The exhibition hall was equipped with a lighting control system, including seven different 

lighting modes. To test participants’ eye movement and visual perception under different lighting 
strategies, we have selected 3 lighting modes as 3 experiment scenarios (Table 2), which are 
ambient lighting mode, accentuated lighting mode with focal glow on exhibited works, and a
mixed lighting mode that combines the previous two.

Table 2. Three lighting modes

Lighting 
mode

1 2 3

Feature Ambient lighting Accentuated lighting Mixed lighting

Picture

2.1.3 Participants selection and experimental procedure
A total of 13 people participated in this experiment. All participants had normal naked or 

corrected vision, did not wear contact lenses that changed pupil color or iris shape, and did not 
use eye makeup.

The experimental procedure is as follows.

First, the participant would learn the basic process and experimental scenarios to gain a
preliminary understanding of the experiment.

Then the participant wore aSee Glasses eye-tracking device, and completed a three-point 
calibration under guidance. After successful calibration, the participant tried to adapt to 
the vision of aSee Glasses for one minute and entered the showroom.

In each test, the participant visited the paintings on the wall in the counterclockwise 
direction, during which the eye-tracking device was connected to the aSee Glasses cell 
phone recording assistant to record the participant's eye movement data.

After the test, the participant left the exhibition hall to relax for one to two minutes, and 
then repeated the former step in another lighting mode. Each participant had completed 3 
tests. The order of the lighting modes was chosen randomly to minimize the impact of the 
order of different lighting scenes on participants’ perception.

Exhibition hall
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2.2 Immersive virtual exhibition experiment
2.2.1 Site

The immersive exhibition experiment was performed in the Panoramic Simulation VR Lab at 
the School of Architecture in Tsinghua University. The laboratory has been built to display virtual
environments to conduct ergonomic research. Supported by n’Space naked-eye 3D virtual reality 
system, the devices capture and react to users’ movements, providing photorealistic immersive
experience and real-time interaction.

In this study, the immersive virtual exhibition hall that replicated the physical showroom was 
presented in the lab.

Figure 4. Panoramic Simulation VR Lab, Tsinghua University

2.2.1 Virtual environment building
An immersive virtual environment was built in VR Lab, replicating the spatial and visual

information of the physical exhibition hall. The technical approach is shown in Figure 5. First, a 
SketchUp model was made after measuring relevant data of the showroom and paintings. Second,
we added material details and lighting effects in Twinmotion. Then exhibition scenes and
interactive elements were established in Unreal Engine 5.0. UE5 is a widely applied virtual engine 
that enables multi-purpose 3D rendering. The three lighting modes in physical exhibition 
experiment (ambient, accentuated and mixed lighting) were simulated separately. Finally, after 
connecting the n’Space naked-eye 3D virtual reality system, the immersive virtual exhibition was
built and human-machine interaction was also generated.
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Figure 5. Technical approach to build the virtual environment

2.2.2 Participants selection and experimental procedure
A total of 16 participants were invited to the experiment. All participants had normal naked or 

corrected vision, did not wear contact lenses that changed pupil color or iris shape, and did not 
use eye makeup or have obvious 3D motion sickness.

See 2.1.3 for the experimental procedure.

3. RESULTS
In the physical exhibition hall experiment, a total of 13 people participated and 13 sets of valid 

data were obtained. There were 16 participants in the immersive virtual exhibition experiment, 
and 15 sets of valid data were obtained.

We selected pupil diameter and fixation duration as main metrics of eye movement. Pupil 
diameter has been considered as an effective index of cognition[9, 15, 16]. It is noted that pupil 
diameter is related to ambient light[17], task difficulty[18] and other factors. Fixation index is also 
a significant metric in eye-tracking research. Some studies have used total fixation duration to 
reveal the cognitive activities[19, 20], while other visual research used average fixation 
duration[21, 22]. However, some studies indicate that average fixation duration should vary 
depending on the processing demands of the task[23]. There is research using both average pupil 
diameter and average fixation duration to classify emotions and comparing the validity of these 
two metrics[24].

3.1 Average pupil diameter
Figure 6-9 illustrate the participants’ average pupil diameter in three different lighting modes in 

the physical and virtual showrooms. In light mode 2, namely, accentuated lighting with focal glow 
on the paintings, participants had the highest average pupil diameter among all experimental 
scenarios. The pattern appeared in both physical and virtual showroom experiments, with the 
physical showroom being more obvious.
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1 2 3 4 5 6 7 8 9 10 11 12 13
Mode 1 65.8 81.2 83.7 52.35 65.11 61.33 62.77 60.25 72.44 50.34 66.82 52.17 71.43
Mode 2 66.2 81.01 88.54 56.1 70.4 68.99 68.42 63.91 77.47 57.1 67.27 54.29 75.57
Mode 3 64.29 81.2 81.14 51.6 66.46 61.75 65.36 60.18 74.39 51.45 66.01 52 69.66
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Figure 6 (Left). Average pupil diameter in three lighting modes in physical exhibition hall

Figure 7(Right). Box plot of average pupil diameter in three lighting modes of the physical exhibition hall

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Mode 1 88 86.7 103 67.4 102 89.8 101 106 74.6 97.3 101 101 95.9 83 88.6
Mode 2 101 88.7 103 71 99.1 92.6 102 105 74.3 97.7 99.2 106 95.2 86.9 86.6
Mode 3 88.1 87.7 97.5 65.1 96.5 87.3 91.2 103 86.1 95.7 96.3 98.3 93.7 82.6 83.4
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Figure 8 (Left). Average pupil diameter in three lighting modes virtual exhibition hall

Figure 9 (Right). Box plot of average pupil diameter in three lighting modes of the virtual exhibition hall

3.2 Average fixation duration
Figure 10-13 show the participants’ average fixation duration in three different lighting modes 

in the physical and virtual showrooms. In physical exhibition, participants had higher average 
fixation duration in ambient lighting mode than that in the other two modes. This metric does not 
differ significantly across modes in the immersive virtual showroom experiment.

1 2 3 4 5 6 7 8 9 10 11 12 13
Mode 1 3102 2813 4807 4630 2232 1155 865.2 1227 1523 751.2 1037 1293 1046
Mode 2 3496 3085 2665 3673 993 898.2 1114 891 1108 878.2 847.7 603.4 1358
Mode 3 2997 1385 3033 2886 1013 1564 1025 787 1482 897 1058 1033 1559
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Figure 10 (Left). Average fixation duration in three lighting modes in physical exhibition hall

Figure 11(Right). Box plot of average fixation duration in three lighting modes of the physical exhibition hall
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Mode 1 2266 549 561 20761014113619542645 639 989 2746 734 973 1872 766
Mode 2 2996 799 616 1316 858 108734702592 681 1177146910741281 690 752
Mode 3 1792 505 521 13231175123328162363 588 138730131104 662 1303 974
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Figure 12 (Left). Average fixation duration in three lighting modes in virtual exhibition hall

Figure 13 (Right). Box plot of average fixation duration in three lighting modes of the virtual exhibition hall

3.3 Effects of immersive virtual exhibition on eye movement
In all three lighting modes, compared to physical exhibition, virtual exhibition had higher 

average pupil diameter (Figure 14), which might represent a higher level of excitement and 
arousal. Participants’ average fixation duration was lower in immersive virtual exhibition than that 
in physical showroom (Figure 15). This indicated that either it was harder to extract information
from the environment in physical exhibition, or visual targets in physical showroom appeared to 
be more attractive.
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Figure 14. Average pupil diameter in three lighting modes in physical and virtual exhibitions
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Figure 15. Average fixation duration in three lighting modes in physical and virtual exhibitions

4. CONCLUSION
Immersive virtual exhibitions are rapidly evolving with technological progress and higher

demand for user experience. Meanwhile, the interactions between users and the environment
remains complex. This research studies the effects of immersive exhibition on eye movement
through a comparative experiment. Through a comparative experiment of a physical exhibition
and an immersive virtual exhibition, we had noted some differences of pupil diameter and fixation 
duration between the two environments. The research shows that an immersive environment may 
provide greater excitement and arousal for visitors.

In follow-up study, the generalizability of research can be enhanced by expanding the number 
of participants, improving the 3D rendering fineness and interaction fluency, and introducing other 

P.468



14th Asia Lighting Conference (Tokyo, Japan)

8

ergonomic indicators such as EDA and ECG to comprehensively evaluate the effect of immersive 
virtual environments on visual perception.
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COMPARISON OF LUMINANCE MEASUREMENT BETWEEN 
SPOT LUMINANCE METER AND ILMD 

Xiaobo Zhuang1,2, Xilong Yu2, Xin He1,2

1. Shanghai Alpha Lighting Equipment Testing Ltd., Shanghai 201114, China,

2. Shanghai Institute of Quality Inspection and Technical Research, Shanghai 201114, China

ABSTRACT
Luminance measurement has been widespread used, such as road lighting, landscape lighting, and 

glare evaluation, etc., especially light pollution. The spot luminance meter and ILMD (imaging luminance 
measurement device) are used to test the luminance. Since luminance is a physical quantity related to 
direction and the luminance meter measures the average luminance, which is related to the field angle 
and test distance, the test results vary widely. 

Three kinds of spot luminance meter and two types of ILMD are used to test uniformly emitting panel 
luminaires and non-uniformly emitting floodlights along the normal direction. Analyses are conducted to 
compare the results across the 5 instruments but also to compare results among different view angle
and test distance.

Keywords: luminance, luminance meter, ILMD, luminaire, brightness

1. INTRODUCTION
The definition of luminance is the density of luminous intensity with respect to projected area in a

specified direction at a specified point on a real or imaginary surface [1]. So Luminance is a physical 
quantity related to direction, independent of distance. However, the luminance meter measures the 
average luminance, which is related to the measuring angle and test distance [2].

Due to different of the field of view angle, test distances, and test directions of the luminance meter, 
and the calibrated problems, the measured luminance results vary greatly, sometimes even by orders 
of magnitude. Furthermore, the repeatability of test results is awful. 

The uniformly emitting panel luminaire and non-uniformly emitting road lighting luminaire have been 
measured the luminance along the normal direction by three kinds of spot luminance meter (Konica 
Minolta LS-160, LMT L1009 and Konica Minolta CS-2000) and two types of ILMD (Radiant Vision 
Systems ProMetric Y-16 and Konica Minolta CA-2500). 

2. UNIFORM ILLUMINANT
2.1   Luminance of the LED panel luminaire

Fix a 36 W LED panel luminaire with an external dimension of 320*1220 mm and a light-emitting area 
of 254*1148 mm on the vibration isolation platform. 

Radiant Vision Systems ProMetric Y-16 (CCD resolution is 5312*3032, standard lens) and Konica 
Minolta CA-2500 (CCD resolution is 980*980, standard lens) color luminance meters are used to 
measure at a distance of 3 meters from the normal direction of the LED panel luminaire. The measured 
luminance and false color charts are shown in Figure 1. The measured normal center luminance is 4057 
cd/m2 and 4336 cd/m2.
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Radiant ProMetric Y-16 Konica Minolta CA-2500

Figure 1. Luminance false color charts tested by 2 ILMD

The LED panel luminaire is fixed vertically in the optical darkroom, and the center of the emitting area
is 310 mm above the table. We use the Konica Minolta LS-160 and LMT L1009 spot-luminance meter 
with a measuring angle of 20’ to test the luminance of the normal center point of the LED panel luminaire 
at different distances. In the same field angle of 20’, the luminance test results of different spot-
luminance meters are shown in Figure 2.

Figure 2. Luminance comparison test of LED panel luminaire under the same filed angle of 20’

Moreover, the Konica Minolta CS-2000 and LMT L1009 spot-luminance meter with a measuring angle 
of 1° to measure the luminance of the normal center point of the LED panel luminaire at different 
distances. In the same field angle of 1°, the luminance test results of different spot-luminance meters 
are shown in Figure 3.
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Figure 3. Luminance comparison test of LED panel luminaire under the same filed angle of 1°

With the same spot-luminance meter, the luminance test results of different field angle are shown in 
Figure 4. When the test distance is greater than 6 meters and the viewing angle is 3°, the measured 
luminance is significantly lower than before and other viewing angles. This is because the measured 
actual dimension has exceeded the width of the LED panel light, so the measured area includes the 
non-luminous background, and then the average luminance would be low.

Figure 4. Luminance comparison test of LED panel luminaire under the same spot luminance meter of LMT 
L1009

2.2 Light distribution of the LED panel luminaire
The LED panel luminaire is installed on the LMT GO-V 1920 goniophotometer to measure the light 

distribution. The light distribution curve of LED panel luminaire is shown in Figure 5. The light distribution 
of the LED panel luminaire is similar to the cosine illuminator, especially near the normal line. Therefore, 
it is almost a uniform illuminant.
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Figure 5. Light distribution curve of LED panel luminaire

3. NON-UNIFORM ILLUMINANT
3.1 Luminance of the LED road lighting luminaire

A 150 W LED road lighting luminaire with an external dimension of 365*750 mm and a light-emitting 
area of 210*450 mm is installed vertically on the vibration isolation platform.

Since the surface brightness of the street lamp is too high, the Konica Minolta CA-2500 is 
overexposed and cannot be photographed. Only the Radiant Vision Systems ProMetric Y-16 is used to 
measure at a distance of 4 meters from the normal direction of the LED road lighting luminaire. The 
measured luminance and false color charts are shown in Figure 6. The measured normal center 
luminance is 22112 cd/m2.

Figure 6. Luminance false color charts tested by Radiant ProMetric Y-16

Under the same spot-luminance meter, the luminance of road lighting luminaire test results of different 
field angle are shown in Figure 7. When the viewing angle is large than 1°, the test luminance is over 
range of the meter. When the field of view is 20' or 6', and the normal center of the test is just the light-
emitting chip, although the farther the distance is, the larger the measured area will be, then the 
measured area will include the dark area between chips. On the other hand, the luminance of the chip 
is too high, so the average brightness is high, and the result is not much different.

Figure 7. Luminance comparison test of LED road lighting luminaire under the same spot luminance meter of 
LMT L1009

3.2 Light distribution of the LED road lighting luminaire
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The LED road lighting luminaire is also fixed on the LMT GO-V 1920 goniophotometer to measure 
the light distribution. The light distribution curve of LED road lighting luminaire is shown in Figure 8. The 
light distribution across the luminaire is asymmetrical is clearly evident from the cure through the plane 
across the road (C270°- C90° plane): more light is radiated towards the road rather than towards the 
kerb [2]. From this point of view, the road lighting luminaire is a non-uniform illuminant.

Figure 8. Light distribution curve of LED road lighting luminaire

4. DISCUSSION
The luminance test results of Figure 2-4 are in good agreement with the conclusion of luminance is

independent of distance. However, the luminance test requires a luminance meter. The luminance 
meter tests the average luminance of the measured area, and the measured area is related to the field
angle and distance. The relationship between the field angle and the measured area is shown in Figure 
9. The size of the measured area is proportional to the measured distance. When the measured area
is larger than the size of the measured object, the luminance value is low, as shown in Figure 4 with a
3° of view angle. When the measured object is a non-uniform luminous body, and the measured area
is larger than the luminous area, it often contains dark areas, resulting in low test values, and when the
test direction is changed, the luminance value will change drastically, and the repeatability of the test is
poor, as shown in Figure 7.

Figure 9. Schematic diagram of the relationship between the field angle and the measured area
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Furthermore, compare the result between Figure 1 and Figure 4, the test results of luminance are 
close for uniform illuminant by spot-luminance meter and ILMD. But for non-uniform illuminant, the 
luminance values vary widely through Figure 6 and Figure 7 between spot-luminance meter and ILMD.

In fact, the luminance meter has V( ) correction, it can only be used to measure white light, not for 
colour light [3]. However, brightness is the perceptual response to luminance. Though luminance is 
usually the most important stimulus to brightness perceptions, size, gradient, surround luminance, 
adaptation, and spectral composition can have important effects on brightness [4]. There is still a 
tremendous need for research related to the accurate measurement of luminance and accurate 
assessment of brightness, etc.
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A study on crystal lighting for transparent display using PET film

Sang-hoon Lee, Yeon-ho Yang*

Glow One Co., Ltd. 

Seoul, Korea

ABSTRACT

The downside of crystal lighting is that crystal lighting is expensive. Also, crystal lights are 
heavy because they are made of glass. And it's fragile, and it's also dangerous. Moreover, 
difficulty in cleaning is also a major drawback of crystal lighting. The glare of crystal lamps 
affects children's eyesight.

In order to solve this problem, we researched and developed a product that can create a 
crystal lighting effect using a transparent display. The transparent display uses PET (Poly 
Ethylene Terephthalate) film, which has excellent heat resistance and transparency, and 
develops a module combined with LED parts using a material with printing and 
adhesiveness to emit light. you can feel the effect

It has been confirmed that the transparent display using PET film eliminates the 
disadvantages of crystal lighting, can feel the effect of crystal lighting several times, and is 
competitive in terms of product design diversification, safety and price. 

Keywords: PET film, Transparent display, Crystal lighting, LED, Silicon

1. INTRODUCTION

Crystal lighting is a lighting product made using precious crystal material known for its 
luxury and beauty. Crystal is a transparent material similar to glass that has been 
developed. When it passes through a light source, it reflects, refracts, and scatters light to 
give off a beautiful light. Because of these characteristics, crystal lighting shoots colorful 
light into the space, creating a luxurious and sophisticated atmosphere.

The price is relatively high because it requires expensive materials and manufacturing 
processes, and it is fragile and dangerous because it is partially implemented with glass 
to realize luxury.
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In order to solve these problems, after identifying the problems of the existing technology, 
we grafted a new technology. In the prior art, since the surface of the coating layer has a 
smooth flat or curved surface, the direction of light transmitted through the coating layer is 
constant and the light reflected on the surface of the coating layer tends to be reflected at 
a certain angle. That is, in the prior art LED lighting device, the light generated from the 
plurality of LED elements was scattered or diffused in a very small degree in the process 
of being transmitted through or reflected through the coating layer. Therefore, the prior art 
LED lighting device can exhibit aesthetic effects and crystal effects in addition to 
illuminating the surroundings because light is emitted in a certain direction from the light 
emitting part and there is no intensity variation of each light, like a commonly seen LED 
light. couldn't 

2. BODY

Research and development was conducted to solve these problems. The LED lighting 
device is a transparent printed circuit board, a plurality of LED elements mounted on the 
transparent printed circuit board and transparent, formed on the outer surface of each of 
the plurality of LED elements and the transparent printed circuit board, and generated 
from the plurality of LED elements. and an amorphous coating layer configured to 
diffusely reflect at a plurality of angles while passing or reflecting light. 

The amorphous coating layer may be configured to cause scattered reflection by hitting 
the uneven surface of the portion coated with the plurality of LED elements. The 
amorphous coating layer may be configured to cause scattered reflection by hitting the 
uneven surface of the portion covering the plurality of LED elements. The transparent 
printed circuit board may include a flexible material, and the transparent printed circuit 
board may include a curved structure. The transparent printed circuit board may include a 
cylindrical structure in which a body is bent such that one end and the other end meet 
each other. LED elements may be arranged in longitudinal and transverse directions 
along the inner surface of the cylindrical structure of the transparent printed circuit board. 
The irregular coating layer may be formed by applying a spray to the surface of each of 
the transparent printed circuit board and the plurality of LED elements. 

As an effect of research and development, the LED lighting device is transparent, formed 
on the outer surface of each of the plurality of LED elements and the transparent printed 
circuit board, and diffused reflection at a plurality of angles as the light generated from the 
plurality of LED elements passes or is reflected. By including an amorphous coating layer 
configured to be formed, the light of the LED element scattered and diffusely reflected by 
the amorphous coating shines as if a crystal shines, providing a user with a beautiful 
aesthetic experience. 

In the transparent printed circuit board, at least two or more LED elements are surface 
mounted. The transparent printed circuit board may include a transparent material. The 
transparent printed circuit board may include a flexible (flexible) film or sheet. For 
example, the transparent printed circuit board may include a transparent sheet. For 
example, the transparent printed circuit board may include a sheet using Poly Ethylene 
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Terephthalate (PET) or Polyimide (PI) resin. Power lines and signal lines are formed in a 
pattern on the surface of the transparent printed circuit board. The signal line may be 
configured to transmit an electric signal for adjusting light emission color and intensity of 
light to a plurality of LED elements. The power line may be configured to supply power to 
a plurality of LED elements. For example, the signal line and the power line may include 
any one or more of an alloy, a carbon structure, and a conductive polymer. For example, 
signal lines and power lines may include copper or silver (Ag). 

The LED device includes at least one light emitting diode chip (114) and an IC chip that 
controls light emission of the light emitting diode chip. The IC chip is configured to 
individually control the amount of current supplied to the light emitting diode chips to 
control the color coordinates and beam angle, thereby controlling the light emitting diode 
chips having different colors so that the LED element emits not only white light but also 
various colors. can The IC chip is mounted on a transparent printed circuit board. For 
example, the LED device may be an RGB LED Package or a White LED Package (warm 
type or cool type). The light emitting diode chip may include at least one of a red light 
emitting diode chip, a green light emitting diode chip, and a blue light emitting diode chip. 
Light emission of the light emitting diode chip may be controlled by an IC chip. 
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Figure 1. Existing horizontal section 

1; LED element,  2; printed circuit board,  3; coating layer 
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       Figure 2. New horizontal section 

110; LED element, 120; printed circuit board, 130; irregular coating layer  114; light emitting 
diode chip 

P.488



Figure 3. New partial enlarged cross section 

It is a horizontal cross-sectional view schematically showing the appearance of some 
components of the LED lighting device. It is a partial cross-sectional view schematically 
showing the appearance of some components of the LED lighting device with a partial 
area enlarged. 

The amorphous coating layer (130) is transparent. The irregular coating layer may be 
formed on outer surfaces of each of the plurality of LED elements (110) and the 
transparent printed circuit board (120) . In addition, the amorphous coating layer may be 
configured such that light generated from a plurality of LED devices is scattered or 
diffusely reflected. That is, when light passes through the irregular coating layer, the light 
may be dispersed (scattered) at various angles P. In addition, the amorphous coating 
layer may be configured to cause scattered reflection by hitting the uneven surface of the 
portion coated with the plurality of LED elements. 

For example, after passing through an irregular coating layer generated by one of a 
plurality of LED elements, when the passing light is reflected on the uneven surface of the 
irregular coating layer coated on another LED element located on the opposite side, that 
The reflected reflection angle may not be constant for each surface position (point) where 
the reflection is reflected. 
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Here, the irregular coating layer is a coating layer having an uneven thickness and a 
bumpy surface in which the height of the coating layer is different depending on the outer 
surface of a metal pattern mounted on the surface of a transparent printed circuit board or 
a plurality of LED elements. For example, the irregular coating layer may be formed by 
applying a spray to the surface of each of the transparent printed circuit board and the 
plurality of LED elements. 

Therefore, the LED lighting device of the present disclosure includes a transparent 
amorphous coating layer formed on the outer surface of each of the plurality of LED 
elements and the transparent printed circuit board and configured to diffusely reflect at a 
plurality of angles while passing or reflecting light generated from the plurality of LED 
elements. By doing so, the light of the LED element scattered and diffusely reflected by 
the amorphous coating shines like a shining crystal, providing a beautiful aesthetic 
experience to the user. 

3. Conclusion

The transparent printed circuit board may include a flexible (flexible) material. The 
transparent printed circuit board may include a curved structure. For example, the 
transparent printed circuit board may include a cylindrical structure in which a body is bent 
so that one end and the other end meet each other. 

Therefore, the LED lighting device includes a transparent printed circuit board having a 
curved structure or a cylindrical structure, so that light generated from each of a plurality 
of LED elements is coated on an adjacent LED element or an opposite LED element 
facing each other. Since it can be diffusely reflected or scattered, it is possible to 
maximize the diffused reflection or scattering of light, so that the lighting device can shine 
like a crystal by emitting light having different light intensities. 
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Figure 4. Crystal lighting 

REFERENCE 

(1) Korean Intellectual Property Office Publication No. 2016-0092761

ACKNOWLEDGEMENT  

This work was supported by the Korea Evaluation Institute of Industrial Technology (KEIT) 
and the Ministry of Trade, Industry & Energy (MOTIE) of the Republic of Korea 
(No.20018805). 

Author Name: Yeon-ho Yang  

Affiliation: Glow One Co., Ltd. laboratory 

Email: yhyang04@glowone.com 

P.491



PT-44

P.492



P.493



P.494



P.495



P.496



14th Asia Lighting Conference (Tokyo, Japan)

1

EFFECTS OF TASTE-ASSOCIATED COLORS ON TASTE 
THRESHOLDS

Takuma Hashimoto and Hiroshi Takahashi
(Kanagawa Institute of Technology, Atsugi, Japan)

ABSTRACT

The purpose of the present study was to investigate the colors associated with sweet, salty, sour, 

and bitter tastes, and to determine the taste thresholds under light of the associated colors. We 

defined the threshold for perceiving taste as the detection threshold and the threshold for 

recognizing taste as the recognition threshold and investigated the thresholds for each subject.

For physiological assessments, stress indices under colored light were measured using 

electrocardiograms. The results indicate that both detection and recognition thresholds were 

lower under colored light associated with sweetness than under colored light associated with other 

tastes.

Keywords: Taste, Cross-modal perception, Chromatic light 

1. INTRODUCTION

Meals should not only provide the required nutrition, but also taste good. Taste is determined by

various characteristics related to the food (e.g., appearance, smell, texture, mouthfeel, and flavor) 

and eating (e.g., psychological, physiological, innate, acquired, and environmental factors). The 

modulation of one sense by another is called cross-modal perception, and vision (appearance) 

has been shown to influence taste (flavor), even in eating. It has been reported that humans 

associate sweetness with high brightness of red and red-purple, saltiness with high brightness of 

blue and white, sourness with high brightness and high saturation of yellow, and bitterness with 

low brightness of green and yellowish green. However, the relationships between the light colors 

associated with such tastes and taste thresholds have not been clarified. The purpose of the 

present study was to investigate the influence of light color on taste thresholds.

2. EXPERIMENT

 even male subjects in their 20s participated in the experiment. We investigated the subjects’ 

associations of four colors with each of sweet, salty, sour, and bitter tastes, and conducted taste 

threshold measurements for each of these tastes. To reduce individual differences due to 

physiological conditions, certain restrictions were placed on how subjects spent the day before 

and the day of the experiment. 
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The restricted contents were as follows: 

[The day before] 

 Sleep for more than 6 hours 

 Avoid strenuous exercise 

 Do not consume alcohol 

[The day] 

 Lunch at least 1 hour before the experiment 

 Avoid stimulant foods 
 

Saliva is responsible for dissolving taste substances and transporting them to the taste buds, and 

its secretion can be affected by changes in psychological conditions due to stress. Therefore, 

stress indices were measured from electrocardiograms, which were recorded using electrodes 

attached to both wrists. From electrocardiogram (ECG) data, which were recorded throughout the 

experiments, low-frequency/high-frequency (LF/HF) values, which act as sympathetic nervous 

function indicators, were extracted. Figure 1 shows the experimental environment. Taste 

presentations were ordered from lowest concentration based on interaction level, and subjects 

were instructed to write "X" if they could not identify the taste, " " if they could detect the taste 

even if they could not identify the type, and the actual name of the taste if they could identify it.  

The detection threshold was defined as the point at which the presence of any taste could be 

identified, and the recognition threshold was defined as the point at which a specific taste could 

be identified. The solutions with the different tastes were presented in a specific order to account 

for taste interactions, i.e., the contrast and inhibitory effects. Table 1 shows the taste solution 

concentrations. 

 

The experimental procedure was as follows: 

1. Subjects were given 10 minutes to the acclimatize to chromatic lighting conditions. 

2. Electrocardiogram measurements were taken after color adaptation.  

3. Taste threshold measurements were then performed. 

Steps 1 to 3 were repeated for each light color, which was selected randomly to avoid creating an 

order effect. 

 

 

 

 

P.498



14th Asia Lighting Conference (Tokyo, Japan)

3

Figure 1. Experimental environment

Table 1. Taste solution concentration [%]

sweetness saltiness sourness bitterness

1 0.05 0.025 0.001 0.0001

2 0.1 0.05 0.002 0.0002

3 0.15 0.075 0.004 0.0003

4 0.2 0.1 0.006 0.0004

5 0.25 0.15 0.007 0.0005

6 0.3 0.2 0.008 0.0006

7 0.35 0.25 0.009 0.0007

8 0.4 0.3 0.01 0.0008

9 0.45 0.35 0.0125 0.0009

10 0.5 0.4 0.015 0.001

11 0.55 0.45 0.0175 0.0015

12 0.6 0.5 0.02 0.002

13 0.65 0.55 0.0225 0.0025

14 0.7 0.6 0.025 0.003

15 0.75 0.65 0.0275 0.0035

16 0.8 0.7 0.03 0.004
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3. RESULTS

In the present experiment, sweetness was associated with high-brightness red, saltiness with 

white, sourness with yellow, bitterness with low-brightness green. Figure 2 shows the 

experimental results of taste threshold. Colors associated with sweetness are defined as Sweet 

Color, colors associated with saltiness as Salty Color, colors associated with sourness as 

Sourness Color, colors associated with bitterness as Bitter Color, and colors associated with other 

tastes as Other Colors. The taste threshold results indicated that for sweet tastes, the taste 

sensitivity was higher when the Sweet Color. On the contrary, for bitter tastes, the taste sensitivity 

was lower when the Bitter Color. No significant differences in taste threshold were observed for 

any of the tastes. Figure 3 shows the relationship between recognition threshold and stress 

indices. The results for the taste threshold and stress index indicated that for sourness, taste 

sensitivity decreased with increasing stress index. On the other hand for saltiness, where taste 

sensitivity increased as the stress index increased.

Figure 2. Taste threshold Average
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Figure 3. recognition threshold and stress indices
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EFFECTS OF TASTE-ASSOCIATED COLORS ON TASTE 
THRESHOLDS

Takuma Hashimoto and Hiroshi Takahashi
(Kanagawa Institute of Technology, Atsugi, Japan)

ABSTRACT

The purpose of the present study was to investigate the colors associated with sweet, salty, sour, 

and bitter tastes, and to determine the taste thresholds under light of the associated colors. We 

defined the threshold for perceiving taste as the detection threshold and the threshold for 

recognizing taste as the recognition threshold and investigated the thresholds for each subject.

For physiological assessments, stress indices under colored light were measured using 

electrocardiograms. The results indicate that both detection and recognition thresholds were 

lower under colored light associated with sweetness than under colored light associated with other 

tastes.

Keywords: Taste, Cross-modal perception, Chromatic light 

1. INTRODUCTION

Meals should not only provide the required nutrition, but also taste good. Taste is determined by

various characteristics related to the food (e.g., appearance, smell, texture, mouthfeel, and flavor) 

and eating (e.g., psychological, physiological, innate, acquired, and environmental factors). The 

modulation of one sense by another is called cross-modal perception, and vision (appearance) 

has been shown to influence taste (flavor), even in eating. It has been reported that humans 

associate sweetness with high brightness of red and red-purple, saltiness with high brightness of 

blue and white, sourness with high brightness and high saturation of yellow, and bitterness with 

low brightness of green and yellowish green. However, the relationships between the light colors 

associated with such tastes and taste thresholds have not been clarified. The purpose of the 

present study was to investigate the influence of light color on taste thresholds.

2. EXPERIMENT

 even male subjects in their 20s participated in the experiment. We investigated the subjects’ 

associations of four colors with each of sweet, salty, sour, and bitter tastes, and conducted taste 

threshold measurements for each of these tastes. To reduce individual differences due to 

physiological conditions, certain restrictions were placed on how subjects spent the day before 

and the day of the experiment. 
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The restricted contents were as follows: 

[The day before] 

 Sleep for more than 6 hours 

 Avoid strenuous exercise 

 Do not consume alcohol 

[The day] 

 Lunch at least 1 hour before the experiment 

 Avoid stimulant foods 

Saliva is responsible for dissolving taste substances and transporting them to the taste buds, and 

its secretion can be affected by changes in psychological conditions due to stress. Therefore, 

stress indices were measured from electrocardiograms, which were recorded using electrodes 

attached to both wrists. From electrocardiogram (ECG) data, which were recorded throughout the 

experiments, low-frequency/high-frequency (LF/HF) values, which act as sympathetic nervous 

function indicators, were extracted. Figure 1 shows the experimental environment. Taste 

presentations were ordered from lowest concentration based on interaction level, and subjects 

were instructed to write "X" if they could not identify the taste, " " if they could detect the taste 

even if they could not identify the type, and the actual name of the taste if they could identify it.  

The detection threshold was defined as the point at which the presence of any taste could be 

identified, and the recognition threshold was defined as the point at which a specific taste could 

be identified. The solutions with the different tastes were presented in a specific order to account 

for taste interactions, i.e., the contrast and inhibitory effects. Table 1 shows the taste solution 

concentrations. 

The experimental procedure was as follows: 

1. Subjects were given 10 minutes to the acclimatize to chromatic lighting conditions.

2. Electrocardiogram measurements were taken after color adaptation.

3. Taste threshold measurements were then performed.

Steps 1 to 3 were repeated for each light color, which was selected randomly to avoid creating an

order effect.
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Figure 1. Experimental environment

Table 1. Taste solution concentration [%]

sweetness saltiness sourness bitterness

1 0.05 0.025 0.001 0.0001

2 0.1 0.05 0.002 0.0002

3 0.15 0.075 0.004 0.0003

4 0.2 0.1 0.006 0.0004

5 0.25 0.15 0.007 0.0005

6 0.3 0.2 0.008 0.0006

7 0.35 0.25 0.009 0.0007

8 0.4 0.3 0.01 0.0008

9 0.45 0.35 0.0125 0.0009

10 0.5 0.4 0.015 0.001

11 0.55 0.45 0.0175 0.0015

12 0.6 0.5 0.02 0.002

13 0.65 0.55 0.0225 0.0025

14 0.7 0.6 0.025 0.003

15 0.75 0.65 0.0275 0.0035

16 0.8 0.7 0.03 0.004
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3. RESULTS

In the present experiment, sweetness was associated with high-brightness red, saltiness with 

white, sourness with yellow, bitterness with low-brightness green. Figure 2 shows the 

experimental results of taste threshold. Colors associated with sweetness are defined as Sweet 

Color, colors associated with saltiness as Salty Color, colors associated with sourness as 

Sourness Color, colors associated with bitterness as Bitter Color, and colors associated with other 

tastes as Other Colors. The taste threshold results indicated that for sweet tastes, the taste 

sensitivity was higher when the Sweet Color. On the contrary, for bitter tastes, the taste sensitivity 

was lower when the Bitter Color. No significant differences in taste threshold were observed for 

any of the tastes. Figure 3 shows the relationship between recognition threshold and stress 

indices. The results for the taste threshold and stress index indicated that for sourness, taste 

sensitivity decreased with increasing stress index. On the other hand for saltiness, where taste 

sensitivity increased as the stress index increased.

Figure 2. Taste threshold Average
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Figure 3. recognition threshold and stress indices
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ABSTRACT
Light exposure has been shown to affect human circadian rhythms, inlcuding suppressing the 
production of melatonin. These light-induced circadian effects are regulated by melanopsin-based 
intrinsically photosensitive retinal ganglion cells, with partial contributions from visual 
photoreceptors. Various approaches have been proposed by different groups to quantify light-
induced melatonin suppression, including the widely used melanopic illuminance model, which 
the EML and m-EDI metrics derived from, and visual photoreceptor-combined CS model.
However, these models adopt different hypothesis on visual photoreceptors’ contribution in 
circadian pathway, leading to conflicting predictions of circadian effects and pose challenges for
lighting applications. 

To evaluate the accuracy of these popular circadian sensitivity models, we collected data from 
multiple laboratory studies that measured human melatonin suppression in response to different 
light stimulus types and durations. The goodness of fit for the 4-parameter sigmoid curves that 
described the overall datasets (adjusted R2) as adopted as to compare the accuracy of each 
model. Our results showed that melanopic illuminance and CS models provided overall 
comparable goodness-of-fit, and outperformed photopic illuminance across the studies. Though
the CS model has been fixed to CS 2.0 model, we found that this new model did not provide 
better description of light-induced melatonin suppression compared with the original one. Given 
the lack of broad consensus on the exact visual photoreceptors’ contribution, the melanopic 
illuminance approach appears to be a preferable strategy compared to the CS model. Moreover, 
our analysis revealed a limitation in previous research, as the spectra used rarely covered the 
controversial regions between different metrics, resulting in challenges in compare their accuracy. 
To address this, we proposed a methodology for designing comparative spectra that can 
emphasize the fundamental differences between the circadian metrics. This approach could be 
employed in future human-factor studies to establish a precise and practical “circadian 
illuminance” metric.

Keywords: circadian sensitivity, melanopic illuminance, CS model, melatonin suppression

1. INTRODUCTION

In modern society, a large proportion of individuals spend an increasing amount of time indoors. 
This often leads to restricted daylight access and excessive evening light exposure. These 
patterns of light stimulus are misaligned with the circadian clock, resulting in detrimental effects 
on the acute production of the sleep hormone melatonin and disrupting the natural sleep-wake 
cycle [1,2]. Consequently, a range of circadian-disruption-related problems would arise [3-5]. 
These light-induced non-visual effects are primarily mediated by intrinsically photosensitive retinal 
ganglion cells (ipRGCs), which contain the photopigment melanopsin [6,7]. The ipRGCs convert 
optical signals into electrical signals and transmit them to the suprachiasmatic nucleus, 
synchronizing the biological clock and regulating the melatonin secretion [8-10]. Additionally, 
ipRGCs receive extrinsic signals originating from visual photoreceptors, including rods and cones 
[11,12]. Converging evidences suggest that both ipRGCs and visual photoreceptors contribute to 
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the circadian phototransduction process under certain conditions [13,14]. But the precise 
contribution of visual photoreceptors in modulating human circadian rhythms and neuroendocrine 
light responses is not yet fully understood.  

Researchers and organizations have pursued different strategies to evaluate the impact of light 
on the circadian system. Due to the lack of specific contributions from each known photoreceptors 
(rods, S-cone, M-cone, L-cone and ipRGCs), Lucas et al. suggested to record the corresponding 
counterpart of illuminance named α-opic illuminance [11]. This approach provides comprehensive 
information for the stimulus experienced by each type of photoreceptors that would be 
investigated in future studies, but it currently does not allow for the determination of the specific 
circadian output, such as the “circadian illuminance”. Following that, based on the ipRGCs-related 
melanopic illuminance, one of the five -opic illuminances, the International WELL Building 
Institute and the International Commission on Illumination recommended the metrics of equivalent 
melanopic lux (EML) [15] and melanopic equivalent daylight D65 illuminance (m-EDI) [16], 
respectively. Differing from the melanopic illuminance approach, Rea et al. [19,20] proposed the 
Circadian Stimulus (CS) model initially in 2005 and introduced the metric of Circadian Light (CLA) 
as the “circadian illuminance”. The CS model not only rely on the contribution of ipRGCs, but also 
assumes that the human circadian system exhibits S-cone based b-y color opponency, and taking 
into account the interplay of rod and cone photoreceptors in circadian phototransduction [18-20]. 

The mechanisms underlying circadian sensitivity models are illustrated in Fig. 1. It reveals that the 
melanopic illuminance and CS models differ significantly, particularly concerning the incorporation 
and integration of visual photoreceptors. Consequently, their spectral sensitivities exhibit 
considerable inconsistency, leading to contradictory predictions of circadian effect for the same 
light stimulus [25]. Such uncertainty regarding the accuracy of the melanopic illuminance and CS 
models poses challenges for the practical application of circadian lighting. Experts in the field 
have been engaged in intense discussions over the merits of the two models, and showing a 
serious division of opinions [26,27]. A fundamental question remains unanswered: Can models 
that integrate the complex interplay of visual photoreceptors, as hypothesized by the CS model, 
offer superior predictions of circadian effects? 

2. Methods

Figure 1. Procedure for publications screening. 
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In this study, we conducted a comprehensive analysis using data from multiple laboratory studies 
that measured human melatonin suppression in response to various light stimuli with differing 
spectra and durations. The selection procedure, depicted in Fig. 1, followed specific criteria:

(i) Protocol: We included publications that investigated evening light-induced melatonin 
suppression in healthy young adults. The experiments were needed to utilize a single static light 
stimulation throughout the study night. Prior to each light stimulation, a period of dim light 
exposure was required. We considered the common intervals for melatonin collection (15, 30, or 
60 minutes) and selected publications that reported data within 30, 60, 90, or 120 minutes. 

(ii) Research team: Publications sharing the same corresponding author or first co-authors, 
indicating similar experimental protocols, were grouped as works from the same research team. 
We identified a total of four research teams, which are: (i) Debra J. Skene & Victoria L. Revell 
team, (ii) Mark S. Rea & Mariana G. Figueiro team, (iii) George C. Brainard team, and (iv) 
Raymond P. Najjar team. Within each research team, we re-evaluated the experimental protocols 
adopted and excluded publications that exhibited significantly inconsistent key setups. Specifically, 
publications deviating significantly in the starting time of light exposure (deviation exceeding 60 
minutes) or using different melatonin suppression calculation methods were excluded. The 
method of melatonin suppression calculation which was not align with that adopted by other 
studies within the same research team were also excluded. 

(iii) Information provided: Selected publications needed to provide detailed information on light 
intensity and spectral power distributions (SPD) for calculating the circadian effects of the lighting 
conditions. Light intensity could be expressed in terms of illuminance, irradiance, or photon 
density. In cases where monochromatic light was used but spectral power distributions were not 
provided, peak wavelength and half-wave width were necessary. If only melatonin concentration 
was reported, we calculated the melatonin suppression values using the baseline melatonin 
concentration provided in the publication.

A total of 18 publications [21-23,28-42] contributed by four research teams were included in our 
analysis. These publications provided data for 241 lighting conditions along with corresponding 
melatonin suppression information.

The SPDs of the light sources, typically presented in figures, were extracted from the published 
works using WebPlotDigitizer software (Version 4.4). For the SPD of monochromatic light which 
were not presented in the figures, we generated SPDs using Gaussian functions based on the 
provided peak wavelength and half-wave width. For the analysis, we utilized directly reported 
melatonin suppression values whenever available. In cases where melatonin suppression and 
concentration data were only presented in figures, we employed WebPlotDigitizer (Version 4.4) to 
extract the relevant data. We used the four-parameter logistic function to fit the different circadian 
metrics with melatonin suppression. The equation for four-parameter sigmoid fit was as follows:

where X was the log value of effective circadian illuminance based on different models, X50 was 
log circadian illuminance producing a response halfway between Ymax and Ymin, and P determined 
the slope of the curve. Following the physiological assumptions suggested in previous studies [28], 
we constrained the fits to have minimum at 0 and a maximum ≤ 100% (Ymin = 0, Ymax = 100%). 
The Y equals zero when X was zero, which conformed to the fact that the dark control group has 
no melatonin suppression. Fits were performed using Origin 2017 (OriginLab). Adjusted R-square
values reported in the study reflected the correspondence between the fitted curves and the mean 
responses across the relevant data sets

3. Results
3.1 Fitting results of experimental data after 30 min light exposure
The adjusted R-squared for melanopic illuminance was 0.541, indicating that this model could not 
provide a satisfactory overall description of the data. The adjusted R-squared of CS model 2005 
was 0.717, showing that the CS model 2005 was still able to adequately predict sensitivity across 
test spectrum. In contrast, the adjusted R-squared of CS model 2.0 was 0.600, which declined by 
16.0% compared to that of the CS model 2005. Therefore, the accuracy of circadian efficiency
prediction has not been improved based on the CS model 2.0. When quantify using photopic 
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illuminance, the adjusted R-squared was only 0.101. This result shows that the photopic 
illuminance alone is not a reliable predictor of melatonin suppression. 

To further investigate the impact of spectrum on the fitting results, we arranged all spectra and 
numbered on the x-axis in ascending order of melanopic illuminance values in Fig. 2A. The left 
and right y-axes represent the corresponding melanopic illuminance values (indicated in blue) and 
CLA values (indicated in red) of each spectrum, respectively. Disputed spectra were identified as 
pairs with equivalent EML values (difference less than 5%) but large difference in CLA values 
(more than 50%). A total of 11 pairs of disputed spectra (34.4%) were found, as shown in Fig. 2B. 
The disputed spectra included monochromatic light in short wavelength stimuli (424, 456 and 496 
nm), and polychromatic spectra with CCT of 4000 K and 17000 K. When including these disputed 
spectra, EML model showed lower level of goodness-of-fit, suggesting that the accuracy of 
circadian efficiency model may depend on the spectra adopting in the analysis.  

 Figure 2. Comparison of the melanopic illuminance and CLA values for the spectra (A) adopted in current 
study and (B) that showed disputable results in current study. The spectra data were arranged in ascending 
order of melanopic illuminance values and numbered. The left and right y-axes represent the corresponding 

melanopic illuminance (indicated in blue) and CLA (indicated in red) of each spectrum, respectively. 

3.2 Fitting results of experimental data after 60 min light exposure 
The results based on the data from Najjar team were illustrated in Fig. 5. The adjusted R-squared 
value for the melanopic illuminance was 0.985, indicating that the melanopic illuminance 
adequately accounts for the variations in sensitivity across different monochromatic light types. 
However, the adjusted R-squared values for CLA, and CLA 2.0 were 0.693 and 0.684, 
respectively, which were lower than that of the melanopic illuminance. This discrepancy was 
primarily due to the CS models overestimating the circadian sensitivity to a monochromatic light 
with a wavelength of 420 nm. Additionally, the predictive accuracy of photopic illuminance for 
sensitivity to all test wavelengths was found to be extremely low, with an adjusted R-squared 
value of 0.126. Moving on to the spectra and melatonin suppression data collected from the Rea 
& Figueiro team, the goodness-of-fit were calculated. The adjusted R-squared of EML, CS model 
2005 and CS model 2.0 were 0.755, 0.714 and 0.750. These findings indicate that accuracy 
among these models is comparable for predicting the evening light-induced melatonin 
suppression effect. The photopic illuminance still exhibited lower accuracy, with an adjusted R-
squared value of 0.583. 

Furthermore, we conducted a detailed analysis of the spectra used during the 60-minute light 
exposure (Fig. 3 Left), focusing on the data from the Rea & Figueiro team. Within their data, there 
were only a few spectra that displayed disputed characteristics. As a result, the differences in 
accuracy between the melanopic illuminance and CS models may be overshadowed by the 
majority of spectra that showed no disputes, thus explaining the comparable goodness-of-fit 
observed between these models. Three examples of disputed spectra are illustrated in the inset 
figure, representing different CCTs of 3000 K, 4900 K and 6400 K. The CLA value of 6400 K and 
4900 K were identical, while their melanopic illuminance values exhibited a significant difference. 
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Contrasting results were also observed when comparing the melanopic illuminance and CLA 
values between spectra in 4900 K and 3000 K. 

Figure 3. Comparison of the melanopic illuminance and CLA values for the spectra (Left) adopted in analysis 
of 60-min light exposure and (Right) that adopted in analysis of 120-min light exposure. The spectra data 

were arranged in ascending order of melanopic illuminance values and numbered. The left and right y-axes 
represent the corresponding melanopic illuminance (indicated in blue) and CLA (indicated in red) of each 

spectrum, respectively. Inset figure represented the three disputed SPDs. 

3.3 Fitting results of experimental data after 90 min light exposure 
The data corresponding to the 90-minute light duration was collected from the Brainard team. The 
adjusted R-squared of melanopic illuminance, CLA and CLA 2.0 were 0.667, 0.706 and 0.650, 
respectively. These metrics demonstrated similar accuracy in predicting light-induced melatonin 
suppression. Compared with the CLA metric, CLA 2.0 did not show improved accuracy. When 
quantify using photopic illuminance, the adjusted R-squared was only 0.220, which still could not 
provide reliable prediction.  

Fig. 4 (Left) illustrated the prediction of melanopic illuminance and CLA to all spectra used in 90-
min analysis. Within this data group, we identified 44 out of 113 spectra (38.9%) that displayed 
significant discrepancies between the EML and CS models, which were shown in Fig.4 (Right). 
Similar to the observations for the 30-minute duration, the disputed spectra mainly consisted of 
monochromatic light stimuli in the short-wavelength range (424-440 nm), as well as polychromatic 
spectra with CCT of approximately 4000 K and 17000 K. 

Figure 4. Comparison of the melanopic illuminance and CLA values, for the prediction to all spectra adopted 
in 90 min analysis (Left), and that showed disputable results (Right). The spectra data were arranged in 
ascending order of melanopic illuminance values and numbered. The left and right y-axes represent the 
corresponding melanopic illuminance (indicated in blue) and CLA (indicated in red) of each spectrum, 

respectively. 
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3.4 Fitting results of experimental data after 120 min light exposure 
The data for 120-minute light stimuli were derived from studies conducted by the Rea & Figueiro 
team. For these experimental data, we found that the goodness-of-fit for the melanopic 
illuminance, CLA and CLA 2.0 was found to be 0.857, 0.845 and 0.837 respectively. In contract, 
the goodness-of-fit based on photopic illuminance was only 0.139. Therefore, all of the models 
except for photopic illuminance demonstrated reliable predictability of light-induced melatonin 
suppression. The fitting quality among the melanopic illuminance, CLA and CLA 2.0 was 
comparable. Moreover, both the melanopic illuminance and CS models exhibited a strong level of 
goodness-of-fit, with adjusted R-squared values exceeding 0.8. As shown in Fig. 3 (Right), no 
disputed spectra were observed for the spectra adopted in the 120-minute light exposure, 
indicating a high level of consistency in the predictions of the melanopic illuminance and CS 
models for these SPDs.  

Fig. 5 presented the adjusted R-squared values of the melanopic illuminance, photopic 
illuminance, CS model 2005, and CS model 2.0 across different durations of light exposure. The 
goodness-of-fit results of the melanopic illuminance and CS models were found to be relatively 
similar. In addition, both melanopic illuminance and CS models showed increased adjusted R-
square under the light exposure of 120 minutes, which were higher than 0.80. This result 
indicated melanopic illuminance and CS models could effectively predict the melatonin 
suppression for the long-term light exposure. Conversely, the predictive capacity of photopic 
illuminance were proved to be unreliable across all durations of light exposure. These findings 
suggested that high levels of photopic illuminance may not necessarily correlate with greater 
circadian effects. 

Figure 5. The adjusted R-squared of melanopic illuminance, photopic illuminance, CLA and CLA 2.0 on the 
experimental results after 30-, 60-, 90- and 120-minute light exposure. 

4. SPDs solution for circadian efficiency model comparison
Though the melanopic illuminance and CS models should have achieved large difference in 
accuracy by adopting different visual photoreceptors contribution, their adjusted R-square values 
observed were consistent (only differed by around 5%) using existing spectra. This was mainly 
due to that there were rarely spectra that yielded disputed results between the melanopic 
illuminance and CS model. To further reveal the fundamental discrepancies between melanopic 
illuminance and CS models, a larger and more diverse set of disputed spectra are needed. Here, 
we explored a lighting design method by self-developed multi-component color mixing algorithm 
[45] to efficiently compare the accuracy of circadian efficiency models. A five-component color
mixing with commercial light-emitting diode (LED) sources were used for the spectral design
analysis. Following the principles of color science, when the target color locates inside the gamut
area formed by connecting the coordinates of all components, there exist infinite numbers of
spectral mixing solutions, as shown in Fig. 6A (Left). To ensure the selection of appropriate
spectra for human studies, considerations were given to achieving white color and reasonable
color rendering index.
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As an example, we presented SPD-1, SPD-2 and SPD-3 in Fig. 6A (Right), which were calculated 
using the color mixing algorithm. These SPDs were white light (Duv = 0), with color rendering 
index higher than 70 and equivalent photopic illuminance. Regarding the illuminance level for 
each photoreceptor, these SPDs exhibit equivalent values in terms of melanopic, rhodopic, 
chloropic and erythropic illuminance, while their cyanopic illuminance values differ significantly. As 
a result, their relative circadian effects predicted by EML and CS models are completely different 
as shown in Fig. 6C. According to the EML model, these SPDs showed equivalent circadian effect 
(all EML  200). However, based on the CS model, the spectral circadian efficacy experiences a 
significant drop from SPD-1 to SPD-2 (contrast: CLASPD-1/CLASPD-2  2.3), followed by an 
increase from SPD-2 to SPD-3 (CLASPD-3/CLASPD-2  2.0). 

Figure 6. SPDs for accuracy comparison of circadian efficiency models based on multi-component color-
mixing algorithm. (A) Left: the SPDs and color chromaticity coordinates of five LED components adopted in 
calculation.  Right: three designed SPDs (SPD-1, SPD-2 and SPD-3) for explanation, (B) the corresponding 

visual and non-visual parameters of three SPDs, and (C) different relative circadian efficiency results to 
these three SPDs when based on melanopic illuminance and CS models. 

5. Conclusion
In conclusion, our study demonstrated that the EML and CS models offer comparable 
descriptions of data from numerous previous studies, while photopic illuminance proved to be an 
unreliable predictor of melatonin suppression. Despite the complexity of CS models, they did not 
show better accuracy compared with the simpler EML model. Thus, the melanopic illuminance 
approach, which the EML model based on, would be a more reasonable approximation. Our 
findings also highlight the importance of using well-designed lighting spectra for comparison of 
circadian efficiency models. With our self-developed multi-component color mixing method, we 
are able to provide valuable experiment solutions in the form of SPDs, which could achieve large 
difference in circadian efficiency based on one model, while keep equivalent level by other 
models. This method could meet the requirements of general lighting, and be utilized to 
investigate the specific contributions of each photoreceptor in the human circadian pathway. Our 
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study provides important insights for in circadian efficiency model evaluation in indoor health 
lighting and light-related circadian researches. 
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ABSTRACT
The submarine is a typical military isolated and closed environment, its light environment is 

completely composed of artificial lighting, which can affect people's emotions and visual 
perception, and in turn affect their rest. Color and light are two important environmental factors of 
space. This study targets the submarine lounge and explore the impact of environmental color 
and light on mood and visual perception. A submarine lounge model cabin was biulded for a 
realistic feeling, all participates expericed 8 light conditons (2 environment colors × 2 illuminances
× 2 CCTs). The BRUMS mood scale and the visual-semantic difference scale were used to 
investigate if the environment color, illuminance and CCT would affect the emotional state and 
visual perception. The results showed that participants felt lower levels of tension, fatigue, and 
distress and higher level of vigour in the white walnut grain cabin with high illumination and CCT. 
High illuminance induces brighter perception and is attributed to create a lively and cozy 
atmosphere, high CCT induces cooler and brighter perception and also appears more lively.
Moreover, participants seem to prefer bright environments In the design of enclosed space, both 
light and environment color need to be considered. Among them, the illuminance seems to be 
more sensitive and more important.

Keywords: submarine cabin, color, illuminance, CCT, mood, visual perception

1. INTRODUCTION
The isolated and closed environment is an operating environment in remote areas with

inconvenient transportation, limited communication, poor entertainment, and lack of social 
interaction[1], such as spacecraft, vessels, and remote islands. Submarine is a typical military 
isolated and closed environment, which has the characteristics of being far away from the base, 
self-supply, long-term closed, and extreme environment[2, 3]. During the voyage, the crew will be 
in the claustrophobic, confined and extreme environment for a long time, and due to the 
importance of mission objectives, they need to undertake a lot of high-intensity works, which 
causes them to accumulate so much fatigue that have to need a good rest. However, the 
submarine environment is very complex, the prominent factors such as narrow space, air pollution, 
continuous noise and lack of natural light continue to affect the rest of the crew, leading them to 
feel fatigue or tired[4]. Vgontzas AN et al. [5] conducted a survey of 143 U.S. Navy submariners 
who had served for more than one year and found that more than 45% of the sailors reported that 
they often, frequently, and always felt bodily or mental exhaustion, more than 60% of the crew 
said that they "rarely" or "never" felt energetic.

Compared with vessels, aircraft, and spacecraft, in few other places like a submarine are 
completely composed of artificial lighting and with a serious lack of natural light exposure, which 
may easily lead to a decrease in visual comfort and an increase in negative emotions, in turn 
cause psychological problems and affect work performance[6-8]. Liu et al.[9] found that 
submarine soldiers were the arm with the worst emotional state in the survey of various arms of 
the navy. Ma et al.[10] surveyed 103 submariners and found that more than 50% of the crew 
members responded to a significant increase in negative emotions in terms of psychologically 
affected choices. Therefore, when crew are constantly exposed to an inappropriate light 
environment during rest, the negative emotions such as anxiety and depression will be more 
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serious under a large amount of external/self pressure[11], which implies it is particularly 
important to provide a scientific and suitable light environment. 

Light and color  are two important attributes of an indoor light environment[12]. Past studies 
have shown that light can affect the nervous system such as the cerebral cortex and 
hypothalamus to produce changes in feelings, emotions, and psychology through visual and non-
visual effects[13, 14]. Recent studies have shown that light-induced non-visual effects, intrinsically 
photosensitive retinal ganglion cells[15, 16], rod and cone photoreceptors[17, 18] all play a very 
important role. Illuminance and correlated color temperature (CCT) are two important factors to 
describe light. Under the same illuminance, low CCT (warm light) is more likely to produce 
positive emotions than high CCT (cold light), and the visual evaluation may be better; under the 
same correlated color temperature, low illuminance is more likely to reduce positive emotions 
than high illuminance[19-21]. Color is similar to light, and can also participate in the emotional and 
psychological adjustment process in the brain. Although everyone's favorite color is different, 
according to many research results, red has the strongest visual stimulation, blue and green are 
more comfortable colors, and white is considered insensitive and boring. In terms of regulating 
emotions, blue is considered refreshing, comfortable, calm, and harmonious, while some colors 
can cause anxiety, restlessness. In addition, researchers believe that individual differences (such 
as gender, age, culture, etc.) also affect emotional responses to colors[22-24]. Therefore, In order 
to provide the crew with a reasonable and comfortable rest environment, both light and color are 
important factors to be considered. 

This paper studies the influence of cabin environment color and lighting on people's visual 
perception and emotion in a simulated submarine lounge, in order to obtain a light environment 
suitable for rest. 

2. METHODS
2.1   Participants

In this experiment, 8 healthy males with work experience of ship (engineers, retired soldiers) 
were recruited as subjects, with an average age of 29 years (29 ± 4.7 years). All the subjects had 
a professional health examination in the hospital, showing good health, no gastrointestinal, 
nervous system, and cardiovascular diseases, normal corrected vision (uncorrected vision 4.6 or 
corrected vision 4.9 and above), no color blindness, Color weakness or other eye diseases. 

2.2   Experiment environment 
In order to simulate the real submarine rest environment, we built a 1:1 submarine lounge 

model cabin in the laboratory according to the real submarine cabin. The area of the simulation 
cabin is 4.1m × 2.5m × 2.5m, and all the walls are painted white. The lounge is a comprehensive 
cabin that combines amusement and rest functions. The internal structure includes: three beds, a 
large conference table, a small folding table and several three-dimensional cabinets. The light 
source consists of two panel lights with adjustable illuminance and color temperature, which are 
embedded on the ceiling. The ichnography of the simulation cabin are shown in Figure 1. The 
subjects sat on the bed 1 and bed 2 and experienced different light environments. 

Figure 1. The ichnography of the simulation cabin 

2.3   Color  environment and light parameters 

The light environment in the simulated cabin takes into account the two factors of 
environmental color and light. For the environmental color, two typical colors of interior decoration 
wereas designed: white walnut grain (56% reflectance) and black walnut grain (8% reflectance), 
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which were represented by WW and BW, respectively, as shown in Figure 2. Since the submarine 
is far away from the land, electricity is a very precious resource. In order to save electricity, the 
brightness of the lamps is generally lower. So for the light, it is divided into four light conditions 
according to two light paraments (illuminance and CCT), illuminance changes between 100 lx and 
300 lx, which were represented by the character low (L) and high (H), respectively. CCT changes 
between 3000 K and 5500K, which were represented by the character warm (W) and cool (C), 
respectively. Therefore, the eight stimulated conditions are summarized in Table 1. 

      
Figure 2. The schematic diagram white walnut grain (left) and black walnut grain (right) 

Table 1. The details of eight stimulated conditions in this experiment. 

Symbols illuminance/lx CCT/K 

WW_L_L 99 2937 

WW_L_H 109 5456 

WW_H_L 297 2950 

WW_H_H 301 5548 

BW_L_L 100 2954 

BW_L_H 110 5466 

BW_H_L 299 2943 

BW_H_H 318 5546 

 

        
Figure 3. The spectral power distribution of 3000K (left) and 5500K (right). 

2.4   Questionnaire 
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In this study, the BRUMS mood scale and the visual-semantic difference scale were used to 
investigate the emotional state and visual perception of the subjects. BRUMS The mood scale 
was proposed by Terry, Lane et al. It only contains 24 mood descriptors and can be completed in 
only 1-2 minutes. After being introduced into China, it was translated and revised. The revised 
BRUMS scale has 6 dimensions and 23 descriptors. The Cronbach's α coefficient of each 
dimension is 0.71-0.84, the Cronbach's α coefficient of the total table is 0.94, and the RMSEA is 
0.064. Good reliability and validity. The Visual Semantic Difference Scale consists of 19 
positive/negative word pairs in 3 dimensions selected from scales in 3 past studies (Vogels, Liu, 
Vienot). And Liu's scale is used as a reference for Chinese translation, and the Chinese and 
English sources of vocabulary pairs are shown in the table. The Brums Mood Scale uses a 5-
point scale and the Visual-Semantic Difference Scale uses a 7-point scale. 

2.5   Experiment procedure 
The subjects were required to ensure at least 7-8 hours of sleep the night before the start of the 

experiment. First, the subjects entered the experimental room and underwent dark adaptation for 
5 minutes, and then adjusted the illuminance and CCT to the experimental conditions. The 
subjects were asked to adapt to the light environment for 5 minutes, and then performed a 15-
minute reading task. All books are science books, their content will not cause emotional changes. 
After reading, complete the Brums Emotion Scale and Visual Perception Semantic Difference 
Scale. Before experiencing the next light environment, the subjects are allowed to rest in dark for 
5 minutes to avoid the influence of the previous light stimulus.  

3. RESULTS 
3.1   Mood state 

Multivariate analysis of variance was used. Table 2 shows the impact of single variables and 
interaction of environmental color, illuminance and CCT on the mood state. The statistically 
significant differences are indicated by their p value. From the result, the tension was not only 
affected by environmental color, illuminance and CCT, but also by the interaction of 
environmental color * CCT and illuminance * CCT. The illuminance change has a significant effect 
on vigour, fatigue and depression. Moreover, the fatigue is also affected by CCT. 

Table 2. the statistical difference of mood states at the variables changes 

Mood Tension Vigour Anger Fatigue Confusion Depression 
Environmental color 0.023      

Illuminance < 0.001 0.003  0.001  0.004 
CCT < 0.001   0.003   

Environmental color * 
CCT 0.032      

Illuminance * CCT 0.016      
The statistically significant effect between variables and mood states are presented in Figure 4. 

For the environment color, the participates appear a higher tension level in the BW environment 
than to WW environment. For the illuminance, when illuminance increased from 100 lx to 300lx, 
the negative mood related to tension, fatigue and depression gradually decreased, whereas, the 
positive mood related to vigour increased. For the CCT, the tension and fatigue level were lower 
at cool light. From figure 4 (d), the tension mood was affected by the interaction of CCT and 
environment color, the participates had experienced a higher tension level in warm light, 
especially in the BW environment, and there was a significant difference of tension between cool 
and warm light in BW environment. However, the differences between cool and warm light in WW 
environment were not significant. As shown in figure 4 (e), the interaction of illuminance and CCT 
also has a statistically significant effect on tension mood, the low illuminance increased the 
tension level significantly in present of warm light, there was the lowest tension level in the high 
illuminance and high CCT. While in high illuminance, CCT changes did not have a significant 
effect.  
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Figure 4. the main effect of (a) environment color, (b) illuminance, (c) CCT and the interaction effect of (d) 
environment color and CCT, (e) illuminance and CCT on mood. 

The results demonstrated that environment color, illuminance and CCT all have a significant 
effect on mood states, especially tension mood. In addition to the main effect, there are both 
interaction effects of environment color and CCT or illuminance and CCT. The WW environment 
may be more appropriate due to lower tension level, there was a negative relationship of 
illuminance and negative mood, this trend was also found in CCT changes. Meanwhile, increasing 
illuminance leads to a higher vigour. The 300 lx and 5500 K condition has a lowest tension level. 

3.2   Visual perception 
In this experiment, a questionnaire with 3 dimensions (Lighting environment, Perception of 

atmosphere and Preference) was designed to study visual perception. Among them, perception of 
atmosphere consists of 14 scales. In order to explore the effect of variables on perception of 
atmosphere, factor analysis was used, the underlying factors of atmosphere terms was extracted 
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with principal component analysis and varimax orthogonal rotation. Table 3 lists the results of 
factor analysis. Two main factors are extracted and labelled as Factor 1 and 2, which account for 
76.02% of total variance and has variance explained of 42.72% and 33.3%, respectively. We can 
see that the scales lifeless-lively, artificial-natural, informal-formal, tired-energetic, lethargic-
arousing have the high loadings for Factor 1, while the high loadings on Factor 2 are related to 
the scale hostile-hospitable, dangerous-safe, tense-relaxed, terrifying-close. As shown in Figure 5, 
each scale was plotted on the Factor 1 versus Factor 2 diagram according to their factor loadings. 
It is clearly that the scales related to Factor 1 and Factor 2 are well separated from each other. By 
comparing the scales of factor with previous studies, we get similar dimensionality reduction 
results. Hence, Factor 1, associated with lively, energetic and arousing with high loading, was 
labelled as liveliness. Factor 2, related to cozy, hospitable and relaxed with high loading, was 
labelled as coziness. Therefore, these two underlying dimensions, liveliness and coziness, 
substituting for all the atmosphere scales can be used to describe the atmosphere perception. 
Finally, warmth (cool-warm), brightness (dim-bright), beauty (ugly-beautiful), favor (unlike-like), 
liveliness and coziness are employed for exploring the effect of light on visual perception in 
simulated color cabin. 

Table 3. Factors coefficient matrix of atmosphere perception using 14 scales 

Total variance: 76.02% 
Scales 

Factor 1 
42.72% 

Factor 2 
33.30% 

Lifeless-Lively 0.881 0.232 
Artificial-Natural 0.866 0.237 
Informal-Formal 0.838 0.344 
Tired-Energetic 0.832 0.347 

Lethargic-Arousing 0.816 0.315 
Blurred-Clear 0.767 0.418 

Cabined-Spacious 0.716 0.487 
Hostile-Hospitable 0.23 0.884 
Dangerous-Safe 0.299 0.825 
Tense-Relaxed 0.412 0.775 
Terrifying-Close 0.209 0.775 

Uncomfortable-Cozy 0.622 0.634 
Depressed-Cheerful 0.466 0.623 
Unpleasant-Pleasant 0.575 0.59 

Figure 5. Factors plotted on the Factor 1 versus Factor 2 diagram. 

Multivariate analysis of variance was used to study the effect of variables on the factors of 
visual perception including warmth, brightness, beauty, favor, liveliness and coziness. Table 4 
shows the statistically significant differences of factors, which are demonstrated by p values. 
From the result, the illuminance level has a significant effect on spatial brightness perception, 
preference (Beauty and Favor) and atmosphere perception (Liveliness and Coziness). While only 
spatial warmth/brightness perception and liveliness are significantly affected when CCT changes 
occur, the CCT level doesn’t affect preference. The reason that environment color isn’t listed in 
Table 4 is that it doesn’t have a significant effect on 6 factors. 
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The two main factors, liveliness and coziness, are characterized by the mean value of 7 scales, 
respectively. The effects of different illuminance and CCT level on the visual perception are 
demonstrated in Figure 6. When the illuminance changes, for spatial brightness perception, the 
participates felt brighter at a higher illuminance. For preference, a higher score implied that 
participates think the light looks better and like it more, significantly 300 lx light is more popular. 
For liveliness, the atmosphere was perceived as livelier when the illuminance increased. For 
coziness, it is similar that coziness is related to the trend of illuminance change, the participates 
felt cozier at 300 lx. When the CCT changes, for spatial warmth perception, the higher CCT 
induced relatively colder feeling, while for spatial brightness perception, perceived brightness 
alters in a opposite way, the score of brightness is higher at high CCT, which indicates a brighter 
lighting. For liveliness, the participates tend to perceive a livelier atmosphere under a higher CCT 
level. Variation in CCT do not have a significantly effect on preference and coziness factor. 

Table 4. the statistical difference of factors of visual perception at the variables changes. 

Warmth Brightness Beauty Favor Liveliness Coziness 
Illuminance 0.001 0.001 0.001 0.001 0.001 

CCT 0.001 0.013 0.016 

Figure 6. effect of Illuminance(a) and CCT(b) changes on the warmth, brightness, beauty, favor, 
liveliness and coziness factors. 

4. CONCLUSION
This study investigated the effect of environment color and lighting on mood states and visual

perception. Illuminance and CCT as two critical factors significantly affect many parameters of 
mood and visual perception, the environment color also has a certain effect on tension and there 
are also two interaction effects. the participates experienced lower negative moods (tension, 
fatigue, depression) and a higher positive mood (vigour) in a higher illuminance and CCT 
environment. For visual perception, the two main factors characterizing atmosphere perception, 
liveliness and coziness, were obtained by principal component analysis. The high illuminance 
appears a more lively and cozy environment, the participates prefer a brighter feeling. The high 
CCT also appear a more lively environment. suggesting that brightness may be a more important 
factor to consider in the design of light environment in submarine non-operating cabin due to its 
reflection on the atmosphere perception and preference evalution. 

   In the further work, more color, illuminance and CCT need to be studied. In submarine, crew’s 
Circadian rhythm and sleep quality are both very important, and the effect of light on these two 
physiological parameters is also the focus of future research 
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TEST GUIDANCE FOR ‘U ZERO’ CLASIFFICATION OF OUTDOOR 
LUMINAIRE ACCORDING TO IES LM-75-19 

Jun-Seok, Oh, Hee-suk Jeong, Eun-cheol Jeong, Minkyu-Kang, Hyo-seok Oh 

(KIEL Institute, Bucheon-si, Gyeonggi-do, Republic of Korea) 

ABSTRACT 

Recently, the design of light distribution pattern emitted by fixture becomes very important issue 
regarding light pollution. In particular, ‘uplight light pollution’, which is directed upward at night, 
makes people feel uncomfortable. For the prevention of light pollution, IES TM-15-11 requires that 
a luminaire with an uplight rating of U0 emits zero lumen into the upper hemisphere. Lighting 
manufacturers are developing and evaluating their products to achieve U0 rating. However, there 
is a limit to measure ‘0’ value due to the measurement configuration of indoor environment. This 
study therefore introduces a measurement guide to solve this problem. 

Keywords: UGR, Zero Uplight, Light Pollution 

1. INTRODUCTION
The luminaire shown in Figure 1 is designed to emit light only inside the enclosure. This type

of luminaire is not capable of emitting lights in the angle over 90 degrees in the vertical direction. 
However, a positive measured value (non-zero) can be obtained at 90 degrees or higher of the 
vertical angle due to the stray light when a measurement is conducted using a light distributor. For 
this reason, the luminaire cannot be classified as 'U0' according to IES TM-15-11[1]. Therefore, in 
this study, a method is proposed to prevent non-zero value appearing at an angle of 90 degrees 
or more in the vertical direction due to the strain light. 

Figure 1. The luminaire with horizontal flat light-emitting opening illustrated in IES LM-75-19[2] 

2. METHODS
The following requirements are proposed for an actual implementation in order to make 'zero'

of the stray light measured at 90 degrees or higher of the vertical angle. 

A cylinder shall be prepared with a halogen lamp as defined in the specification of IES LM-79-
19[3]. This cylinder should have a structure that does not emit light above 90 degrees of vertical 
angle. The lamp should be fixed inside the cylinder and the light distribution is then measured. 
The zonal lumen value of upper-light is checked whether this value is less than 1.0% of the total 
luminous flux value. This is the first condition which should be fulfilled. The usage of light trap, 
baffle, and matte black finishing material is recommended to minimize stray light.  

The distribution of stray light is measured using the black material mask at the measurement 
setting condition described in the previous paragraph. It should be verified after the correction of 
the stray light that the zonal lumen value for the upper-light emitted at 90 – 180 degrees of vertical 
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angle is less than 0.1 % of the total luminous flux. This is the second condition which should be 
satisfied. 

If the first (< 1.0 %) and second (< 0.1 %) conditions about the measured zonal lumen value 
for the upper-light are satisfied, a luminaire with the zonal lumen value less than 0.25 % of the 
total luminous flux can be achieved ‘U0’ rating. This is because the zonal lumen value measured 
from the upper-light emitted at 90 – 180 degrees of vertical angle can be assumed to be zero. 

Here is what we should keep in mind. The negative value of the luminous intensity generated 
in the subtraction of the stray light shall be handled according to the following cases.   

 To maintain negative value of the luminous intensity when used to calculate luminous flux 
 To convent to zero value when representing an angular luminous intensity distribution 

The following statement should be written on the test report:  

[The device under test emits no detectable upper-light, as defined by ANSI/IES LM-75-19] 
[For the purpose of this report, certain non-zero upper-light readings have been 
assigned zero value, in accordance with the requirements of ANSI/IES LM-75-19] 

 The following statement should be added to the IES form header code: 

[OTHER] The reported results were measured in a facility that meets the requirements of 
ANSI/IES LM-75-19. The device under test emits no detectable upper-light, as defined by 
ANSI/IES LM-75-19. 

3. CONCLUSION
Table 1. Summary of Test Results 

Photometric Items Unit 

Detection threshold analysis 

Uplight 
Measurement 

without stray light 
correction 

Uplight Measurement
with stray light correction 

Stray Light Corrected 

Total Luminous Flux lm 4456.74 78.7 4378.04

Zonal Luminous Flux 

(90 – 180 degree) 

lm 4.72 0.86 3.86

% 0.11 N/A 0.09

IES LM-75 
Required % < 1.0 N/A < 0.1 

Input Voltage V 120.9 VAC 120. 876 VAC - 

Input Current A 4.2417 A 4.2322 A - 

Input Power W 512.834 W 511. 580 W - 
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Figure 1. Tungsten Halogen Lamp(Left) and Goniometer(Right) 
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HOW TO LIGHT UP A PLANE UNIFORMLY USING TWO ROWS 
OF LUMINAIRES

Xingwu Chu

Guangzhou Xiaoxing Design Ltd., Guangzhou, China

ABSTRACT

We hope to light up a plane uniformly using two rows of luminaires in some lighting design 
projects. Firstly, we will study the aim theoretically. Secondly, we solve it using mathematical tools. 
Lastly, a numerical example will be shown.

Keywords: Wall wash luminaire, Average illuminance, Uniformity ratio of illuminance U0

1. INTRODUCTION

It is difficult to light up a plane uniformly using a single row of luminaires, as the illumination
decreases rapidly with increasing distance. But two rows of luminaires can complement each other, 
making the illumination on the plane more uniform. Our aim is to achieve the ratio of minimum 
average illuminance up to 0.95.

2. ANALYSIS

Axisymmetric light distribution with simple LED lens and processing high light output efficient
luminaires is selected.

If we can make the illuminance generated by a single side luminaire decay linearly with distance, 
then the illuminance generated by two side luminaires with the same light distribution must be a 
constant value. To simplify the problem, we accurately align the centreline of the light axis of the 
luminaire with the farthest end of the illuminated surface. The cross-sectional view of the calculation 
model is shown in Figure 1.

Figure 1. Section drawing of calculation model

We know that the formula for calculating the horizontal illumination generated by the luminaire at 
point A on any point F of the illuminated surface is:
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Where, 

: Light intensity the angle θ of the centreline with the light axis of the luminaire. 

d: The distance between point A and point F. 

h: Vertical height difference between point A and the illuminated surface. 

In order to achieve the goal of "making the illuminance generated by a single side luminaire 
linearly decay with distance" mentioned earlier, that is, the illuminance value increases linearly with 
the increase of x in Figure 1, we construct a light intensity function: 

 

 

The above equation has three coefficients k, b, and c. Among them, k is the light intensity scaling 
coefficient, which will be determined by the efficiency of the luminaire. To determine the relationship 
between two coefficients b and c of a linear function, let's find the first derivative of variable θ for 
the equation above. 

 

Make the derivative value equal to zero at θ = 0, so that the light intensity function (2) is smooth 
at θ = 0. That is, the tangent of the curve of the light intensity function (2) at its maximum value is a 
horizontal line. We obtained: 

3. NUMERICAL EXAMPLE

The transverse cross-section of a pedestrian bridge is shown in Figure 2. Two rows of luminaires
are arranged at a height of 0.75 meters on both sides of the handrail to light up the bridge deck 
uniformly. 

Figure 2. Section drawing of bridge 
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The main design parameters of calculation example are as Table 1. 

Table 1. Main design parameters of calculation example 

Item Design parameter 

Maintenance factor 0.8 

Distance between luminaires 0.5 m 

Lamp power 2.0w 

Luminous Flux of one lamp 200.0 lm 

Luminaire efficiency 72% 

Width of calculation plane 7.5 m 

 

In this example, the value of b is taken as 1.00. 

 

Therefore, the light intensity function: 

 

When the efficiency of the luminaire is 72%, it is calculated that: 

k = 1.3211 

Figure 3. Light intensity distribution curve of luminaire 
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Figure 4. Location of calculation plane 

Figure 5. Illumination values of calculation plane 

4. IES DOCUMENT

IESNA:LM-63-2002

[TEST]

[TESTLAB]

[MANUFAC]

[LUMCAT]
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[LUMINAIRE]20220605-3 

[LAMP] LED 

[BALLAST] N/A 

[ISSUEDATE] 200304 

[OTHER] B-Angle = 0.00 B-Tilt = 0.00  

TILT=NONE 

2 100.00 0.80 93 1 1 2 0.010 0.010 0.010  

1.0 1.0 2.00  

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00  

11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 

21.00 22.00 23.00 24.00 25.00 26.00 27.00 28.00 29.00 30.00 

31.00 32.00 33.00 34.00 35.00 36.00 37.00 38.00 39.00 40.00 

41.00 42.00 43.00 44.00 45.00 46.00 47.00 48.00 49.00 50.00 

51.00 52.00 53.00 54.00 55.00 56.00 57.00 58.00 59.00 60.00 

61.00 62.00 63.00 64.00 65.00 66.00 67.00 68.00 69.00 70.00 

71.00 72.00 73.00 74.00 75.00 76.00 77.00 78.00 79.00 80.00 

81.00 82.00 83.00 84.00 85.00 86.00 87.00 88.00 89.00 90.00 

90.50  

180.00  

0.00  

1149.6484  1069.2371  925.6417  782.6536  657.7886  

553.6164  468.1298  398.2707  341.0936  294.0926  

255.2365  222.9124  195.8492  173.0462  153.7140  

137.2270  123.0870  110.8949  100.3289  91.1283  

83.0803  76.0105  69.7749  64.2541  59.3486 

54.9749  51.0629  47.5531  44.3951  41.5459 

38.9686  36.6316  34.5075  32.5728  30.8067 

29.1915  27.7116  26.3530  25.1040  23.9537 

22.8928  21.9131  21.0071  20.1682  19.3907 

18.6692  17.9991  17.3762  16.7967  16.2572 

15.7547  15.2863  14.8497  14.4424  14.0626 

13.7082  13.3777  13.0695  12.7822  12.5146 

12.2654  12.0336  11.8183  11.6186  11.4336 

11.2628  11.1054  10.9608  10.8285  10.7081 

10.5990  10.5009  10.4134  10.3363  10.2692 

10.2121  10.1645  10.1264  10.0978  10.0783 
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10.0681  10.0670  10.0751  0.0000  0.0000 

0.0000  0.0000  0.0000  0.0000  0.0000  

0.0000  0.0000  0.0000 

REFERENCE 

[1] Xingwu Chu, Lighting and Mathematics, The 5th Lighting Conference of China, Japan and
Korea, 2012.8, Tokyo, Japan.

[2] Architectural Lighting Design Standards: GB50034-2013[S], 2014. 4, China Construction
Industry Press (In Chinese).

Corresponding Author: Xingwu Chu 
Affiliation: Guangzhou Xiaoxing Design Ltd. 
e-mail: 553043027@qq.com

P.540



The effect of illumination color temperature on visual fatigue in VDT 

working environment 

Given name Family name: Zheng dong, Li 

Affiliation: Chongqing University 

abstract 
In the environment where the visual display terminal ( VDT ) and the surrounding environment 
are used as the visual operation surface, 15 subjects were randomly assigned to three groups : 
low color temperature ( 3000K ), medium color temperature ( 5000K ) and high color 
temperature ( 7000K ). In the experimental environment, visual operations such as Landau ring 
recognition and visual classification tasks were performed, and subjective evaluation 
questionnaires were filled out and physiological indicators were measured to study the effect of 
illumination color temperature on visual fatigue under certain VDT characteristics. The results 
showed that the subjective fatigue and eye discomfort of the subjects in the high color 
temperature environment were significantly higher than those in the low color temperature and 
medium color temperature environment. Among them, the work efficiency and visual comfort 
of the subjects under low color temperature light source are the highest, but the lower limit 
threshold of color temperature remains to be further studied. 

Keys: VDT operation, Visual fatigue, Color temperature of light, Simulation experiment 

1 Introduction 

With the development of science and technology, people's exposure time to digital reading 
media has gradually increased. In the results of the 17th national national reading survey 
conducted by the China Press and Publication Research Institute, the national exposure rate 
to digital reading media was 79.3% in 2019, and the daily cell phone exposure time per adult 
was 100.41 minutes. Digital reading has replaced traditional paper-based reading media to 
dominate people's daily reading. Along with the massive popularity of VDT reading, a number 
of health problems have come to the fore, including a variety of symptoms related to excessive 
eye use and musculoskeletal disorders. [1-2]Among them, the most significant problems include 
visual fatigue, blurred vision, burning sensation in the eyes, and deficient color perception. The 
results of the study surface that work content, workload, and environmental requirements are 
the main factors that affect the perception of VDT reading and thus cause eye health problems. 
Among the environmental factors, the color temperature of the lighting environment directly 
affects the visual effect, mood, and fatigue of people who generate behavioral activities in the 
space. About lighting color temperature, the International Commission on Illumination (CIE) No. 
158 document pointed out that different color temperatures lead to differences in the spectrum 
will have an impact on human efficiency and health. China's "Architectural Lighting Design 
Standards" also stipulates the relevant color temperature range of the color table characteristics 
that should be used in office premises. Today, when VDT reading is fully popular, how to make 
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environmental color temperature selection and consider the appropriate color temperature 
range to adapt to the new reading habits and eye behavior is a necessary choice to improve 
work efficiency and create a healthy indoor environment. In this paper, a laboratory 
experimental method was used to investigate the effect of color temperature selection on the 
visual fatigue of VDT reading behavior personnel.[3] 

2 Experiment Overview 

Based on the relevant parameters determined through literature reading, optical 
experiments are designed and the experimental space is set up. The following is a description 
of the experimental space, experimental objects, measurement methods and experimental 
instruments.[4] 

(1) Experimental subjects 
In this experiment, 15 school students were selected as subjects. The subjects were in 

good health, without symptoms of red-green color blindness, color weakness, corrected visual 
acuity of 4.8 or above and without hearing weakness, heart disease and other diseases. The 
subjects were required to get enough sleep, eat properly, avoid drinking alcohol, maintain 
emotional stability, and avoid stress and anxiety during the experiment. 

(2) Experimental space 
In order to reduce the interference of external ambient light, the experiment chose to close 

the indoor space, indoor ceiling ceiling for white gypsum board, the walls are painted with white 
latex paint. [5]And in the indoor set up blackout curtains and sliding blackout panels surrounding 
the experimental area, the indoor space is divided into two areas, the experimental area outside 
the observation area. The experimental controller observed the state of the subject outside the 
experimental area throughout the experiment to reduce interference. The space was 
completely closed during the experiment to create a fully illuminated environment. 

The experimental work surface was selected as an ordinary desk with a wood-like surface, 
the standard value of illumination was 500lx, and the ambient background illumination was set 
to 100lx. 

(3) Visual fatigue measurement indexes 
 The experimental measurement indexes include two categories: The first. Physiological 
indexes. Heart rate was obtained by the photoelectric volumetric pulse tracing method, 
measured by wearing an infinite pulse sensor.[6] Second, objective measurement indexes: the 
international standard logarithmic visual acuity scale was selected for visual acuity testing. The 
purpose of the visual acuity test is to evaluate the subject's object recognition ability, and 
compare the recognition ability of the subject before and after the experiment, the greater the 
difference, the more serious the degree of visual fatigue, and vice versa to a lesser extent. 

3 Experimental procedure 

 The experiment was conducted in April, and the time period chosen was 8:30-12:00. 20 
subjects were divided equally into three groups of five each and tested under a color 
temperature lighting environment of 3000K, 5000K, and 7000K, respectively. And data were 
collected for each subject at the end of the test. After entering the experimental environment, 
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the subjects sat still for 5 min to adapt to the lighting environment, and wore a pulse sensor 
during this period, and performed visual acuity tests after the sitting. The test results were 
analyzed for stability and confirmed to be correct before entering the experimental phase. 
During the experiment, the subject adjusted to the state and started the test, including the visual 
test tasks such as Landauer's cycle and visual classification. The task duration lasted thirty 
minutes through and the visual acuity test was performed immediately after the end. The 
brightness of the display screen was constant during the experiment, and subjects were allowed 
thirty minutes without long-term eye closure and other fatigue-relieving activities. 

4 Experimental results and analysis 

The experimental data were collected and organized, and the ECG data were processed 
as follows: moderate wavelet noise reduction was selected to remove white noise; passband 
filtering from 0.5 to 20 Hz was selected: mean correction was taken for singularities. After 
processing, 15 sets of data were collected from 15 subjects, and the signal acquisition was 
complete and the heart rate values were normal in all fifteen sets of data. 

 

 

Figure 1 7000K color temperature environment experimental data statistics results 
No. Pre Post Heart rate /bpm 

1 5.1 5.0 70 75 74 83 71 71 69 73 74 80 

2 5.1 5.0 74 76 77 73 75 74 76 80 72 75 

3 5.0 4.9 64 65 70 66 64 66 66 63 61 61 

4 5.0 4.9 72 68 70 71 75 68 73 71 73 76 

5 5.0 4.8 62 66 63 62 61 63 65 70 63 67 

 

 

Figure 2 5000K color temperature environment experimental data statistics results 
No. Pre Post Heart rate /bpm 

6 5.1 5.1 70 73 74 76 72 73 78 75 72 73 

7 5.1 5.1 74 76 75 74 75 74 76 74 72 75 

8 5.1 4.9 64 71 70 66 68 72 72 75 73 70 

9 5.0 5.0 72 76 72 74 74 71 70 71 69 72 

10 4.9 4.8 62 66 63 61 64 66 62 65 61 64 

 

 

Figure 3 3000K color temperature environment experimental data statistics results 
No. Pre Post Heart rate /bpm 

6 5.1 5.1 70 73 73 76 75 74 75 76 77 73 

7 5.1 5.1 74 70 68 69 74 73 70 72 70 69 

8 5.0 5.0 64 71 70 70 71 72 72 71 73 75 

9 4.9 4.9 72 76 75 74 74 77 73 72 73 74 

10 4.9 4.9 62 64 65 63 62 63 64 65 65 63 
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4.1 Visual acuity changes and visual fatigue

After analyzing the data, it was found that the subjects' visual acuity test results decreased 
in 7000K color temperature environment, more than half of the subjects' visual acuity decreased 
in 5000K color temperature environment, while the subjects' visual acuity test results did not 
decrease in 3000K color temperature environment. After the subjective perception survey, the 
subjects in the 7000K high color temperature environment all had some sense of visual fatigue.

4.2 Heart rate variability and visual fatigue

The main way to judge the degree of visual fatigue was by the fluctuation of heart rate 
during the experiment. In the VDT reading mode, the heart rate curves of the subjects in the 
three color temperatures were compared, and the curve fluctuations were more obvious in the 
7000K color temperature environment, while the curve was more gentle in the 3000K color 
temperature environment, indicating that the visual fatigue level was higher in the high color 
temperature visual environment.

5 Conclusion

Comparing the experimental data results of different experimental groups, it can be 
concluded that under the VDT reading mode, the change of ambient lighting color temperature 
has a significant effect on the visual fatigue of the readers. Among them, compared with the 
low color temperature of 3000 K, the visual measurement results of the subjects in the high 
color temperature visual environment decreased more significantly and the heart rate curve 
fluctuated more drastically, so it can be concluded that the VDT readers were more prone to 
visual fatigue under the high color temperature condition.

Heart rate change curve at 
7000K color temperature

Heart rate change curve at 
5000K color temperature

Heart rate change curve at 
3000K color temperature
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OPTIMIZING CLASSROOM LIGHTING AND VIEW CLARITY WITH 
A NOVEL SWITCHABLE BLIND WINDOW SYSTEM

Yanan Chen, Yu Bian

(School of Architecture, State Key Laboratory of Subtropical Building and Urban Science, South 
China University of Technology, Guangzhou, China)

ABSTRACT
This study evaluates the performance of a new window system with switchable blinds 

designed to balance daylight availability, visual comfort, and view in classrooms. The method 
used Radiance-based simulation with bidirectional scattering distribution function (BSDF) data 
and was validated against experimental measurements. The results show that, regardless of the 
classroom orientation (south/east/west), the studied window system can: a) meet LEED 
requirements for spatial daylight autonomy; b) reduce discomfort areas on the blackboard, and c)
maintain a satisfactory openness of the window with a clear image of the exterior. The developed 
simulation method can be useful for designing and evaluating daylighting systems in classrooms.

Keywords: window system, switchable blinds, visual comfort, contrast ratio

1. INTRODUCTION
Daylighting is essential for creating a healthy and energy-efficient environment. Studies have 
shown that increasing daylighting can improve occupants' mood, performance, and well-being [1-
4]. In particular, studies have demonstrated a high correlation between students' perceptions and 
dynamic daylight indicators when defining the daylit area [5], as well as the availability of daylight 
and its effects on electrical energy demand [6]. Despite the benefits of daylighting, maximizing its 
use while ensuring visual comfort and window views remains a challenge [7-11]. Most studies 
have focused on discomfort glare, but visual discomfort issues in classrooms may have unique 
sources [12, 13]. For example, poor text legibility resulting from daylight reflections on the board 
area was found to be the most concerning discomfort issue [14]. Daylight availability and visual 
comfort are essential requirements in most daylight regulations, as well as window design, to 
create comfortable and beneficial learning environments [15, 16]. The degree of openness in 
window design is also crucial in school buildings, as it allows for a better view [17]. BSDF
(Bidirectional Scattering Distribution Function) data has been found to accurately predict daylight 
performance and high-performance shading devices can improve visual comfort and reduce 
energy consumption [18-20].

This paper proposes a window system that includes switchable blinds, which are described 
by BSDF files, and a simulation method that incorporates these files. The aim of this study is to 
improve daylight availability, visual comfort, and view in a classroom with a novel window system 
with switchable blinds.

2. WINDOW SYSTEM WITH SWITCHABLE BLINDS

2.1 The limitations of conventional window blinds
Window blinds are commonly used in classrooms to control light, but they can limit view clarity 
and daylight availability [21]. Tzempelikos found that the ratio of slat width to spacing is important 
in reducing the impact of blinds on daylight availability and view openness [22]. Venetian blind 
control strategies have been developed to consider daylight utilization and glare protection [23].

2.2 The Proposed Window System
The proposed window system with switchable blinds aims to address the limitations of 
conventional window blinds. The system consists of frosted thin aluminium sheets, with each slat 
composed of three equal-width sections hinged together. The slat spacing is three times wider 
than the slat width, as illustrated in Figure 1.
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Fig 1. Comparison of the window openness between window blinds with a slat spacing (S) to a slat width (W) 
ratio of 1 and 3.

2.3   Functionality of the Proposed Window System
The proposed window system with switchable blinds can be unfolded at a specific angle (marked 
as θ) or folded tightly together. Figure 2 shows a schematic of the window prototype with 
switchable blinds. Figure 3 illustrates the conditions that trigger control and the resulting effects. 
When disturbing daylight reflections reduce the contrast in any one-quarter of the board to less 
than 1.3, the blinds switch to the open mode to either obstruct or redirect the daylight, otherwise, 
the blinds remain closed.

Fig 2. Schematic diagram of the window. Fig 3. The control logic of the window system.

3. METHODOLOGY

3.1   Overview of the research methodology
This paper presents a workflow for investigating daylight availability, visual comfort, and openness 
of a secondary classroom using simulation-based methods. The simulation results were validated 
by comparing the simulated results with measured values in a real test room. The methodology 
involves generating BSDF files for the proposed window system using the Radiance program 
genBSDF, applying annual DA, assessing the contrast ratio on the board using HDRI renderings 
with specific model settings, and analysing the window openness.

Fig 4. Workflow diagram of the simulation-based daylighting performance study.

3.2   The generation of the BSDF file

In this study, computational methods were employed using the Radiance program genBSDF, which 
could virtually generate BSDF with ray-tracing methods [24]. The process for generating the BSDF files for 
the CFS is illustrated in Figure 5, and typical material properties utilized for the simulation are outlined in 
Table 1. Selected BSDF plots of the proposed window system in both open and closed modes are presented
in Figure 6. The transmission values range from 8.0% to 27.6% in open mode and from 7.4% to 40.8% in 
closed mode.
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Fig 5. Workflow diagram for BSDF generation of glazing with blinds in genBSDF.

Table 1. Typical material properties used for the simulation.

Reflectance
Roughness Specularity

R G B

slats 0.663 0.702 0.767 0.05 0.95

overhang 0.7 0.7 0.7 0 0

Transmittance
Refractive Index

R G B

clear glazing 0.83 0.83 0.83 1.52

Fig 6. Selected BSDF plots of the proposed window system in both open and closed modes.

3.3   Simulation method for daylight availability and contrast ratio on the board
The typical classroom model was based on the average requirement in Code for Design of School 
(GB50099-2011) [25], measuring 9.3 × 7.5 × 3.8 m (L-W-H). The schematic classroom model with 
marked dimensions is shown in Figure 7(a). The walls, ceiling, and floor elements were opaque 
plastic material, with a diffuse reflectance of 35%. The sensor grid arrangement was placed in the 
occupied area of the classroom and is positioned 0.75 m above the floor (Figure 7(b)). The 
radiance material files of the typical dark-green and white portions of the board are described in 
Table 2. The worst scenario for observing contrast on the board is from the seat at the far end of 
the window in the front row. Therefore, the contrast study scenario is shown in Figure 7(c).

The luminance contrast on a blackboard (C) is defined as:

(1)

Where C is luminance contrast on a blackboard;

Lt is the luminance of chalk writings (cd/m2);

Lb is the luminance of the dark-green area on the blackboard (cd/m2).

The statistical analysis indicated that the level of disturbing reflection was correlated with the 
contrast ratio (C) between the white and dark-green portions of the board. Further numerical 
analysis revealed that a contrast ratio greater than 1.3 could ensure good legibility [26].
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Fig 7. Test model information.

Table 2. Typical material properties of the blackboard (dark-green) and white chalk.

Reflectance
Roughness Specularity

R G B

Blackboard (dark-green) 0.14 0.20 0.14 0.02 0.0009

white chalk 0.8 0.8 0.8 0 0

3.4  Validation of Radiance simulation using BSDFs
This section provides a brief overview of the validation experiment procedure, focusing on the 
validation of contrast values on the board. The validation study is generally divided into two 
stages. The first stage is determined by the difference between the simulated and measured 
illumination at desk height (Eh). The second stage is validated by comparing the contrast ratio 
from rendered and measured HDRI of the observer’s FOV.

3.4.1    Test room setup

The test room used for the validation study is a 50 m2 room located in the building lighting 
laboratory of South China University of Technology in Canton, China. The actual luminance of the 
target material was measured. Figure 8 shows the test room during the experiment, with the 
primary instruments numbered and briefly described.

3.4.2    Validation of illuminance

This is the first stage of a two-stage validation study, spanning the period from 11th to 15th July 
2022, from 8:00 to 17:00 daily. The sensor points in the model were set in accordance with the 
correct positions of physical sensors in the test room, and a series of illuminance data was 
obtained for each sensor. The average error between simulated and measured illuminances is 
14%, with a root mean square error (RMSE) of 16.9%.

3.4.3    Validation of contrast ratio on the board

After the first validation stage was completed, the second study was conducted. The resulting 
HDR images have a luminance value integrated into each pixel, and the luminance values of the 
white and dark-green portions of these 16 blocks could be read from the calibrated HDR image. 
Figure 9 shows a sample picture of the HDR image taken in the second stage validation study.

Fig 8. Test room setup for the validation study. Fig 9. A sample of HDR image.

Based on the measured and simulated contrast values during the test period, the average 
error of the simulated absolute value is 17% for Lt and 19% for Lb. The statistical results for the 16 
patterns indicate a simulation error of 17% for C.
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3.5   Method for assessing view through the window system
To evaluate the performance of fenestration systems with integrated blinds, a key factor to 
consider is the ratio of the unobstructed area within the window. We used a metric called the 
"Openness Factor", which measures the ratio of the unobstructed area in the window as observed 
from the viewer's field of view [27, 28]. This ratio determines the openness of the window system, 
with smaller areas obstructed by the slats leading to higher openness.

4. RESULTS & ANALYSIS

4.1  Contrast ratio distribution on the blackboard
The contrast ratio distribution values on the board are statistics taken from 8:00 to 17:00 on the 
Summer Solstice, Autumn Equinox, and Winter Solstice days under CIE standard clear sky 
conditions with the sun. These values are presented in a 4 × 16 grid with the probability of 
occurrence greater than or equal to 1.3 (probability of C ≥ 1.3). All the related contrast ratio 
distribution information is displayed in Figure 10.

Fig 10. Simulation results of the contrast ratio distribution on the board of the typical classroom model.

4.2   Daylight availability of the switchable window system

4.2.1    Daylight autonomy

The DA distributions of a typical classroom with the switchable window system in open mode 
and closed mode are depicted in Figure 11. The simulation results suggest that all three 
orientation cases have a high probability of failing to meet LEED requirements, where the sDA 
threshold is 55%. To address this issue, incorporating other materials with higher light-
transmitting properties into the building façade, along with the novel window system, may be a 
feasible solution.

Fig 11. Daylighting performance of the optimized fenestration design for East/South/West orientation.

4.2.2    Solution to improve daylight availability

Based on the simulation results, it is necessary to improve the window layout design to increase 
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daylight harvesting. Figure 12 is an example of a quick shading analysis on the façade section 
located in Guangzhou, China. During the winter solstice in Guangzhou, when the solar altitude 
angle is 43°64', the room inside will be well-shaded if the relationship between the depth of the 
fixed internal overhang (D) and the height of the upper portion (H1) is satisfied such that D ≈ H1. 

 
Fig 12. The window layout shown on the façade section and a rapid shading analysis at the site location. 

When the height of single-layer clear glazing (τ = 0.83) in the upper portion of the window (H1) 
= 400 mm, the height of the switchable window system (H2) = 1600 mm, and the length of the 
internal overhang (D) = 400 mm. The typical optical properties of the internal overhang were 
described in Table 1. The simulated DA for the typical classroom model with the improved window 
layout is plotted in Figure 13. The presence of switchable window systems and other transparent 
materials in a well-designed fenestration could meet the LEED requirement for daylight availability 
in a typical classroom. 

 
Fig 13. DA of the typical classroom model with improved window layout in South / East /West orientation. 

4.3   The openness of window 
As a result, the overall performance of the window in terms of daylighting and view is improved, 
and reflected light through daylight redirection is avoided. To fully evaluate the window's openness, 
we assessed it in three viewing directions (i.e., -45/0/45 degrees), as shown in Figure 14. 

The images and values presented in Figure 15 depict the partial image and calculated 
openness factor of the window system in both open and closed modes in three view directions. 
This unique feature of the system allows the blinds to be closed when there are no disturbing 
daylight reflections on the board, which not only provides sufficient daylighting but also ensures a 
significant degree of window openness. This contributes to the subjective perception of the well-
being of the occupants in the room. 

 
Fig 14. View directions to study the openness of the proposed window system in open and closed modes. 
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Fig 15. The openness of the glazing with switchable blinds from various view directions. 

5.  DISCUSSION 
The design of daylight environments in civil buildings requires careful consideration of various 
factors, including daylight availability, visual comfort, and view, to achieve energy conservation, 
carbon emission reduction, physical health, and positive psychological effects. Building simulation 
is an effective tool for understanding and optimizing these aspects.  

In summary, this study validates a comprehensive simulation method and evaluates the 
performance of a novel window system that improves openness and visual comfort in a typical 
secondary school classroom in China. Future work will focus on addressing the limitations of the 
proposed system and optimizing its performance in different climate conditions and building types. 

6.  CONCLUSION 
The following conclusions are drawn: 

1. Radiance-based simulation using BSDF is an effective method for evaluating the daylight 
performance of complex fenestration systems in illuminance-based metrics as well as 
luminance renderings. 

2. The method of rating the visual comfort of a classroom from the contrast ratio on the 
blackboard proved to be feasible and applicable. 

3. In classrooms, a window system with switchable blinds that can be opened and closed 
provides a suitable balance between daylight availability, visual comfort, and view. 

This study found that the current modelling method has an error of approximately 20%, which 
is acceptable for assessing the lighting performance of a fenestration system in room spaces. 
However, there is still room for improvement, and future studies will explore the use of higher-
resolution BSDF files and simulation methods with improved accuracy. 

REFERENCES 
[1] D.H.W. Li, K.L. Cheung, S.L. Wong, T.N.T. Lam, An analysis of energy-efficient light fittings and lighting 

controls, Applied Energy. 87 (2010) 558–567. doi: 10.1016/j.apenergy.2009.07.002. 
[2] A.D. Galasiu, J.A. Veitch, Occupant preferences and satisfaction with the luminous environment and 

control systems in daylit offices: a literature review, Energy and Buildings. 38 (2006) 728–742. doi: 
10.1016/j.enbuild.2006.03.001. 

[3] L. Edwards, P. Torcellini, Literature Review of the Effects of Natural Light on Building Occupants, 2002. 
doi: 10.2172/15000841. 

[4] J. Heerwagen, Green buildings, organizational success and occupant productivity, Building Research & 
Information. 28 (2000) 353–367. doi: 10.1080/096132100418500. 

[5] L. Heschong, R.L. Wright, S. Okura, Daylighting Impacts on Human Performance in School, Journal of 
the Illuminating Engineering Society. 31 (2002) 101–114. doi: 10.1080/00994480.2002.10748396. 

[6] S. Markussen, K. Røed, Daylight and absenteeism – Evidence from Norway, Economics & Human 
Biology. 16 (2015) 73–80. doi: 10.1016/j.ehb.2014.01.002. 

[7] Z.S. Zomorodian, M. Tahsildoost, Assessing the effectiveness of dynamic metrics in predicting daylight 
availability and visual comfort in classrooms, Renewable Energy. 134 (2019) 669–680. doi: 
10.1016/j.renene.2018.11.072. 

[8] S.J. and C. Kwon, Evaluation of visual comfort with daylighting levels using Daysim in different 
transparency and orientation in the UK, International Journal of Sustainable Building Technology and 
Urban Development. 9 (2018) 266–278. doi: 10.22712/susb.20180025. 

[9] P. Tregenza, D. Loe, The design of lighting, Routledge, London; New York, 2014. 
[10] S.J. Oh, S. Dutton, S. Selkowitz, H.J. Han, Application of a coelostat daylighting system for energy 

P.552



14th Asia Lighting Conference (Tokyo, Japan) 

8 

savings and enhancement of indoor illumination: A case study under clear-sky conditions, Energy and 
Buildings. 156 (2017) 173–186. doi: 10.1016/j.enbuild.2017.08.081. 

[11] L.T. Doulos, A. Kontadakis, E.N. Madias, M. Sinou, A. Tsangrassoulis, Minimizing energy consumption 
for artificial lighting in a typical classroom of a Hellenic public school aiming for near Zero Energy 
Building using LED DC luminaires and daylight harvesting systems, Energy and Buildings. 194 (2019) 
201–217. doi: 10.1016/j.enbuild.2019.04.033. 

[12] J. Xiong, A. Tzempelikos, I. Bilionis, N.M. Awalgaonkar, S. Lee, I. Konstantzos, S.A. Sadeghi, P. 
Karava, Inferring personalized visual satisfaction profiles in daylit offices from comparative preferences 
using a Bayesian approach, Building and Environment. 138 (2018) 74–88. doi: 
10.1016/j.buildenv.2018.04.022. 

[13] S.A. Sadeghi, S. Lee, P. Karava, I. Bilionis, A. Tzempelikos, Bayesian classification and inference of 
occupant visual preferences in daylit perimeter private offices, Energy and Buildings. 166 (2018) 505–
524. doi: 10.1016/j.enbuild.2018.02.010. 

[14] P. Ricciardi, C. Buratti, Environmental quality of university classrooms: Subjective and objective 
evaluation of the thermal, acoustic, and lighting comfort conditions, Building and Environment. 127 
(2018) 23–36. doi: 10.1016/j.buildenv.2017.10.030. 

[15] A. Tzempelikos, Advances on daylighting and visual comfort research, Building and Environment. 113 
(2017) 1–4. doi: 10.1016/j.buildenv.2016.12.002. 

[16] M.B. Hirning, G.L. Isoardi, I. Cowling, Discomfort glare in open plan green buildings, Energy and 
Buildings. 70 (2014) 427–440. doi: 10.1016/j.enbuild.2013.11.053. 

[17] R.G. Hopkinson, Glare from daylighting in buildings, Applied Ergonomics. 3 (1972) 206–215. doi: 
10.1016/0003-6870(72)90102-0. 

[18] K. Van Den Wymelenberg, M. Inanici, A Critical Investigation of Common Lighting Design Metrics for 
Predicting Human Visual Comfort in Offices with Daylight, LEUKOS. 10 (2014) 145–164. doi: 
10.1080/15502724.2014.881720. 

[19] J. Jakubiec, C. Reinhart, The “adaptive zone” – A concept for assessing discomfort glare throughout 
daylit spaces, Lighting Research & Technology. 44 (2011) 149–170. doi: 10.1177/1477153511420097. 

[20] J.Y. Suk, M. Schiler, K. Kensek, Investigation of existing discomfort glare indices using human subject 
study data, Building and Environment. 113 (2017) 121–130. doi: 10.1016/j.buildenv.2016.09.018. 

[21] Y. Sun, R. Liang, Y. Wu, R. Wilson, P. Rutherford, Glazing systems with Parallel Slats Transparent 
Insulation Material (PS-TIM): Evaluation of building energy and daylight performance, Energy and 
Buildings. 159 (2018) 213–227. doi: 10.1016/j.enbuild.2017.10.026. 

[22] A. Tzempelikos, The impact of venetian blind geometry and tilt angle on view, direct light transmission 
and interior illuminance, Solar Energy. 82 (2008) 1172–1191. doi: 10.1016/j.solener.2008.05.014. 

[23] Y.-C. Chan, A. Tzempelikos, Efficient venetian blind control strategies considering daylight utilization 
and glare protection, Solar Energy. 98 (2013) 241–254. doi: 10.1016/j.solener.2013.10.005. 

[24] A. McNeil, Tutorial-genBSDF_v1.0.1.pdf — Radsite, (2015). https://www.radiance-
online.org/learning/tutorials/Tutorial-genBSDF_v1.0.1.pdf/view. 

[25] MOHURD, GB 50099-2011: Code for design of school. Ministry of Housing and Urban-Rural 
Development of China (MOHURD), Beijing: China Architecture and Building Press, 2010. 

[26] Y. Bian, J. Luo, T. Luo, T. Leng, Contrast demand on the blackboard in typical secondary school 
classrooms of China: Effects of daylight reflections on text legibility, Energy and Buildings. 261 (2022) 
111974. doi: 10.1016/j.enbuild.2022.111974. 

[27] A. Ozdemir, The effect of window views’ openness and naturalness on the perception of rooms’ 
spaciousness and brightness: A visual preference study, Scientific Research and Essays. 5 (2010) 
2275–2287. 

[28] L. Koprivec, M. Zbašnik-Senegačnik, Ž. Kristl, Analysis of Survey Responses to the Window Views, 
Igra Ustvarjalnosti - Creativy Game. 2021 (2021) 14–23. doi: 10.15292/iu-cg.2021.09.014-023. 

ACKNOWLEDGEMENTS 
The work was supported by the National Natural Science Foundation of China (No.51978277 and 
No.52278107), Guangdong Department of Housing and Urban-Rural Development 2022 Science 
and Technology Innovation Plan (2022-K2-450970). 
Corresponding Author Name: Yu Bian 
Affiliation: School of Architecture, State Key Laboratory of Subtropical Building Science, South China 
University of Technology, Guangzhou, China 
e-mail: aryubian@163.com 

P.553



14th Asia Lighting Conference (Tokyo, Japan)

1

A LABORATORY STUDY ON DYNAMIC DURATION 
PREFERENCE IN SHADING LIGHTING: BASED ON VISUAL 

COMFORT EVALUATION AND AOI OF EYE MOVEMENT 
Luoxi Hao1, Kai Feng2,

1: College of Architecture and Urban Planning, Tongji University, Shanghai, China
2: Faculty of Architecture and City Planning, Kunming University of Science and Technology,

Kunming, China

ABSTRACT
Shading lighting is a widely-used way of dynamic lighting in urban nightscapes, in which the 

change of dynamic duration (DD) would affect observers' visual comfort directly. Field evaluation 
in urban environments would be influenced by numerous (inner and the external) factors, so it’s 
necessary to conduct pilot research in an laboratory environment. The preference towards 5 DD 
(2s/4s/6s/8s/10s) were evaluated in lab under variables of 3 observation distances (3m/6m/9m) 
and 3 monochromatic lights (3000K/4000K/5000K) and 30 subjects participated in the experiment. 
Subjective questionnaire (analyzed by Principal Component Analysis using R language) and Area 
of Interest (AOI) of eye movement data were used in the analyzing procedure. When "-3" 
(representing "unbearable") appeared in the subjective evaluation, the previous (longer) DD 
would be defined as DDP (Peak Value of Dynamic Duration) to express the minimum acceptable 
DD value and DDR (Recommended Value of Dynamic Duration) was defined to explain more 
(75%) participants’ preference towards DD. It was found that DDR in most conditions were around 
4s, indicating that 4s can be used as the DDR in shading scenarios both in relative studies or 
construction works.

Keywords: Dynamic duration preference, Subjective evaluation, AOI of eye movement, R
language, DDR (Recommended value of dynamic duration)

1. INTRODUCTION
The World Health Organization (WHO) proposed the strategic principle of "everyone's health"

in the mid-1970s and introduced the concept of "healthy cities" in 1984[1]. Health Impact 
Assessment (HIA) is an important way to promote the development of healthy cities, aiming to 
quantify the health impact of planning policies or projects on local residents[2]. With the rapid 
development of research related to healthy cities, nighttime health issues are also being 
discussed. Different scholars have conducted extensive research on the daily behavior of the 
public [3,4], eye health [5,6], physiological rhythms [7,8], specific diseases [9,10], and special 
populations [11,12] from urban lighting (or nightscape lighting). However, there is still relatively 
little research on the impact of lighting on people in outdoor neighborhoods, especially the impact 
on observer comfort (such as visual, emotional, etc.).

With the development of LED and its related technologies, dynamic lighting has become an 
important way of night scene expression. Through research on more than 100 cases in Shanghai, 
Shenzhen, Guangzhou and other cities, nearly 60% of the scenes are shading scenes (or its 
combination with other dynamics modes), indicating that shading scenes are widely used in urban 
environments. In contrast to its widespread presence in cities, there is a lack of control over 
dynamic lighting in standard documents. After analyzing multiple relevant standard and 
specification documents, it can be see that there’s very few quantitative requirements for dynamic 
lighting; although some documents are being developed to explore the introduction of relevant 
content, they mainly focus on defining or qualitative requirements, quantitative requirements are 
still significantly insufficient. How to propose targeted control indicators based on dynamic lighting 
characteristics is an urgent problem that needs to be considered and solved.

Through on-site research and questionnaires, it was found that the evaluation of the comfort of 
dynamic lighting is influenced by factors such as the amount of surrounding lighting construction, 
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the variables of lighting itself, observation distance (and angle), real-time emotions, and even 
(individual) past learning cognition, cultural background, etc. There is mutual influence among 
variables, which is a comprehensive and complex process. Direct on-site evaluation can be 
influenced by multiple variables, so conducting pilot studies in a laboratory environment can 
simplify the variables as much as possible and obtain the impact of a single variable on the 
subjects. Subsequently, exploring the impact between variables will have more reference value. 

This study focuses on shading dynamics and analyzes the impact of dynamic duration on 
observer comfort. In the experiment, a combination of subjective questionnaires and eye 
movement AOI was used to achieve a comprehensive discussion of both subjective and objective 
dimensions. The article proposes two indicators, DDP and DDR, which will provide reference for 
the selection of quantitative indicators in future relevant standard documents. The research 
ultimately proposed specific numerical suggestions, which can provide reference for future related 
evaluation work. 

 
2.  METHODS 
2.1   Variable selection 

An analysis of the dynamic duration(DD) in cities (referring to the duration of completing a 
complete translation of dynamic mode) found that in most cases is less than 10s. It was further 
divided into 5 intervals: less than 2s, 2-4s, 4-6s, 6-8s, and 8-10 seconds. It was found that the 
proportion of the middle 3 intervals was slightly higher. Considering the operability and 
completeness of the study, comfort evaluation was conducted using 2s, 4s, 6s, 8s, 10s as objects. 
In the selection of light colors, online image retrieval (789 copies), on-site research (over 100 
items), and public questionnaires (97 copies) were conducted to find 6 most widely used light 
colors in cities, namely 3000K, 4000K, 5000K, red, blue, and RGB. Considering the feasibility of 
the research, only 3000K, 4000K, and 5000K were selected as the research subjects. In the 
process of determining the observation distance, the feasibility of the laboratory was mainly 
considered, and three distances of 3m, 6m, and 9m were ultimately selected. 

2.2   Experimental environment and equipment 
Based on the laboratory site conditions, an experimental setup consisting of a light source 

component, an observation box, and an observer was formed (Figure 4). The light source 
component consists of 15 lamps (length 500mm, power 12W/m, control system DMX512, 
commonly used in dynamic lighting cases) installed at equal intervals (40mm) on a black matte 
wood base plate. The signal line forms a series connection at the back of the base plate, and is 
powered and scene controlled through an external power supply and controller. The observation 
box is composed of multiple unit boxes (600*600*600mm) assembled, each of which is composed 
of 4 black matte chevrolet plates (serrated edges) spliced together to form a rectangular hole 
shape. With the help of the black and matte surface characteristics of the material, it can 
effectively reduce reflected light and create a diffuse reflection experimental environment (to avoid 
reflection and potential glare problems), The assembly of multiple unit boxes at the same time can 
achieve convenient adjustment of observation distance (in 600mm units). Compared to similar 
studies in the past [23,24], the observation box has been optimized in terms of material selection, 
surface treatment, assembly method, reuse, storage and transfer. 

  
Figure 1. Experimental setup and scenario diagram 

2.3   Experimental methods and processes 

The experimental process includes:  the first subject sits in the observation position (wearing 

an eye tracker) and enters the experimental state;  The first light variable lights up and the 
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subject observes for 1 minute; The light is turned off, and the subjects close their eyes and rest 

for 1 minute. During this period, the subjects will ask questions about comfort conditions; The 
second light variable lights up, and the evaluation and data collection of all variables (with the 
same light color) are completed according to the - process; Replace with the second 

subject and complete the corresponding data collection according to - ; Two participants 
conducted a cross experiment and completed the collection of all light color data. The experiment 
ended (Figure 5). In the end, 30 participants (14 males and 16 females) participated in the 
experiment.

Figure 2. Photos of the experimental process

2.4 Analytical methods

Subjective questionnaire data: sorting out the subjective data of each participant When "-3" 
(representing "unbearable") appeared in the subjective evaluation, the previous (longer) DD 
would be defined as DDP (Peak Value of Dynamic Duration) to express the minimum acceptable 
DD value for the subject. To explore the commonality of DDP among all participants, DDR
(Recommended Value of Dynamic Duration) was defined: box plot was used and the upper 
quartile was selected as the DDR which was used to explain "when the DD exceeds the DDR (i.e. 
the dynamic speed is slower), more (75%) participants believe that the DD is within an acceptable 
range".

Eye movement AOI: Analyze the changes in the fixation points of each subject in different DD 
(represented as AOI) to learn the a more comfortable DD and analyze the scanning distance in 
different DD scenarios at the same time to assist in proving their eye comfort. During the analysis 
process, the total amount of physiological data under different DD scenarios were also counted, 
and comfort issues were further explored through the duration of eye closure.

3.  CONCLUSION
Subjective evaluation showed that with the shorten of DD (from 10s to 2s), the comfort value

of most subjects decreases. There is no significant difference between light colors
(3000K/4000K/5000K), but the lower comfort value in 5000K scenes appeared (slightly) earlier
than that in 3000K and 4000K, possibly due to its higher luminance. Under the variable of 
observation distance, the D-value between 10s and 2s in 6m/9m scenes are higher than that in 
3m scene (3m changes from "no sensation" to "very uncomfortable", while 6m/9m changes from 
"comfortable" to "very uncomfortable"), indicating that in longer DD scenes (mainly referring to 
8s/10s), a further observation distance will bring better comfort, while in shorter DD scenes 
(mainly referring to 2s) the impact of observation distance is relatively little.

Eye movement AOI shows that the concentration of gaze points in the middle scenes
(4s/6s/8s) is higher than that in the other two side scenes (10s/2s), representing a better comfort
feeling occurred. Meanwhile, in 2s scenes the scanning distance was closer, and fewer 
concentrated gaze areas occurred, indicating that subjects were in a continuous short-distance-
scanning state (indicating a poor comfort condition). it was also found that when DD gets shorter, 
the amount of eye movement data received would decrease, which means with the shorten of DD,
subjects has a more possibility of eye-closed state ( indicating an uncomfortable condition).
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It was found that DDRs in all conditions were 4s, indicating that 4s can be used as the DDR in 
the shading scenarios in the future studies or construction works.  
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ABSTRACT
The color appearance of images captured by different cameras for the same scene may vary

significantly due to the individual sensor spectral sensitivities and built-in image signal processing 
(ISP) pipelines, resulting in dissatisfactory color consistency or low visual quality of the images.
Many correction approaches have already been developed, including color transfer, color
correspondences alignment and histogram matching. However, these methods focus on post-
processing images and are limited to some particular assumptions, so it is difficult and challenging 
to achieve accurate color consistency. In this study, we aim to tackle the color consistency in the 
raw domain to reduce color discrepancies between the different camera images. Based on the 
illumination information of an arbitrary scene, a viable color mapping strategy is proposed to convert 
a raw image from one camera to another. Utilizing paired images captured respectively by two 
cameras under various lighting conditions with different correlated color temperatures (CCT), the
pre-trained matrixes are deduced in order for estimating the corresponding mapping matrix of actual 
scenes. The experimental results indicate that the proposed approach achieves better performance
compared to the existing methods, and the cross-cameras color consistency is also acceptable to
the human visual system (HVS).

Keywords: Color consistency, Color mapping, Cross-cameras, Raw domain, Arbitrary lighting 
scenes

1. INTRODUCTION
With the development of imaging technology, various imaging devices are constantly emerging.

Meanwhile, there are also gradually increasing demands for image quality. However, owing to the 
differing optics, sensor spectral sensitivities, field of view, hardware processing and built-in image
signal processing (ISP) pipelines employed by the cameras, the images acquired by different
cameras for the same scene would generally output different color response values, leading to 
inconsistent color appearance as demonstrated in Fig. 1. This color inconsistency problem brings
about an unpleasant visual experience when people view such images. Hereby, there are various
color consistency approaches have been put forward to lower the color discrepancies among 
images through different techniques. Some of them introduce color transfer function following the 
statistical distribution of the images [1, 2]. Others adopt histogram matching [3] or local feature 
matching [4, 5] methods. However, most methods address the color mapping in the standard color 
spaces (e.g., standard RGB [6], or Adobe RGB). So far, the prior work has not been sufficiently 
focused on the mapping in the raw domain. Nguyen et al. [7] adopted two linear transformations,
one global and another illumination-specific, to deal with the color inconsistency caused by cameras.
In [8] a semi-supervised raw-to-raw mapping method was proposed through lightweight deep 
learning network. Such methods have the advantages of the global accuracy, but their applicability 
in real scenarios is limited.

Figure 1. The images captured by different cameras from dataset [9]: (a) and (d) CanonPowerShotG9, (b) 
and (e) CasioEX-Z55, (c) OlympusE500, (f) SonyDSC-F828.

The goal of this study is to reduce the color differences between the images acquired by different 
cameras for the same scene. We delve into the color mapping strategy that works in the raw domain 
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to obtain a transformation matrix. Upon converting the raw images between cameras, the white 
balance correction is performed on the images using white point, and finally the algorithms are 
evaluated in terms of color difference, color difference without lightness difference and chroma 
difference in CIELAB color difference. 

 

2. METHODOLOGY 
Camera images can be saved in the raw format, which is linearly related to the scene radiance 

and presents the raw sensor responses without any post-processing operations. Mathematically, 
the construction of a raw image can be expressed as [10] 

, ,c c
ω

I x ρ x λ R x λ S λ dλ  (1) 

where , , ,  ,  ,  c R G B x λ ω  respectively denote three color channels, pixel location, wavelength, 
and the visual spectral range, and S  is the camera sensor spectral sensitivity. The terms ρ  
and R  refer to the spectral power distribution (SPD) of the scene illumination and the object 
spectral reflectance, respectively.  

The global method can be performed using a linear transformation without considering the 
practical scene lighting. Thereupon, inspired by the idea of color correction matrix (CCM) 
interpolation, we come up with an illumination-aware interpolation method based on the correlated 
color temperatures (CCTs). Taking no account of the color metamerism, it is assumed that the more 
similar the scene lighting is, the more consistent the raw color response of the same target is. 
According to the range and shape of the color gamut, the whole CCT range are divided into four 
sections, including below 2500K, 2500K-4500K, 4500K-6500K and above 6500K. For the CCTs of 
2500K, 4500K and 6500K, the corresponding color mapping matrixes are pre-trained by color 
calibration chart images captured under several controlled lighting conditions by multiple cameras. 
For a practical scene image, the CCT of the scene illumination can be estimated via white point 
[11], and then the appropriate pair of pre-trained mapping matrixes are selected to derive the final 
illumination-aware matrix as follows: 

1 21sceneM wM w M  (2) 

1 1 1 1
2 1 2scenew CCT CCT CCT CCT  (3) 

where 1 2, M M  are two pre-selected mapping matrixes with differing CCTs, and , 1w w  
present their corresponding interpolation weights. 

 

3. EXPERIMENTS AND RESULTS 
3.1 Experiments 

In the experiment, three cameras were employed, including Nikon D3x DSLR camera, the main-
camera and ultra-wide sub-camera of HUAWEI P50 Pro smartphone, being denoted as C1, C2 and 
C3, respectively, to build a raw image dataset consisting of various scenes. As shown in Fig.2, it is 
obvious that the raw color distributions of the color chart image for three cameras in the [R/G, B/G] 
color space are significantly different due to their diverse sensor spectral sensitivities, indicating the 
necessity of color consistency correction. 

 
Figure 2. Example raw image and color distribution of the X-Rite Digital SG ColorChecker captured by three 

cameras under A illumination. 
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3.2 Results 

Since the white balance algorithm is not the focus of this study, we use the 21st neutral grey 
block of X-Rite ColorChecker Classic as the reference of white point. Before estimating the related 
metrics, a scale factor k  is set to adjust the two images for minimizing the exposure discrepancy. 
The color difference between the source image and target image (without applying color 
consistency approach) is regarded as a benchmark, and this method is compared with the 
traditional global method and Nguyen’s method [7]. In the evaluation, the following CIELAB color 
metrics are adopted: 

2 2 2* * * *
abE L a b  (4) 

*

2 2* * *
,  ab w o L

E a b  (5) 

2 2 2 2* * * * * * *
1 2 1 1 2 2Cab ab abC C a b a b  (6) 

The evaluation results with the built dataset are listed in Tables 1 and 2, from which it can be 
seen that, among the compared approaches, our method presents better performance on the whole. 
Nguyen’s method is poor since it requires two transformation functions and so is more likely to 
accumulate conversion errors. Compared with the global method, our method shows comparable 
perceptual color performance while with the least color difference. As found in Table 2, the proposed 
approach could reduce the chroma difference by 49.09% in comparison with the benchmark. 

Table 1. Color consistency comparisons among Nikon D3x camera (C1), the main-camera (C2) and 
ultra-wide sub-camera (C3) of HUAWEI P50 Pro smartphone. 

 Method 
*

*
, o ab w L

E  *
abE  *

abC  

Mean Median Mean Median Mean Median 

C3 C2 

Benchmark 3.00 2.40 3.71 3.15 2.27 1.72 

Nguyen [7] 2.21 1.91 2.76 2.48 1.59 1.29 

Global 2.11 1.90 2.78 2.55 1.46 1.22 

Ours 1.81 1.64 2.36 2.20 1.19 1.02 

C2 C1 

Benchmark 2.89 2.21 3.65 3.20 2.55 1.80 

Nguyen [7] 2.74 2.22 3.25 2.82 2.21 1.72 

Global 2.08 1.79 2.84 2.62 1.61 1.34 

Ours 1.76 1.60 2.35 2.20 1.26 1.11 

 
Table 2. The color consistency improvement of the compared methods relative to the benchmark. 

 Method C3 C2 C2 C1 Average 

*
*

, o ab w L
E  

Nguyen [7] 26.24% 5.30% 15.77% 

Global 29.50% 28.01% 28.76% 

Ours 39.66% 39.00% 39.33% 

*
abE  

Nguyen [7] 25.80% 11.05% 18.43% 

Global 25.12% 22.21% 23.67% 

Ours 36.32% 35.51% 35.92% 

*
abC  

Nguyen [7] 29.89% 13.19% 21.54% 

Global 35.97% 36.65% 36.31% 

Ours 47.49% 50.69% 49.09% 
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The visual comparison is also carried out as illustrated in Fig. 3. To aid visualization, a gamma 
operation with 1/2.2 encoding gamma and a rough image registration operation are applied. Fig. 3 
shows that our method gives more reasonable visual color consistency for cross-cameras images, 
especially for the colors with significant discrepancy in saturation, such as the red calendar in the 
first row and the green grass in the third row. It is considered that our method takes into account 
the scene illumination information so that it could be adaptive to color mapping of the complex 
lighting scenes and exhibits better robustness. Nevertheless, compared with the global method, the 
advantages of our approach on the visual perception is not yet significant, of which the reason may 
be that the accuracy of CCT estimation in our method would affect the choice of the pre-trained 
mapping matrixes and the corresponding interpolation weights, so finally impacts the color 
consistency. 

 
Figure 3. Visualization comparisons with our dataset. (a) Input C3 image, (b) Target C2 image, (c) Nguyen 

method, (d) Global method, (e) Our method. 

 

4. CONCLUSION 
In this study, with the assistance of the CCT information of arbitrary lighting scenes, a cross-

cameras color consistency approach is proposed to compensate the color differences caused by 
individual camera sensor spectral sensitivities in the raw domain. The comprehensive evaluation 
and comparison indicate that the proposed method effectively improves the color consistency 
between the images acquired by different cameras for the same scene. In the future, more 
information, such as image contents and shooting parameters, will be involved to further enhance 
the performance and robustness of the color consistency algorithm. 
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Xian Tang, Xiong Yang, Qian Li, Jiangen Pan

EVERFINE Corporation, Hangzhou, Zhejiang, China

ABSTRACT 
By skillfully integrating lighting and landscape through elaborate design and implementation, 
captivating visual effects and aesthetic atmosphere can be created. The colour displayed by the 
landscape is influenced by both the spectral power distribution (SPD) of the lighting source and 
the spectral transmittance/reflectance of the materials in the landscape. The colour quality 
management should be implemented throughout the entire process, from the initial design to 
construction and subsequent maintenance. This paper analyzes the interaction between objects 
and light sources in landscape lighting scenarios. Furthermore, it explores the measurement 
methods for assessing the transmittance, reflectance, and absorption characteristics of materials. 
By measuring the spectral properties of typical materials and light sources and simulating their
combined visual effects, this study aims to provide a data fundation for design and construction. 
This paper also investigates the solutions for field measurement of lighting systems and objects 
within a lighting scene. These solutions enable accurate and convenient measurement of colour 
and luminance, beneficial for in time adjustment of light sources especially when dealing with
multi colour mixing illumination. Moreover, the digitized expression of colour for lighting scene and 
objects can improve communication efficiency for engineering record and confirmation.

Keywords: lighting for cultural tourism; colour management; colour measurement

1. INTRODUCTION
Currently, there is an increasingly opportunity to utilize lighting in cultural tourism. Whether it’s 
immersive night tourism that corporats local resources, cultural IP theme parks, or stages within 
scenic areas, creating an aesthetic atmosphere through landscape lighting scenarios is a major 
focus. The ambiance is manifested through the interplay of light and scenery, light and 
architecture, and light and objects.

Figure 1: Examples of lighting for cultural tourism

In lighting design, it is essential to consider the impact of light absorption, reflection, and 
transmission by objects or materials. The overall lighting effect is the result of combining light from
sources with light reflection/transmission by objects .

The on-site evaluation of cultural tourism landscape lighting is also a complex undertaking, which 
involves multiple scenes and lighting combinations, as well as diverse environments such as
water, roads, bridges, mountains, walls of buildings, etc. The most convenient and efficient 
method for in field measurement of lighting systems and objects in a lighting scene is to obtain the 
imaging colour distribution of the scene.

2. COLOUR QUALITY MANAGEMENT IN LIGHTING DESIGN
2.1 The interaction between light and object
When light reaches the surface, several phenomena related to the optical properties of the object
will occur, including reflection, transmission, and absorption, as shown in Figure 2, of which the 
value can be expressed as the ratios of reflected, transmitted, and absorbed radiant flux to the 
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incident radiant flux, defined as ρ, τ, and α, respectively. The colour appearance of the object can 
be characterized by the spectral reflection ρ(λ), the spectral absorption α(λ), and the spectral 
transmission t(λ). 

 
Figure 2. The interaction between light and object 

The colour of an object as perceived visually is generally decided by the spectral 
reflectance/transmittance of the material and the spectral power distribution(SPD) of the light 
source. Take the example of the red wall of historic buildings in China: when illuminated by light 
sources with different spectra, the reflected spectrum will vary significantly leading to distinct 
visual effects. In Figure 3, when a red paint is illuminated by two different light sources, one being 
illuminant A with a correlated colour temperature (CCT) of 2856K and the other being illuminant 
D65 with a CCT of 6500K, the two reflected spectra show notable differences, resulting in 
completely different visual effects. The change in spectral power distribution of the lighting source 
is the primary reason behind the significant visual contrast between buildings during the day and 
at night. 

 
Figure 3. The effect of red paint illuminated by different light sources 

As shown in Figure 3, when the red paint is illuminated by illuminant D65, the red portion of the 
lighting spectrum overlaps with the reflection spectrum of the red paint, and the blue-green portion 
of the lighting spectrum is absorbed. In comparison, the illuminant A has a higher proportion of 
red light. When weighted with the reflection spectrum of the red paint, the rising edge of SPD 
becomes steeper, which increases not only the colour saturation of red paint, but also its 
brightness. 

The colour of an object is generally represented by CIE 1976 L*a*b* colour space, which is a 
three-dimensional spherical colour space. As shown in Figure 4, L represents the lightness scale, 
where a lightness value of 0 represents black, a value of 100 represents white, and a value of 50 
corresponds to a wide range of colours on the equatorial plane. The a-axis indicates the degree of 
red-green colour, with positive values indicating a bias towards red, and negative values 
indicating a bias towards green. The b-axis represents the degree of yellow-blue colour, with 
positive values indicating a bias towards yellow, and negative values indicating a bias towards 
blue. 

P.564



14th Asia Lighting Conference (Tokyo, Japan)

3

Figure 4. CIE 1976 L*a*b* colour space

Due to the absorption of objects, if the SPD of light source overlaps with the absorption spectrum
of objects, the lighting efficiency will be reduced significantly. Conversely, if the SPD of light 
source overlaps with the reflection spectrum of objects, the efficiency is much higher. Therefore, 
in the design phase, measurement and selection should be conducted based on the spectrum of 
light sources and spectral reflectance/transmittance of materials. At the same time, power 
selection of the light source should be taken into consideration to present the landscape effect, 
while balancing the lighting efficiency.

2.2 SPD measurement of light sources
LEDs have become mainstream in cultural tourism lighting, due to their ability to emit wide-
spectrum white light and colourful narrow-band light. The wavelength shift of narrow-band light 
sources often has a great impact on light colour.

The SPD of LED light sources is usually measured by a spectroradiometer, and the key 
performance of a spectroradiometer lies in bandwidth and wavelength accuracy. As illustrated in 
Figure 5, if the measured light source has a narrow bandwidth, using two spectroradiometers with 
different bandwidths will yield notable differences in the obtained SPD. The SPD obtained by the 
spectroradiometer of narrow-bandwidth is more precise, while the wider-bandwidth instrument
may introduce errors, particularly at steep changes (as indicated by the red circle area in Figure 
5).

Figure 5. SPD by two spectrometers with different bandwidths

Therefore, during the design phase for cultural tourism lighting, it is highly recommended to use 
narrow-bandwidth spectroradiometers with high wavelength accuracy, such as the HAAS series 
spectroradiometer depicted in Figure 6, for the selection and testing of light sources. And it offers 
the following advantages:

Bandwidth is smaller than 3 nm, which is ideal for testing typical blue-violet lights with 
bandwidth around 10-15 nm; 

Wavelength accuracy is better than ±0.3nm which is highly suitable for wavelength binning of
coloured light sources in cultural tourism lighting, enabling better control over light colour 
consistency.
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Figure 6. EVERFINE HAAS series high accuracy spectrometer

2.3 Reflection/transmission measurement 
Reflection/transmission characteristics of material need to be measured under specific geometric 
conditions defined by the publication of CIE 15. Typically, material selection and quality 
management involve measuring spectral reflectance by di/8 or de/8 measurement geometry, as 
shown in Figure 7, and spectral transmittance by d/0 measurement geometry. The di/8 
measurement geometry captures information that includes contributions from both surface 
reflection and diffuse reflection, while de/8 measurement geometry excludes surface reflection, 
which is closer to the diffuse reflection perceived by human eyes. The appropriate geometry can 
be selected according to the specific requirements of application. 

Figure 7. Spectral reflectance and  transmittance measurement geometry

When selecting measurement equipment for reflection/transmission characteristics of material in 
cultural tourism, the following recommendations are suggested:

1) Measurement geometry: d/8 measurement geometry specified in CIE 15 is used for spectral 
reflectance measurement of materials which is insensitivity to various textures such as
clothing, wall coatings, metals, etc.;

2) Measurement bandwidth: according to the CIE 15:2018, it is recommended to use a 
spectrometer with a bandwidth below 5 nm, which also ensures accurate measurement of  
highly saturated colours;

3) Measurement range: the measurement instrument should have good sensitivity and stability 
across the entire range from black velvet with a reflectivity of about 0.3% to white textiles 
with a reflectivity close to 100%;

4) Software simulation and analysis functions: a measurement instrument is better to include 
features for analyzing colour differences of materials under different illuminants, as well as
simulating colour and other parameters.

5) Material colour management: the stability and repeatability of the instrument are also very 
important, and it is generally recommended to choose a spectrometer with a dual optical path 
design as it can effectively monitor and compensate for the light source fluctuation. 

Figure 8 shows a typical instrument with d/8 geometry. By considering these factors and selecting 
appropriate measurement equipment, accurate and reliable colour management can be achieved 
for materials used in cultural tourism lighting applications.
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Figure 8. EVERFINE HACA-3800 High Accuracy Colour Analyzer 

2.4 Practical analysis  
The dance-poem drama “The Journey of a Legendary Landscape Painting” presents a unique 
challenge in stage light design, aiming to achieve a “blue-green” effect. To support this design, 
the SPD of the stage lights can be measured using the EVERFINE integrating sphere system with 
HAAS-2000 spectroradiometer. The spectral reflectance and transmittance of materials can be 
measured by HACA-3800 High Accuracy Colour Analyzer. The tristimulus values X/Y/Z of the 
materials under any given light source with reflectance can be calculated using formula (1): 
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Where: 

- R(λ) is the spectral reflectance of the material 

- are the colour matching functions defined by CIE 1931 Chromaticity system 

-  is the spectral power distribution of the illuminating light source 

According to formula (2) tristimulus values X/Y/Z can be converted to CIE L*a*b* colour 
coordinates of the materials in the corresponding colour space. 

                                                                     
                                                                 

                                                        2  

In formula (2), Xn, Yn, Zn are the tristimulus values of perfect diffuse reflectors.  

The colour coordinates and simulated colours under different combinations of lights were 
calculated and simulated as shown in Figure 9. The colours of cyan, blue-green and green 
coatings under illuminant D65 are shown in first column. When illuminated by an illuminant A, all 
three colours shift towards yellow hue. When illuminated by a 5000K LED light source, the green 
colour changes minimally, while the blue colour shifts towards purple hue and the blue-green 
colour becomes closer to green. When illuminated by a single-colour LED light source with a 
typical wavelength of 560nm, due to the SPD overlap between illuminating light source and the 
material’s spectral reflectance with the bandwidth of light source being narrower than the spectral 
reflectance of the material, the reflected colour becomes closer to the colour of the light source. 
These results highlight the significant impact of the light source on the perceived colour of objects. 

As shown in Figure 10, the colour coordinates of the reflected colours may vary across quadrants 
in the L*a*b* colour coordinate system when different light sources illuminate typical colour 
coatings. Reflected colour becomes closer to the colour of the light source when illuminated by 
highly saturated single-colour light. 
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Figure 9. Colour effects of different combinations of light sources and materials 

 
Figure 10. Changes in colour coordinates of green coatings under different light sources 

In summary, the strategic use of light sources can greatly enhance the colour expression of 
clothing and effectively highlight the performance themes, ultimately achieving the desired "blue-
green" effect. 

3. FIELD MEASUREMENT FOR CULTURAL TOURISM LIGHTING  
On-site evaluating conditions for cultural tourism lighting are usually complex. It is recommended 
to use an imaging luminance & colour meter for accurate and efficient in field measurement. An 
imaging   luminance & colour meter allows for the capture of overall lighting effect images, 
enabling the analysis of colour variations, colour uniformity, chromatic aberration, and more. This 
capability proves especially valuable when dealing with multi-colour mixing light sources, as 
adjustments can be made promptly based on the measured results. 

In dark backgrounds commonly found in cultural tourism lighting scenarios, accurate colour 
measurement of lighting system in such environments requires the meter with high dynamic range 
and great linearity. In addition, in order to improve colour measurement accuracy, a 
spectroradiometer can be used for colour calibration. 

The EVERFINE ILC series imaging luminance Colourimeter features a high V(λ) matching 
accuracy and patented cooling technology to reach the test limit down to  0.0005 cd/m2. 
Additionally, it has a high dynamic range up to 108 and an ultra-high measurement repeatability, 
which ensures accurate measurement of luminance, chromaticity, and uniformity of field lighting. 
Furthermore, it is recommended to be used along the spectral radiance meter (e.g. EVERFINE 
SRC series), which can achieve colourimetric mismatch measurements. The test results of a 
spectral radiance emter can be imported into the software of an ILC imaging luminance 
colourimeter with a simple, enabling precise calibration of chromaticity and the accuracy of field 
colour measurements. The colour uniformity and luminance uniformity in the lighting scene can be 
easily measured and analyzed using the method described. 

 
Figure 11 EVERFINE ILC series Imaging Luminance Colourimeter  
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4. CONCLUSION 
In the design and selection phase of lighting for cultural tourism, by measuring and analyzing the 
various parameters of light sources and the light reflection and transmission performance of the 
materials, we can evaluate the lighting design effect more intuitively. This provides great 
convenience for various lighting applications. During the on-site evaluating phase, it becomes 
essential to accurately, quickly, and conveniently restore the colour and luminance of the lighting 
scene, to make timely adjustments for achieving the best lighting effect. An imaging luminance 
and colour meter is the suitable and convenient solution for on-site conformity measurement. 
Further by utilizing statistical analysis software, panoramic, regional, and key evaluation 
parameters can be quickly obtained. Digitized expression of colours for lighting scenes and 
objects can also improve the communication efficiency for engineering record and confirmation. 
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Currently, there is an increasingly opportunity to utilize lighting in cultural tourism. Whether it’s 
immersive night tourism that corporats local resources, cultural IP theme parks, or stages within 
scenic areas, creating an aesthetic atmosphere through landscape lighting scenarios is a major 
focus. The ambiance is manifested through the interplay of light and scenery, light and 
architecture, and light and objects.

Figure 1: Examples of lighting for cultural tourism

In lighting design, it is essential to consider the impact of light absorption, reflection, and 
transmission by objects or materials. The overall lighting effect is the result of combining light from
sources with light reflection/transmission by objects .

The on-site evaluation of cultural tourism landscape lighting is also a complex undertaking, which 
involves multiple scenes and lighting combinations, as well as diverse environments such as
water, roads, bridges, mountains, walls of buildings, etc. The most convenient and efficient 
method for in field measurement of lighting systems and objects in a lighting scene is to obtain the 
imaging colour distribution of the scene.

2. COLOUR QUALITY MANAGEMENT IN LIGHTING DESIGN
2.1 The interaction between light and object
When light reaches the surface, several phenomena related to the optical properties of the object
will occur, including reflection, transmission, and absorption, as shown in Figure 2, of which the 
value can be expressed as the ratios of reflected, transmitted, and absorbed radiant flux to the 
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incident radiant flux, defined as ρ, τ, and α, respectively. The colour appearance of the object can 
be characterized by the spectral reflection ρ(λ), the spectral absorption α(λ), and the spectral 
transmission t(λ). 

 
Figure 2. The interaction between light and object 

The colour of an object as perceived visually is generally decided by the spectral 
reflectance/transmittance of the material and the spectral power distribution(SPD) of the light 
source. Take the example of the red wall of historic buildings in China: when illuminated by light 
sources with different spectra, the reflected spectrum will vary significantly leading to distinct 
visual effects. In Figure 3, when a red paint is illuminated by two different light sources, one being 
illuminant A with a correlated colour temperature (CCT) of 2856K and the other being illuminant 
D65 with a CCT of 6500K, the two reflected spectra show notable differences, resulting in 
completely different visual effects. The change in spectral power distribution of the lighting source 
is the primary reason behind the significant visual contrast between buildings during the day and 
at night. 

 
Figure 3. The effect of red paint illuminated by different light sources 

As shown in Figure 3, when the red paint is illuminated by illuminant D65, the red portion of the 
lighting spectrum overlaps with the reflection spectrum of the red paint, and the blue-green portion 
of the lighting spectrum is absorbed. In comparison, the illuminant A has a higher proportion of 
red light. When weighted with the reflection spectrum of the red paint, the rising edge of SPD 
becomes steeper, which increases not only the colour saturation of red paint, but also its 
brightness. 

The colour of an object is generally represented by CIE 1976 L*a*b* colour space, which is a 
three-dimensional spherical colour space. As shown in Figure 4, L represents the lightness scale, 
where a lightness value of 0 represents black, a value of 100 represents white, and a value of 50 
corresponds to a wide range of colours on the equatorial plane. The a-axis indicates the degree of 
red-green colour, with positive values indicating a bias towards red, and negative values 
indicating a bias towards green. The b-axis represents the degree of yellow-blue colour, with 
positive values indicating a bias towards yellow, and negative values indicating a bias towards 
blue. 
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Figure 4. CIE 1976 L*a*b* colour space

Due to the absorption of objects, if the SPD of light source overlaps with the absorption spectrum
of objects, the lighting efficiency will be reduced significantly. Conversely, if the SPD of light 
source overlaps with the reflection spectrum of objects, the efficiency is much higher. Therefore, 
in the design phase, measurement and selection should be conducted based on the spectrum of 
light sources and spectral reflectance/transmittance of materials. At the same time, power 
selection of the light source should be taken into consideration to present the landscape effect, 
while balancing the lighting efficiency.

2.2 SPD measurement of light sources
LEDs have become mainstream in cultural tourism lighting, due to their ability to emit wide-
spectrum white light and colourful narrow-band light. The wavelength shift of narrow-band light 
sources often has a great impact on light colour.

The SPD of LED light sources is usually measured by a spectroradiometer, and the key 
performance of a spectroradiometer lies in bandwidth and wavelength accuracy. As illustrated in 
Figure 5, if the measured light source has a narrow bandwidth, using two spectroradiometers with 
different bandwidths will yield notable differences in the obtained SPD. The SPD obtained by the 
spectroradiometer of narrow-bandwidth is more precise, while the wider-bandwidth instrument
may introduce errors, particularly at steep changes (as indicated by the red circle area in Figure 
5).

Figure 5. SPD by two spectrometers with different bandwidths

Therefore, during the design phase for cultural tourism lighting, it is highly recommended to use 
narrow-bandwidth spectroradiometers with high wavelength accuracy, such as the HAAS series 
spectroradiometer depicted in Figure 6, for the selection and testing of light sources. And it offers 
the following advantages:

Bandwidth is smaller than 3 nm, which is ideal for testing typical blue-violet lights with 
bandwidth around 10-15 nm; 

Wavelength accuracy is better than ±0.3nm which is highly suitable for wavelength binning of
coloured light sources in cultural tourism lighting, enabling better control over light colour 
consistency.
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Figure 6. EVERFINE HAAS series high accuracy spectrometer

2.3 Reflection/transmission measurement 
Reflection/transmission characteristics of material need to be measured under specific geometric 
conditions defined by the publication of CIE 15. Typically, material selection and quality 
management involve measuring spectral reflectance by di/8 or de/8 measurement geometry, as 
shown in Figure 7, and spectral transmittance by d/0 measurement geometry. The di/8 
measurement geometry captures information that includes contributions from both surface 
reflection and diffuse reflection, while de/8 measurement geometry excludes surface reflection, 
which is closer to the diffuse reflection perceived by human eyes. The appropriate geometry can 
be selected according to the specific requirements of application. 

Figure 7. Spectral reflectance and  transmittance measurement geometry

When selecting measurement equipment for reflection/transmission characteristics of material in 
cultural tourism, the following recommendations are suggested:

1) Measurement geometry: d/8 measurement geometry specified in CIE 15 is used for spectral 
reflectance measurement of materials which is insensitivity to various textures such as
clothing, wall coatings, metals, etc.;

2) Measurement bandwidth: according to the CIE 15:2018, it is recommended to use a 
spectrometer with a bandwidth below 5 nm, which also ensures accurate measurement of  
highly saturated colours;

3) Measurement range: the measurement instrument should have good sensitivity and stability 
across the entire range from black velvet with a reflectivity of about 0.3% to white textiles 
with a reflectivity close to 100%;

4) Software simulation and analysis functions: a measurement instrument is better to include 
features for analyzing colour differences of materials under different illuminants, as well as
simulating colour and other parameters.

5) Material colour management: the stability and repeatability of the instrument are also very 
important, and it is generally recommended to choose a spectrometer with a dual optical path 
design as it can effectively monitor and compensate for the light source fluctuation. 

Figure 8 shows a typical instrument with d/8 geometry. By considering these factors and selecting 
appropriate measurement equipment, accurate and reliable colour management can be achieved 
for materials used in cultural tourism lighting applications.
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Figure 8. EVERFINE HACA-3800 High Accuracy Colour Analyzer 

2.4 Practical analysis  
The dance-poem drama “The Journey of a Legendary Landscape Painting” presents a unique 
challenge in stage light design, aiming to achieve a “blue-green” effect. To support this design, 
the SPD of the stage lights can be measured using the EVERFINE integrating sphere system with 
HAAS-2000 spectroradiometer. The spectral reflectance and transmittance of materials can be 
measured by HACA-3800 High Accuracy Colour Analyzer. The tristimulus values X/Y/Z of the 
materials under any given light source with reflectance can be calculated using formula (1): 
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Where: 

- R(λ) is the spectral reflectance of the material 

- are the colour matching functions defined by CIE 1931 Chromaticity system 

-  is the spectral power distribution of the illuminating light source 

According to formula (2) tristimulus values X/Y/Z can be converted to CIE L*a*b* colour 
coordinates of the materials in the corresponding colour space. 

                                                                     
                                                                 

                                                        2  

In formula (2), Xn, Yn, Zn are the tristimulus values of perfect diffuse reflectors.  

The colour coordinates and simulated colours under different combinations of lights were 
calculated and simulated as shown in Figure 9. The colours of cyan, blue-green and green 
coatings under illuminant D65 are shown in first column. When illuminated by an illuminant A, all 
three colours shift towards yellow hue. When illuminated by a 5000K LED light source, the green 
colour changes minimally, while the blue colour shifts towards purple hue and the blue-green 
colour becomes closer to green. When illuminated by a single-colour LED light source with a 
typical wavelength of 560nm, due to the SPD overlap between illuminating light source and the 
material’s spectral reflectance with the bandwidth of light source being narrower than the spectral 
reflectance of the material, the reflected colour becomes closer to the colour of the light source. 
These results highlight the significant impact of the light source on the perceived colour of objects. 

As shown in Figure 10, the colour coordinates of the reflected colours may vary across quadrants 
in the L*a*b* colour coordinate system when different light sources illuminate typical colour 
coatings. Reflected colour becomes closer to the colour of the light source when illuminated by 
highly saturated single-colour light. 
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Figure 9. Colour effects of different combinations of light sources and materials 

 
Figure 10. Changes in colour coordinates of green coatings under different light sources 

In summary, the strategic use of light sources can greatly enhance the colour expression of 
clothing and effectively highlight the performance themes, ultimately achieving the desired "blue-
green" effect. 

3. FIELD MEASUREMENT FOR CULTURAL TOURISM LIGHTING  
On-site evaluating conditions for cultural tourism lighting are usually complex. It is recommended 
to use an imaging luminance & colour meter for accurate and efficient in field measurement. An 
imaging   luminance & colour meter allows for the capture of overall lighting effect images, 
enabling the analysis of colour variations, colour uniformity, chromatic aberration, and more. This 
capability proves especially valuable when dealing with multi-colour mixing light sources, as 
adjustments can be made promptly based on the measured results. 

In dark backgrounds commonly found in cultural tourism lighting scenarios, accurate colour 
measurement of lighting system in such environments requires the meter with high dynamic range 
and great linearity. In addition, in order to improve colour measurement accuracy, a 
spectroradiometer can be used for colour calibration. 

The EVERFINE ILC series imaging luminance Colourimeter features a high V(λ) matching 
accuracy and patented cooling technology to reach the test limit down to  0.0005 cd/m2. 
Additionally, it has a high dynamic range up to 108 and an ultra-high measurement repeatability, 
which ensures accurate measurement of luminance, chromaticity, and uniformity of field lighting. 
Furthermore, it is recommended to be used along the spectral radiance meter (e.g. EVERFINE 
SRC series), which can achieve colourimetric mismatch measurements. The test results of a 
spectral radiance emter can be imported into the software of an ILC imaging luminance 
colourimeter with a simple, enabling precise calibration of chromaticity and the accuracy of field 
colour measurements. The colour uniformity and luminance uniformity in the lighting scene can be 
easily measured and analyzed using the method described. 

 
Figure 11 EVERFINE ILC series Imaging Luminance Colourimeter  
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4. CONCLUSION 
In the design and selection phase of lighting for cultural tourism, by measuring and analyzing the 
various parameters of light sources and the light reflection and transmission performance of the 
materials, we can evaluate the lighting design effect more intuitively. This provides great 
convenience for various lighting applications. During the on-site evaluating phase, it becomes 
essential to accurately, quickly, and conveniently restore the colour and luminance of the lighting 
scene, to make timely adjustments for achieving the best lighting effect. An imaging luminance 
and colour meter is the suitable and convenient solution for on-site conformity measurement. 
Further by utilizing statistical analysis software, panoramic, regional, and key evaluation 
parameters can be quickly obtained. Digitized expression of colours for lighting scenes and 
objects can also improve the communication efficiency for engineering record and confirmation. 
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ABSTRACT 
As a green energy source, natural light has great significance for sustainable development.

The research, development and utilization of natural light have received more and more attention. 
Correct assessment of natural lighting in buildings is a key factor in the active use of natural light, 
while current natural lighting research is mainly based on static calculation assessment, without 
taking into account the highly dynamic of natural light and the influence of geographic differences 
on indoor lighting. Therefore, the proposal of Climate-based Daylight Modeling has put forward 
new requirements for the applicability application of natural lighting in buildings. This paper 
reviews the research results on Climate-based Daylight Modeling in the past ten years, sorts out
the research results from the three dimensions of "quantitative research", "simulation technology" 
and "measurement standard", summarizes the research progress of natural light based on 
Climate-based Daylight Modeling. The future development trend of natural lighting and some 
research problems that need to be solved have been proposed.

Keywords: Daylighting, Climate-Based Daylight Modeling, Daylight climate data, Sky brightness
model, Dynamic daylighting

1. INTRODUCTION
Since the energy crisis of the 1970s, the study, development, and utilization of daylight as a

green energy source to support human activities and physical health has received increasing 
attention. With the growing understanding of the health effects of daylight, numerous studies have 
shown that compared to artificial lighting environments, indoor spaces in daylight conditions not 
only allow for optimal visual effects, but also provide psychological comfort and pleasure. In 
recent years, more and more scholars have begun to study the correlation between daylighting 
quality and visual comfort [1-2], circadian rhythm [3] and non-visual factors [4].

Since the 1950s, Daylight Factor (DF) has been widely used as an objective evaluation 
indicator for building daylighting design. The DF takes the overcast sky condition as the boundary 
condition of building daylighting design, so that buildings can meet people's daylighting needs 
under the most unfavorable daylighting conditions [5]. However, daylight is dynamic and climatic, 
and the DF is computed only statically at a given point, without taking into account the effects of 
orientation, area, climate, and other factors. The DF does not accurately reflect the illumination 
level. Therefore, it is clear that traditional static daylighting evaluation methods cannot meet the 
need for more accurate daylighting analysis and better daylighting environments.

The emergence of Climate-Based Daylight Modeling (CBDM) is a significant progress in the 
field of daylighting research. It is a method of predicting various radiation amounts or light 
measurements by using solar and sky conditions from standardized annual weather data sets. 
CBDM can accurately predict absolute values (such as irradiance, illuminance, radiation, and 
brightness)[6]. The dynamic daylighting analysis technique based on CBDM takes into account 
time variables, sky conditions and local climate, which not only reflects the regional climate 
characteristics, but also allows for a more accurate assessment of the daylighting performance of 
buildings. Climate-based metrics, such as Useful Daylight Illuminance (UDI) and Daylight 
Autonomy (DA), have been proposed and gradually incorporated into design criteria. In the last 
decade, there has been positive progress in the study of daylighting in buildings based on CBDM. 
The emphasis on CBDM-based daylighting design research is crucial for a comprehensive 
understanding of the interplay between daylight, architecture, and people to create healthy and 
effective living spaces.
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2.  QUANTITATIVE STUDY OF DAYLIGHT
The CBDM relies heavily on accurate climate data. Climate data commonly include hourly 

solar irradiance, diffuse horizontal irradiance, and direct normal irradiance. These values can 
reflect the brightness distribution of the sun and sky at different times [7]. These values are fed 
into an accurate building simulation software to reconstruct a realistic model of the sky brightness 
distribution in successive hourly or sub-hourly steps. The comparison between the CBDM and 
CIE standard overcast sky options is shown in Fig.1. Thus, the fundamental study of CBDM 
includes the fields of daylight climate data and sky brightness models.

Figure 1. Comparison between CBDM and CIE standard overcast sky options

2.1 Research on daylight climate observation
In 1991, the WMO and the CIE established the IDMP. The project is to set up a series of 

ground stations around the world for the collection of daylight climate data. The establishment of 
IDMP can help researchers to understand and grasp the characteristics of daylight climate, and to 
conduct systematic studies of daylight availability around the world. Most of the IDMP 
observatories are located in the Northern Hemisphere, with the largest number, 19, located in 
Japan. In contrast, there are only three observatories in China: the Chongqing General 
Observation Station, the Beijing Research Observation Station, and the Hong Kong Research 
Observation Station [8]. 

Since its establishment in 1991, the observatory in Chongqing has been engaged in the 
study of daylight climate observation and has made positive progress. From 1991 to 1993, Zhang 
Qingwen [9] made continuous observation of Chongqing for two and a half years, and collected 
11 quantities of data such as solar radiation, illuminance and zenith brightness, which provided a 
scientific basis for the study of daylight climate in Chongqing. He Ying et al. [10] studied and 
analyzed the weather parameters that affected the sky brightness distribution. Combined with 
1min daylight climate data from the IDMP Chongqing Observatory, the reference sky was divided 
into six sky types, which laid the foundation for the study of the sky brightness distribution. Luo 
Tao et al. [11] used the IDMP Beijing observation station, combined with the self-developed 
spectral sky scan brightness meter, collected one-year data of sky illuminance distribution in 
Beijing, proposed the classification of sky brightness in the Beijing area. Then, based on the 
Matlab algorithm program, he obtained the law of the sky brightness distribution in the Beijing 
area, which provided data support for domestic daylight climate research. Hong Kong leads the 
research of the daylight climate in China. In 2003, Danny.H.W et al. [12] collected and processed 
the sky brightness data in Hong Kong for one year and obtained the distribution rule of the sky 
brightness in Hong Kong. Later, Edward et al. [13] conducted optimization research on the basis 
of Danny.H.W's research and proposed a "Hong Kong Representative Sky" (HKRS), which 
represented the real sky conditions in Hong Kong, and demonstrated that using this sky model 
gave better predictions of daylight availability and reduced errors by 20% to 40%.

2.2 Daylight climate data
The CBDM uses dynamic daylighting simulation techniques, and weather data has a direct 

impact on its results. The dynamic daylight simulation commonly uses the Perez All-Weather sky 
model, which mostly uses climate data of typical years in recent decades (IWEC/CSWD files, etc.) 
to generate sky brightness distribution, and then develops daylight simulation based on regional 
daylight climate. However, with the development of cities in recent years, the regional daylight 
climate is also changing, and the use of typical annual climate data can also form large errors [14].  
Meanwhile, the existing climate files take hourly step as the simulation, which to some extent also 
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has an impact on the simulation accuracy [15]. Therefore, in order to provide a more realistic 
external light environment for building daylight simulation and improve the simulation accuracy of  
daylighting in buildings, numerous researchers begin to explore which climate data is more 
accurate to be applied in local building lighting simulation, and try to apply measured data in 
building daylight simulation. 

The research achievement of Tianjin University "Regional Daylight-climate Information 
System Based on GIS" can obtain outdoor illumination value and sky brightness data by inputting 
measured solar radiation data of a place. The research and development of this system is a great 
enrichment of Chinese daylight climate data [16-17]. On this basis, Wang Shuyi et al. [18] based 
on the measured solar radiation data in Tianjin, compared the modified data of typical years with 
the measured daylight data through experimental simulation, and concluded a set of building 
daylighting simulation process based on DEST typical years. It has been tentatively demonstrated 
that the simulation time steps based on the DAYSIM climate files have an effect on the simulation 
accuracy. Sun Wenchao [19] based on one-year solar radiation data in Tianjin area, compared 
and analyzed different climate files including ChinaTMY2, DEST typical year and CSWD, founded 
that the DEST typical year was in better agreement with the measured data. After that, he revised 
the climate data for typical years on a month-by-month basis to get climate data for typical years 
that better reflect Tianjin's true daylight climate conditions.  

2.3 Sky brightness model 
The accuracy of daylighting simulation is extremely dependent on the sky brightness 

condition [20]. Therefore, the construction of accurate sky brightness models has been the goal of 
various researchers for a long time. Foreign studies of sky brightness models started earlier, with 
relatively complete studies since the 1940s. Currently, the CIE standard sky model, the Igavwa 
sky model and the Perez All-Weather sky model are widely used in the world. Ferraro [21] 
conducted a comparative study of different sky brightness models, and found that the CIE 
standard sky model can more accurately represent the true sky brightness. The study of Yuje Wu 
et al. [22] showed that the simulated value of indoor illuminance obtained by Perez All-Weather 
Sky Model was more than 300% different from the measured value. It has also been 
demonstrated that real sky conditions play an essential role in the accuracy of daylighting 
simulations. 

Kittler [23] proposed the standard sky brightness distribution theory in 1991 and determined 
15 sky brightness types. Bartzokas et al. [24] confirmed the applicability of the distribution 
frequencies of these 15 sky types in the application of daylight climate research. However, the sky 
brightness distribution is also influenced by additional factors, such as solar position, cloudiness, 
turbidity, the level of pollutants in the atmosphere and so on [25]. There are also significant 
differences in the distribution of sky brightness in regions with different climatic and geographical 
characteristics. Therefore, in order to calculate the brightness distribution accurately, it is 
necessary to determine the closest sky type at a given place and time based on regional daylight 
climate measurements. Zi Ying et al. [26] used a sky scanner to collect sky brightness data, 
determined the sky type which is closest to Harbin in winter by comparing the sky brightness data 
with 15 CIE standard skies. Bian Yu et al. [27] used a fisheye lens to continuously acquire sky 
images in South China for a lengthy period of time, obtained the distribution of sky brightness 
from the sky images, and analyzed the three types of standard sky with the most frequency in 
South China. Later, he obtained a model of the typical sky brightness distribution in South China 
by superimposing the linear components of the occurrence frequencies of these three standard 
skies. In addition, the simulation accuracy of building daylighting can be considerably improved by 
modifying the sky brightness model adopted in the simulation of the measured daylight climate 
data. Wang Hongzhen [28], by comparing the simulated data with the measured data, proved that 
the Perez All-Weather sky model modified by the real measured climate data had higher 
simulation accuracy. Wang Zhao [29] used the solar irradiance data measured by local 
meteorological stations to modify the Perez All-Weather sky model. 

3.  THE TECHNICAL APPLICATION OF CBDM 

     The proposal of CBDM has fundamentally changed the practice of daylighting in buildings. 
In 2006, Professor J.Mardaljevic from Loughborough University described CBDM in the annual 
conference of CIBSE: The assessment of the luminous conditions within the built environment 
that makes use of representative climate data to recreate realistic sky luminance distributions, at 
hourly or sub-hourly consecutive steps, by means of physically accurate lighting simulation tools. 
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3.1 Analysis and simulation of CBDM 
There are two principal analysis methods for CBDM: cumulative and time series. Cumulative 

methods can be used to predict microclimate and solar access in urban environments, long-term 
exposure of artworks to daylight, and quick assessment of seasonal daylight availability and/or 
solar shading at the early design stage. Du Jiangtao et al. [30] used climate data of Harbin, 
obtained the annual value of vertical sunshine illumination from 6 a.m. to 6 p.m. (hourly step) 
through the DAYSIM simulation, evaluated three typical urban layout, and completed a 
comprehensive analysis of daylighting potential. Time series analysis is used to assess, for 
example, the overall daylighting potential of a building, the occurrence of excessive or insufficient 
illumination, as an input to behavioral models for light switching and/or blind usage, and the 
potential of daylight responsive lighting controls to reduce building energy usage. Konis [31] 
developed a simulation tool that integrated multi-spectral lighting simulations of biological lighting 
effects into CBDM workflows, enabling automated hourly (or half-hourly) time series assessments 
on selected days throughout the year, which can be used to directly assess the daylighting 
performance of future projects during the design process. 

 Over the past 16 years, CBDM simulation technology has undergone a rapid development 
process. Radiance has been adopted as the primary CBDM simulation tool due to its precise 
computing capabilities, and has produced five CBDM simulation techniques: DAYSIM, 4-
Component method (4-CM), 2-phase method (2-PM), 3-phase method (3-PM) and 5-phase 
method (5-PM) [32]. Among them, DAYSIM, 3-PM and 5-PM are used more. In addition, 
simulation software tools such as ADELINE, Ecotect Analysis, DIVA, Rhinoceros-based Ladybug 
and Energy Plus, DALI are also widely used and still under development. 

3.2 Application research of CBDM 
As the foundation of daylight simulation matures, there is a growing demand for CBDM to 

address increasingly challenging applications. In order to improve the quality and efficiency of 
daylighting, Jun Wang et al. [33] used three different simulation techniques:  Daylight Coefficient 
method(DC), 3-PM and 5-PM, and two kinds of weather data: TMY data and actual measured 
weather data, simulated the CBDM of 400 apartments in 8 residential buildings for a whole year, 
and derived various metrics associated with CBDM, and founded that a flat with an average 
sDA300/50% above 66% and a maximum average daylight illuminance above 5 624 lx, to provide 
acceptable daylight quality for typical residential buildings in Hong Kong. Mahsan Mohsenin et al. 
[34] took the climate zone three of the United States as the climate background and adopted 
CBDM as the evaluation strategy to evaluate and optimize the types and proportions of atrium. 
Jiafeng Fang et al. [35] used the 5-PM to compare the annual daylight performance and glare 
levels of the three CFSs with dynamic metal louvers, dynamic micro-prism film louvers and micro-
prism film, and analyzed the control strategy of dynamic micro-prism film louvers in south-facing 
offices to reduce the glare incidence in spaces near windows. 

Based on CBDM, related researchers have further explored improving the comfort of the light 
environment. Lars Oliver Grobe [36] proposed an image generation method for visual comfort 
assessment, which only required two computational steps to achieve accurate image synthesis 
for visual comfort assessment, achieving an accuracy equivalent to 5-PM. Ali Omidi et al. [37] 
conducted quantitative analysis of CBDM metric on Orosi window elements, and concluded that 
glass color played the most effective role in visual comfort. With the rapid development of non-
visual research, CBDM has received increasing attention in the field of non-visual research. Konis 
[38] developed procedures using annual, climate-based daylight modeling of eye-level light 
exposures to analyze and map indoor environments in regard to spatial and seasonal changes in 
the availability of a circadian-effective daylight stimulus.  

In addition, CBDM makes it possible to assess long-term daylight conditions and facilitates 
integration with other building performance analysis, such as energy consumption assessment 
from the same weather data. Esquivias et al. [39] used the DC to analyze the effect of fixed 
shading devices on the lighting of an open-plan office, and showed that excessive obstruction 
may increase lighting energy consumption. Tsikra et al. [40] took a primary school in C climate 
zone of Greece as an example, simulated its energy consumption and daylighting by using 
simulation software, and founded that inappropriate orientation and shading facilities had a great 
impact on energy consumption and lighting quality. 

4.  CLIMATE-BASED DAYLIGHT METRICS 
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4.1 Dynamic daylight evaluation system 
The daylighting performance metric is a standard for measuring the daylighting performance 

of buildings. The daylighting performance metric based on CBDM can simulate the illumination 
value of each point in the space at different time periods, also known as dynamic daylight metric. 
In contrast to static daylighting metrics, dynamic daylighting metrics provide a better 
understanding of the changing process of daylight in the interior space of buildings.  As a result, 
dynamic daylighting metrics are more complicated. 

Since the late 1990s, researchers have proposed different daylight measurement methods 
for CBDM. Unlike DF, time is an essential parameter in the daylight metric of CBDM. Its essence 
is to calculate the proportion of time during the whole year when the room can only rely on 
daylight. Since 2010, in order to investigate the reliability of these daylight metrics in evaluating 
architectural daylighting, researchers have investigated these metrics to understand their potential 
ability to describe a building's lighting design as excellent, poor or moderate. At present, some 
green building evaluation standards, such as LEED v4, CABSEE, and Green Building Evaluation 
Standard (GB/T 50378-2019), not only put forward more strict requirements on DF, but also add 
daylight metrics of CBDM to evaluate the building daylighting, such as DA and UDI. Meanwhile, 
the IESNA issued the IES LM-83-12 standard in 2013. This standard mainly regulated building 
daylighting through Spatial Daylight Autonomy(sDA) and Annual Sunlight Exposure (ASE) [41]. 
These are the most common climate-based daylight metrics shown in Table 1, which have been 
inserted into most simulation tools since their introduction in the building guidelines. However, 
there are many additional metrics that have been proposed as daylight performance metrics and 
calculated from the data produced by CBDM evaluations. Some of these metrics include: Daylight 
Saturation (DS), Lighting Dependency (LD), Daylight Excess(DE) and so on. 

Although the daylight metrics of CBDM has not yet formed a unified evaluation standard, it 
has played an increasingly significant role in daylighting design and applications. After a gradual 
change from research to practice, it was gradually used by researchers and designers to achieve 
the goal of favorable daylight environments. 

 
Table 1. the most common climate-based daylight metrics 

Indices   Definition  Range

 

 

Useful daylight illuminance(UDI)  

Percentage of occupied hours where the 
illuminance level falls into certain ranges. It 
is calculated at each sensor point and then 
averaged over the working plane. The sum 
of all UDI results has to add up to 100% 
for the same space.

 0 100 lx : UDI-n for non-sufficient, 

• 100–300 lx : UDI-s for supplementary 

• 300–3000 lx : UDI-a for autonomous 

• over 3000 lx : UDI-x for exceeded 
 
 
 
Daylight Autonomy (DA) 

Percentage of occupied hours where the 
illuminance level is higher than a certain 
threshold (300 lx here) for each of the sen-
sor points. The final value is the average 
between all sensor points. 

 Fully daylit: DA150lx[50%] 

 Partially daylit: DA300lx[50%] 

 Overlit: DA3000lx[5%] 

 
Spatial Daylight Autonomy(sDA) The percentage of a space that receives a 

minimum target illuminance of 300 lx for at 
least 50% of the annual occupied hours.

 >55% acceptance 

 >75% preference

 
Continuous Daylight Autonomy(cDA) As a basic modification of DA. cDA awards 

partial credit in a linear fashion to values 
below the user defined threshold.

 

Annual Sunlight Exposure (ASE) 
Represents the portion of the working 
plane where the sensor points recorded 
illuminances higher than 1 000 lx for more 
than 250 occupied hours. 

  <10% acceptance 

  <7% neutrality 

  <3% preference

 
Total Annual Illumination (TAI) 

The sum of the illuminance recorded at 
every sensor point, for every occupied 
hour. The results are then averaged over 
the working plane. 

 

 

4.2 Application Research on climate-based daylight metrics 
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Numerous researchers have discussed climate-based daylight metrics to validate its 
plausibility and applicability. Bian Yu et al. [42] used DF, DA and UDI indicators in four different 
elevations, different window wall ratios and shade sizes in a study of a side window lighting 
classroom in Guangzhou, and founded that DA and UDI were more reasonable than DF. Wu Wei 
et al. [43] discussed the applicability of UDI in-depth, simulated and concluded the characteristics 
of UDI by taking the DF as the contrast.  

As the climate-based daylight metric has been intensively studied, relevant researchers have 
applied it to the study of optimizing daylighting in buildings. Huang Y et al. [44] carried out daylight 
simulation for buildings with double atriums through the DAYSIM, evaluated the results using two 
metrics: DA and UDI, and founded that the larger the atrium area, the better the lighting effect. 
Man gkuto et al. [45] discussed and analyzed the influence of various daylight metrics and lighting 
energy consumption on the window-to-wall ratio, wall reflection coefficient and window orientation 
of buildings under tropical climate conditions, and founded that the window-to-wall ratio had the 
greatest influence, while the building orientation had the least. Shan Rudai et al. [46] studied the 
daylighting design scheme for office space in Shenyang area with UDI as an indicator, through 
parametric modeling using a lighting simulation plug-in based on Radiance simulation. Xiang 
Luyao et al. [47] studied the characteristics of the light environment of the reading space by using 
the year-round dynamic light environment simulation method in combination with the amount of 
lighting and UDI. Bian Yu et al. [48] extended the application objects of sDA and ASE to the 
building group or urban design, and proposed the optimization design method of spatial layout of 
the building group to improve the overall daylighting and visual comfort level of the teaching 
building. 

Climate-based daylight metrics are still in development, and more daylighting performance 
metrics have been proposed. Xin Zhang et al. [49] proposed an index of the "poor utilization time 
ratio" of daylight for each column of desks. Its essence is also the dynamical daylighting 
evaluation of space-time level subdivisions. Sudan et al. [50] applied the CBDM approach to 
building assessment for evaluating indoor daylighting. It is a new daylighting performance metric 
for atrium spaces to account for both direct and diffuse components. T Dogan et al. [51] proposed 
a new climate-based analysis framework for cold and temperate climates, called residential 
daylight score (RDS), which aims to capture the basic characteristics of residential daylight. 

5.  SUMMARY 
The theoretical basis and practical application of natural lighting in buildings is undergoing a 

fundamental re-evaluation [6]. The rapid development of CBDM has led to more accurate 
analytical methods and more realistic daylighting assessments as the basis for a new generation 
of daylighting guidelines. The research and application of daylighting in buildings is gradually 
shifting from traditional static daylighting to CBDM-based dynamic daylighting analysis models. Its 
application is gradually expanding from daylighting efficiency, visual comfort, shading system etc. 
to non-visual effects, complex fenestration systems, thermal comfort and new daylighting 
evaluation and analysis, which is more and more widely used. This paper reviews the research 
results on Climate-based Daylight Modeling at home and abroad in the past ten years, sorts out 
the research results from the three aspects of "quantitative research", "simulation technology" and 
"metric standard". Basic studies should discuss each aspect in-depth to provide a theoretical 
basis for the effective design of daylighting in buildings.  

However, the research and application of CBDM in China is still in its infancy due to the lack 
of daylight climate data, the absence of consensus on climate-based daylighting metrics, and the 
complexity of computation and simulation. Currently, the research trend of daylighting is moving 
towards human-oriented, healthy, and energy-efficient. An in-depth study of CBDM is not only 
important for creating a healthy and pleasant light environment and better achieving energy 
conservation and emission reduction, but can also provide a foundation and guidance for the 
design and application of daylighting in buildings. At the same time, these theories and 
techniques can also provide the basis and guidelines for the design and application of daylighting 
in buildings, as well as the theoretical basis and application reference for the future large-scale 
construction of healthy, low-energy buildings. 
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GRAYSCALE-LUMINANCE CONVERTING POLYNOMIAL 
FUNCTION FOR EVALUATING INDICATORS OF SPATIAL 

LUMINANCE DISTRIBUTION VIA DIGITAL IMAGES: A PILOT 
STUDY IN LOW-CONTRAST LIT SPACE 

Peng Chen1,2, Lixiong Wang1,2, Aiying Wang1,2, *, Juan Yu1,2, Yuting Wu1,2 
1 School of Architecture, Tianjin University, Tianjin, China; 

2 Tianjin Key Laboratory of Architectural Physics and Environmental Technology, Tianjin, China 

ABSTRACT 
Spatial luminance coefficient (Feu) and average luminance (Lav) can help improve the quality of 
lighting design by regulating the spatial luminance distribution from subjective and objective 
perspectives respectively. However, existing methods do not support the evaluation of Feu and 
Lav during the design survey due to the difficulty of carrying professional equipment or the time-
consuming calibration process. This paper proposes a grayscale-luminance converting 
polynomial function to measure or calculate the two indicators via digital images obtained from 
mobile devices or lighting simulation software. By creating a new parameter Nallow to control the 
polynomial order, the number of measurement points required for calibration is minimised to nine, 
significantly reducing the workload. Three different categories of low-contrast working conditions 
with luminance ratios less than 100 and luminance less than 1000 cd/m2 were set, namely an 
actual scene, simulated scenes, and experimental scenes. A piecewise function of Nallow values 
determined by the luminance ratio was constructed, then validated and calibrated with data from 
20 working conditions. The piecewise function was determined by the criterion that the error of 
Feu or Lav obtained from the polynomial function fitting should be less than 10%. A test scene was 
set to verify the accuracy of the polynomial function, and the results show that the calculation 
error for Feu is 1.1% and for Lav is 0.2%, with lower errors than conventional exponential function 
fitting results. The proposed polynomial function provides designers with a simple but accurate 
path for evaluating spatial luminance distribution and supports diverse needs for on-site 
measurement and simulation calculation. 

Keywords: luminance distribution; spatial luminance coefficient Feu; polynomial function 

1. INTRODUCTION
The luminance distribution is closely related to peoples' perception of indoor environments,

such as their sense of space and distance.[1, 2] An appropriate luminance distribution can make 
space more interesting, highlight visual focus, and reduce unnecessary light distribution to save 
energy. Compared to evaluation via illuminance, the evaluation of indoor lighting design via the 
luminance distribution is more conducive to improving the design quality. 

1.1 Indicators of spatial luminance distribution 
The average luminance, Lav, is an objective indicator by which to evaluate the overall 

luminance of a space, but it does not reflect the perceived brightness.  

Iwai et al.[3] proposed the spatial luminance coefficient, Feu, which evaluates spatial 
luminance based on the geometric mean luminance of discrete measurement points in space and 
expresses peoples' subjective perceptions of luminance via a single value. Feu has been applied 
by Panasonic Corporation in the lighting design of residential buildings, public buildings, roads, 
etc., [3, 4]. Feu is defined as shown in Equation (1): 

mn
m

i

n

j ijLLg

LgFeu

1 1

7.05.1
(1) 

where Lg is the geometric mean luminance of grid points within the visual field of 85° vertical 
and 100° horizontal. A zone with a luminance greater than 1000 cd/m2 is treated as a light source 
that contributes little to brightness perception, so it is excluded from the calculation. 
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1.2 Calculation and measurement method of Feu  L  

Iguchi et al.[5] proposed that in real space, Feu can be measured via a calibrated camera or 
imaging luminance meter. In virtual space, Feu can be calculated by the radiosity algorithm. 
However, shortcomings of this method are the cumbersome work of the collection of luminance 
via measurement points, as well as the high cost and poor portability of the equipment. In addition, 
lighting software familiar to designers (e.g. DIALux evo) does not support Feu calculation   

By fitting the grayscale-luminance function via the grayscale-luminance data of a small number 
of pixels on a digital image, the actual luminance, L, of each point in space can be extracted from 
the pixel grayscale D. This is a relatively convenient way to calculate or measure Feu and Lav. 
Under ideal conditions, D and L have an exponential relationship[6], as shown in Equation (2):  

 DaaL 21  
(2) 

where a1 and a2 are parameters related to digital imaging equipment and are obtained through 
calibration. 

In practice, the grayscale-luminance curve of a digital image may not be well fitted to an 
exponential function due to the limitations of the response range of the digital imaging equipment. 
A variety of grayscale-luminance functions have been proposed, such as linear model[7], 
polynomial model[8, 9], and hybrid model[10]. These studies prove the applicability of digital 
images in the luminance distribution analysis within low contrast (<100) lit space. A relationship 
between luminance range and model form can also be observed. However, this method still 
cannot support the evaluation of Feu and Lav in the design stage well. This is because the 
mathematical model is linked to specific devices, and a large amount of measurement point data 
is still needed in calibration, which results in the inconvenience of on-site surveys. 

This paper proposes a new grayscale-luminance polynomial function model to obtain accurate 
values of Feu and Lav from digital images. The key parameter Nallow and the piecewise function of 
Nallow determined by the luminance ratio also be proposed. Based on the grayscale-luminance 
data of at least nine measurement points, the model maintains the errors of Feu and Lav within 
10%. The proposed method reduces equipment requirements and does not require the calibration 
of equipment in advance, thereby making it easier to evaluate the luminance distribution in indoor 
lighting design. 

2. METHODS 

2.1 Grayscale-luminance polynomial function 
The pixel grayscale, D, and actual luminance, L, are extracted from measurement points on a 

digital image. Excluding measurement points with luminance greater than 1000 cd/m2, the 
luminance and grayscale data set of the remaining measurement points are respectively recorded 
as L = {L1, L2, ... Lk} and D = {D1, D2, ... Dk}. The grayscale-luminance data set is recorded as S = 
{L, D}, and participates in the polynomial function fitting. Considering the greater the number of 
polynomial function terms, the more measurement points are required, the acceptability index 
Nallow is proposed to control the number of polynomial terms within two or three and the number of 
measurement points to nine. The function can be expressed as Equation (3). In the function, a1×D 
fits the linear component of the grayscale-luminance relationship, while (a2×D)N fits the non-linear 
component.  
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)1(

)1(                   
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 (3) 

Parameters a0, a1, and a2 are positive numbers to be fitted. Nallow was defined as a positive 
integer, which is the minimum value of the degree of the polynomial function that can ensure both 
errors of Feu and Lav are less than 10%. Nallow is determined by luminance distribution in S. 
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2.2 Value function of Nallow

2.2.1 Case scenes

Twenty working conditions were selected to determine fexp(S). Each working condition had a 
different distribution of S = {L, D}, which can be described by the following indicators.

Linear correlation R: This determines whether the grayscale and the luminance have a
linear relationship. It is numerically equal to Pearson’s correlation coefficient between D
and L.
Maximum luminance, Lmax, and minimum luminance, Lmin: The maximum and minimum
values of L describe the absolute severity of the luminance change in space.
Average luminance, Lav’: The average L, which describes the overall luminance level.
Luminance ratio, C: This is the ratio of Lmax to Lmin, which reflects the relative severity of
the luminance change in space.

According to previous research, the luminance ratio in the field of view of the lighting space 
that satisfies the comfort standard generally does not exceed 50:1, and the maximum ratio does 
not exceed 100:1.[11] To cover a variety of luminance distribution possibilities in lighting design, 
within the luminance ratio range limited by visual comfort, the working conditions were set as the 
following three categories: actual scene, simulated scenes, and experimental scenes, as shown in 
Figure 1. The actual scene was in a shopping mall, which represents a typical high-illuminance
and high-luminance lighting environment. For the simulated scenes, DIALux evo was used to 
simulate various possible lighting conditions in conventional office spaces. The experimental 
scenes were characterised by working surface lighting.

Figure 1. Images, names, and grid divisions of 20 working conditions.

2.2.2 Analysis procedure

To determine fexp(S), the following steps were applied in the 20 working conditions.

(1) Image acquisition. Photos of real spaces or rendered images of digital models were taken,
and the field of view was extracted according to the measurement requirement of Feu. iPhone 7 
Plus was used in this study in real spaces.

(2) Grayscale sampling. A uniform rectangular grid was overlaid on the image via Photoshop, 
and the intersection points of the grid were recorded as measurement points. For actual scenes, 
the dimension of grid was 4 4, the simulated scenes were 3 4, and the experimental scenes
were 2 2, according to the actual areas of the fields of view (Figure 1). The straw tool (11×11
average) in Photoshop was used to absorb the RGB value of the measurement points, after which
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the grayscale D of each point was calculated by the conversion algorithm recommended by the 
BT.601 standard[12] (Grayscale = R × 0.299 + G × 0.587 + B × 0.114). 

(3) Luminance sampling. A handheld luminance meter (Konica Minolta LS-100 in this study) 
was used to measure the luminance, L, of each measurement point in real space. The luminance 
values at the positions of the measurement points in DIALux evo were also read. 

(4) Model fitting. To determine the value function fexp(S), Equation (3) was fitted under N = 1 to 
15 in 20 working conditions. Then, the variations of the errors of Feu and Lav with N for each 
scene were analysed.  

The fitting was conducted by the scipy Python module. When N > 1, the function should be 
fitted by scipy.optimize.curve_fit, and the bounds parameter is as described in Equation (4): 

 

)max(argmax2

)max(argmax1

min0

/0

/0
0

L
N

L

DLa

DLa
La

 

(4) 

where Lmin is the lowest value of L, Lmin is the highest value of L, and Dargmax(L) is the grayscale 
value of the measurement point corresponding to Lmax. 

When N = 1, the function should be fitted by scipy.optimize.leastsq, and the residual function 
should be set as the relative error. 

The errors of Feu and Lav were analysed separately to determine the accuracy and feasibility 
of the polynomial function when fitting was completed. The value function of Nallow was obtained 
via the analysis of the relationship between the grayscale-luminance distributions in S and Nallow. 

2.3 Feasibility validation of the polynomial function 
To test whether this model satisfies the need for the accurate calculation of Feu and Lav, a test 

scene with a relatively severe luminance distribution gradient was constructed based on an 
experimental scene. 

The test scene included a working condition in which only the desk lamp was turned on (the 
maximum value of C in the experimental scene). An 8×8 grid was arranged, and the luminance 
distribution of the 81 grid intersections is presented in Figure 2. After excluding the point with 
luminance greater than 1000 cd/m2 (the origin), the reference values of Feu and Lav were 
measured from the luminance values of the remaining 80 grid intersections, which were 
considered as the true values in the test scene. 

 
Figure 2. (a) Field of view, 8×8 grid (red lines), and measurement points (blue squares) for fitting, (b) 
luminance distribution at grid intersections after excluding luminance >1000 cd/m2, and (e) luminance 

distribution of 9 points for fitting of test scene. 

The {L, D} values of 2×2 grid intersections (marked by blue squares in Figure 2) were fitted in 
Python to find the values of Nallow, a0, a1, a2, and the polynomial function. Then Feu and Lav values 
were measured by the grayscale values of the 80 intersections (luminance >1000 cd/m2 excluded) 
and the polynomial function, which is referred to as the fitted value. The relative error between the 
fitted value and the reference value was used to verify the feasibility of the polynomial function 
(the exponential function in Equation (2) was used for parallel comparison). 

The Lmax value of the measurement points used for fitting was 17.33 cd/m2, the Lmin value was 
0.48 cd/m2, C was 36.03, Lav’ was 4.92 cd/m2, and R was 0.9514. 
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3. RESULTS 

3.1 Changing rules and Influencing factors of Nallow 

Fifteen polynomial functions (N = 1 to 15) were fitted for each working condition. Eighteen 
working conditions were fitted finally, except for ss1 and es4. The inspection of the data revealed 
that the edge measurement point of the former and the central measurement point of the latter 
were placed at a boundary between light and shade, resulting in high errors of luminance and 
grayscale, as well as the failure of polynomial function fitting. For further analysis, the N when Feu 
reaches the minimum error is defined as NFeu, and the N when Lav reaches the minimum error is 
defined as NLav. The minimum errors of Feu and Lav are respectively defined as eFeu and eLav.  

The R for 18 working conditions was  0.7940. When the polynomial function was determined 
by N = NFeu, the eFeu was between 0.01% and 2.08%. when the polynomial function was 
determined by NLav, the eLav was between 0.00% and 1.14%, and the error of 67% of the working 
conditions was less than 0.01%. 

Figure 3 exhibits the relationships among NFeu, NLav, and Nallow in the 18 working conditions. 
There were 6 cases each where NFeu was greater than, less than, or equal to NLav. Although an 
optimal N existed, an N satisfying the minimum errors of both Feu and Lav could not be found. 
This demonstrates why Nallow is needed to maintain the errors of Feu and Lav within an acceptable 
range. In 12 cases, the value of Nallow was between those of NFeu and NLav, and in 6 cases, the 
value of Nallow was lower than those of NFeu and NLav. Except for ss8 and es9, Nallow exhibited a 
similar change pattern as NFeu and NLav, indicating that the uniform fitting of Feu and Lav with Nallow 
can achieve high accuracy. 
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Figure 3. The values of NFeu, NLav, and Nallow in the 18 working conditions. 

Table 1 reports the relationships between Nallow, NFeu, NLav, eFeu, and the distribution indicators 
of S = {L, D}, including Lmax, C, and R. Because it was unknown whether Nallow has a linear or 
nonlinear relationship with other parameters, both Spearman and Pearson correlation analyses 
were conducted.  

Table 1. The correlation analysis results of N, errors, and the distribution indicators of S = {L, D}. Only 
statistically significant coefficients are reported. 

 Spearman analysis Pearson analysis 
Nallow eFeu NFeu NLav Nallow eFeu NFeu NLav 

Lmax Correlation .563* - - .774** .562* - - .563* 
Sig. (2-tailed) 0.015 - - 0.000 0.015 - - 0.015 

C Correlation .826** .724** - .722** .864** .697** - .617** 
Sig. (2-tailed) 0.000 0.001 - 0.001 0.000 0.001 - 0.006 

R Correlation -.650** - -.713** -.572* -.789** - - - 
Sig. (2-tailed) 0.003 - 0.001 0.013 0.000 - - - 

The Pearson analysis results reveal the following:  

 Nallow was significantly related to Lmax, C, and R; 
 eFeu was significantly related to C; 
 NLav was significantly related to Lmax and C. 

In addition, the Spearman analysis results demonstrated that NFeu and NLav were significantly 
related to R. 
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3.2 Piecewise function of Nallow 
The correlation analysis results revealed that Nallow had the strongest relationships with C and 

R. Therefore, the Nallow value function was obtained by multiple linear regression in SPSS: 

 RCN 916.703.0632.8allow  (5) 

where C is the luminance ratio and R is the linear correlation of {L, D}. 

Because R is always less than 1, and because the range of R in this paper is 0.8 to 1.0, 
Equation (5) can be simplified as Equation (6):  

 bCN 03.0allow  (6) 

where b is a constant in the range of 0.716 to 2.299. 

Nallow is defined as an integer, so it is necessary to modify the linear function to a piecewise 
function. Considering that there was no case in which Nallow was higher than NFeu and NLav, the 
increase of Nallow by 1 or 2 can still satisfy the errors of both Feu and Lav being maintained as less 
than 10%. Therefore, a piecewise function was produced by drawing an envelope curve on the 
Nallow-C figure.  

Based on the minimum difference between the piecewise function and the actual Nallow, 
multiple envelope lines were compared and selected within the range of b=0.716 to b=2.299. 
Then the envelope curve produced by the actual Nallow value was determined as the piecewise 
function, as shown in Figure 4. After the exclusion of measurement points with luminance >1000 
cd/m2, the luminance ratio in the scene was generally <100. Therefore, the independent variable 
range of the piecewise function was set to 1 to 100. However, due to the limit of the experimental 
conditions, there was only one case in which C was in the range of 60 to 100 (C = 87.1). When C 
was in the interval (87.1-100], Nallow was temporarily estimated to be 5. Moreover, the piecewise 
function for the case in which C > 87.1 requires determination in further research.  
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Figure 4. The piecewise function of Nallow and C. 

3.3 Feasibility of the polynomial function 
The luminance ratio of the test scene was C = 36.0, so the value of Nallow was 3 according to 

Figure 4. The polynomial function was then fitted by Equation (3), and the result was as follows in 
Equation (7): 

 3009974.03044.01233.0 DDL  (7) 
Moreover, the exponential function fitted by Equation (2) was as follows in Equation (8): 

 DL 017.16097.0  (8) 
According to the grayscale D of the 80 grid intersections, Feu and Lav were respectively 

measured by Equations (7) and (8), and the results were as follows:  

 The reference values were Feu = 3.54 and Lav = 5.50; 
 The values measured by Equation (7) were Feu = 3.58 and Lav = 5.49; 
 The values measured by Equation (8) were Feu = 3.49 and Lav = 6.12; 

Furthermore, the error of Lav = 0.2% (polynomial function) < 10% (acceptable error) < 11.3% 
(exponential function); the error of Feu = 1.1% (polynomial function) < 1.4% (exponential function) 
< 10% (acceptable error). 
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In summary, when the luminance ratio is less than 100 and high-luminance light sources 
above 1000 cd/m2 are excluded, the grayscale-luminance polynomial function fitted by 9 
measurement points can produce values of Feu and Lav whose errors are within 10%, which 
meets the requirements for engineering application. Compared with the error of the exponential 
function, the error of Feu determined by the polynomial function was roughly the same, while the 
error of Lav was significantly lower. 

4. DISCUSSION 

4.1 Accuracy of the fitting method  
In this paper, 9, 20, or 25 points were used for fitting. The increase in the number of 

measurement points may have the following two effects on the fitting: the coverage of the 
luminance range becomes more comprehensive, which can reduce the error; moreover, the 
possibility of over-fitting increases, which may reduce the predictive ability of the function and 
increase the error. For the polynomial function, Lav error may decrease and Feu error may 
increase when more points are sampled. As a result, considering both convenience and accuracy, 
the calibration of nine measurement points is the best choice, and setting the dynamic residual 
function according to the luminance distribution may be an effective way to further improve the 
accuracy of the polynomial function. 

4.2 Error sources and correction methods of calibration 
The design of the calibration process avoids errors as much as possible, including effects of 

aperture and shutter, the vignetting effect, noise and misalignment mentioned by Wüller et al.[13] 
However, there remain two working conditions whose data cannot support function fitting. For es4, 
the luminance at the centre of the grid was found to be abnormally high. For ss1, the location of 
the abnormal measurement point is not illuminated and is rendered as a black line. The problems 
of ss1 and es4 indicate that to increase the fitting accuracy, when overlaying a grid on a scene 
image, the intersection point should be located at a position where the luminance changes gently. 

4.3 Directions to improve this research 
This study provided a new method for the evaluation of Feu and Lav, which was validated in a 

narrow luminance range (luminance ratio < 100 and luminance < 1000 cd/m2). This range well 
covers the dynamic range of conventional indoor artificial lighting (50:1) which ensures visual 
comfort, and is also applicable to the upper ratio (100:1). However, it remains necessary to 
explore methods by which to expand the application scope from the aspects of luminance and the 
luminance ratio to meet the new trend of diversified luminance distributions in lighting design. 
Specifically, it will be necessary to include surface light sources with luminance >1000 cd/m2 in 
the brightness perception evaluation. Currently, Nallow is estimated as 5 when the luminance ratio 
is in the interval [87.1, 100]. In future research, more grayscale-luminance data within this range 
will be supplemented to complete the value function of Nallow.  

The calibration of HDR images is a way to expand the proposed method to more highly 
dynamic scenes with mixed artificial lighting and daylighting. Though HDR is considered a 
convenient and accurate technology, there remains a debate about the feasibility of using mobile 
devices to capture HDR images[14]. In addition, Newsham et al.[15] proposed that in common 
low-dynamic lighting spaces, the realism of HDR is not stronger than that of traditional images. To 
determine the best technology, the advantages and disadvantages in terms of the accuracy, 
convenience, and image realism will be compared between HDR captured by a mobile device and 
traditional image captured by the proposed method. 

5. CONCLUSION 
This paper proposed a grayscale-luminance polynomial function model and method for the 

production of Feu and Lav values from digital images. The polynomial function is applicable to 
lighting scenes with a luminance ratio of less than 100 and a luminance of light sources of less 
than 1000 cd/m2, and maintains the errors within 10%. The key parameter Nallow of the function is 
significantly related to the luminance ratio and linear correlation. The results of the test scene 
revealed that the use of nine measurement points can produce an accurate grayscale-luminance 
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function, the Feu error of which is equivalent to that of the exponential function, and the Lav error 
of which is less than that of the exponential function.  

The proposed method uses the grayscale and luminance data of measurement points 
obtained from a captured or simulated image of a lighting environment to measure or calculate 
Feu and Lav, which does not require prior calibration and reduces the need for professional 
equipment. This simplifies the operation, and can yield images that are suitable for both the 
evaluation of the luminance distribution and the user’s preference.  

In future research, brightness perception evaluation will be expanded to luminance over 1000 
cd/m2. The piecewise function at the luminance ratio range of 60 to 100 has yet to be completed. 
And the proposed method will be compared with an HDR luminance map.  
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RESEARCH ON CROSS-MEDIA PERCEPTION OF CITY NIGHT 
IMAGE THROUGH A COGNITIVE MODEL 

Xiaoxi Liu, Tianke He, Bowen Yang, Yifei Li 

(School of Film and Cinematic Arts, Communication University of China, Beijing, China)

ABSTRACT 
"City night image" refers to the impression of a city's characteristics as perceived by a wide 

audience at night. It is a distinct aspect of the city's overall image and differs greatly from its 
daytime counterpart. The construction of a city night image relies on both physical nightscape 
environment and various media environments, resulting in a comprehensive effect. This paper  
draws on research concepts from user consumption behavior models, such as the AIDMA 
model  ( Attention,  Interest,  Desire,  Memory,  Action model ) and AISAS model  (Attention, 
Interest, Search, Action, Share model ), to conduct interviews and questionnaire surveys. Starting 
from the coupling effect between the physical nightscape environment and media environment in 
the process of city image construction, this paper analyzes the cognitive model of city night image 
and how the image generation of physical space and the information reconstruction of media 
environment influence the construction of city night image from a cross-media perspective. Finally, 
this paper proposes lighting environment design strategies to enhance the city night image 
according to the cognitive model.

Keywords: City night image, Cognitive model, Nightscape, Media environments 

1. INTRODUCTION
In both strategic city planning and city marketing, a fundamental starting point is to evaluate

the image of the city itself [1]. Kotler et al. define the image of a place as ‘‘the sum of beliefs, 
ideals, and impressions people have toward a certain place’’ [2]. In other words, the image of a 
place is also a complexity of cognitive and affective elements. "City night image" as part of the 
image of a place, refers to the sum of beliefs and ideals which represent the affective elements,
as well as the impressions of the city’s characteristics represent the cognitive elements, as 
formed by the wide audience at night. The night image represents a large pieces of information 
related to a place at night, and is a cognitive product of the attempt to process large amounts of 
information, which the contents include on both physical nightscapes environment as well as 
various media environment.

Lynch, an influential American urban planner and author, maintains [3] there seems to be a 
public image of any given city which is the overlap of many individual images, or perhaps there is 
a series of public images each held by some significant number of citizens. Such images, with 
some content that is rarely or never communicated, limited by the one-way communication mode 
by the traditional media. As Habib stated [4], the role of time, commence of day and night and its 
effect on perception and legibility of the environment have not been investigated deeply, although 
time effects the level and the way of perception and legibility and it should be noted that there is 
clear difference between human perception and space legibility during day and night, which led 
study the city night image from a cross-media perspective under the background of the Internet 
era is meaningful. However, an insufficient capacity to account for the complexity of night image 
has not hindered the global expansion of the urban nightscapes renewal based on expanding 
nightlife. By engaging with the cross-media communication as integral to the process of city night 
image construction, new conceptual trajectories could be proposed that point the way towards a 
more effective framework for understanding the complexity system of city night image cognitive 
model.  

The purpose of this study is to improve the city night image by enhancing the lighting 
environment according to the cognitive model of the city night image. This approach provides a 
vantage point to introspect current approaches to design environmental lighting from the 
perspective of shaping the city night image. 

PT-67

P.637



14th Asia Lighting Conference (Tokyo, Japan)

2

2. SURVEYS
To investigate the impact of city night image construction on both physical and media 

environments, a combination of interviews and questionnaire surveys were conducted. A total of 
42 students from Communication University of China participated in the survey, with 12 of them 
being selected for follow-up interviews.

Respondents were asked to answer seven questions in the questionnaire, which included two 
multiple-choice questions: "How familiar are you with the nightscape of Beijing?" and "Have you 
been to Tokyo before?"; and two fill-in-the-blank questions: "What percentage of the physical 
nightscape environment contributes to night image of Beijing in your opinion?" and ""What 
percentage of the physical nightscape environment contributes to night image of Tokyo in your 
opinion?". Additionally, three open-ended questions were included: "In your professional opinion, 
what are the major approaches and ways for constructing a city night image?", "What are the key 
descriptive terms for the night image of Beijing in your opinion?", and "What are the key 
descriptive terms for the night image of Tokyo in your opinion?"

Figure 1. The percentage of physical nightscape environment contribute to the individual night image of 
Beijing by each participants (author's own drawing)

Figure 2. The percentage of physical nightscape environment contribute to the individual night image of 
Tokyo by each participants (author's own drawing)

Familiarity with Beijing nightscape

Have you been to Tokyo:
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The results of the questionnaire regarding the percentage of contribution of the physical 
nightscape environment to the city night image for each individual were shown in the figures 
above. The horizontal axis represents the respondent's number, while the vertical axis represents 
the percentage. In Figure 1, colors represent different levels of familiarity with the Beijing 
nightscape among the respondents. Green indicates high familiarity, blue indicates medium 
familiarity, and yellow indicates low familiarity.Respondents who were highly familiar with Beijing 
nightscape showed relatively high percentage results regarding the physical nightscape
environment's contribution to the city night image. Meanwhile, those who belonged to the medium 
and low familiarity groups showed insignificant differences in their percentage results. However, 
those who belonged to the low familiarity group had an average value of results even higher than 
that of the medium group. Figure 2 shows that whether or not respondents had been to Tokyo 
before did not significantly affect their opinions on the contribution of the physical nightscape
environment to the city night image.

After the questionnaire, twelve students of them were interviewed in-depth, with a focus on the 
following questions: "What roles and trends do media environments play in shaping the city night 
image?", "What are the differences in the construction of city night images between various media 
and first-hand experience?", “What images or pictures represent the night image of Beijing and 
Tokyo in your own impressions?” and "What process do you think is involved in forming city night 
image?". The interviews were recorded in both text and picture formats, and were summarized 
and analyzed in the following section of this paper.

3. THE CITY NIGHT IMAGE COGNITIVE MODEL
City image is related to two realms of human mentality and objective environment, making it 

essential to study the content from the objective environment to the psychological cognition. Many 
views on cognitive processing had coalesced in consumer behavior research before [5]. Drawing 
upon the theoretical model of the traditional AIDMA model (Attention, Interest, Desire, Memory, 
Action) proposed by Ronald Hall in 1924 [6] and the AISAS model (Attention, Interest, Search, 
Action, Share) proposed by Dentsu Group Inc in 2004, which is originally based on the 
reconstruction of the characteristics of market consumer behavior model in the network age, a 
conceptual framework of the city night image cognitive model was developed.

According to the summary of interviews and questionnaire surveys, the cognitive process of 
the city night image was condensed into two models. The dotted line segments in the cognitive 
models represent the real physical environment created by lighting at night. Meanwhile, the solid 
line segments represent the key elements in transforming the nightscape into a distinctive night 
image. The bracketed text on the right indicates how non-first-hand experiences are used to 
construct the urban night image in different media forms. The cognitive model internalizes 
reflection and reconstruction of the nightscape in thoughts.

Figure 3. The cognitive model of city night image in the traditional media era (author's own drawing)

Figure 3 illustrates the cognitive model of city night image during the traditional media era. The 
construction of the city night image was a more linear system with a one-way transmission. Due 
to the limitations of communication forms during this era, the night image was often constructed 
indirectly through various media environments, such as literature and paintings, in addition to live
experience. In this process, audiences were usually passive receivers of information.

Figure 4 presents a cognitive model of the urban night image in the internet era, based on the 
theoretical AISAS model. With the development of the internet, more people can now share their 
experiences and opinions and communicate in various forms, leading to changes in the media
environment. This cognitive model emphasizes the processes of search and sharing, which fully 
reflect the media usage habits of internet generations. It transforms the construction of the urban 
night image from a linear system to a complex system. The internet and cross-media
communication allows the physical nightscape environment to be redeveloped and transmitted at 
a low threshold, making non-first-hand experiences increasingly influential in shaping the night 

P.639



14th Asia Lighting Conference (Tokyo, Japan)

4

image. In these non-first-hand experiences, many live physical environments are shared through 
live webcasts and Vlogs, which gradually become the main content of media environments 
constructing the night image. In this process, audiences are no longer just passive receivers of 
information; they are now actively seeking and sharing it.

Figure 4. The cognitive model of city night image in the Internet era (author's own drawing).

4. THE LIGHTING ENVIRONMENT DESIGN STRATEGY  
Environmental cognition refers to the human ability to comprehend and interpret physical 

surroundings. The objective of this study is to analyze and summarize the lighting environment 
design strategy using a cognitive model to promote nightlife. Before discussing the design 
strategy, the content about physical environment that constitutes the city night image on above 
interviews and questionnaires survey need to be organized. It is shown that the key descriptive 
terms regarding the night image of Beijing are solemn, stable, grand, prosperous, modern, 
cultural and historica, and the key descriptive terms regarding the night image of Tokyo are
prosperous, fashion, avant-garde, diverse, neon, cyber and introverted. The pictures that 
regarding the representations of Beijing's and Tokyo's night image from the interview summaries 
are shown separately in Figure 5 and 6. Among the images of Beijing (Figure 5), there are 
numerous landmarks and various roads, architectural clusters in the bird's-eye view and some 
characteristic public spaces, which are consistent with the survey. Among the images of Tokyo 
(Figure 6), landmarks, roads, and architectural clusters in medium-to-large sections of the city are 
the key elements for the urban night image; however, signboards and some characteristic public 
spaces are also significant elements. That is similar to Habib's [7] study, nightly mental images 
shows vast difference to the mental images during day, which paths were the first mentioned 
element of day and landmarks seem more important than the other elements at night. It is worth 
noting that the perspective and key elements in these pictures, representing the night image, 
often differ from our live experiences. This leads to the need for a reconsideration of the lighting 
design strategy.

    
Figure 5. The examples regarding Beijing night image 

form interviews summary                                       
Figure 6. The examples regarding Tokyo night

image form interviews summary
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In traditional lighting design, the first consideration is the parameters that meet the needs of 
visual functions, such as illuminance and illuminance uniformity. This can be seen in many 
lighting plan documents and lighting-related standards. Traditional lighting design also 
emphasizes the integrity and coordination of the lighting environment. Additionally, the visual 
experience is taken into account, with attention paid to the color rendering index and glare control 
of the lamps. 

Acorrding to the two cognitive model of city night image in the traditional media era (Figure 3) 
and the Internet era (Figure 4), it is not difficult to see that the focus of lighting environment design 
based on various media and communication forms needs to be adjusted compared to traditional 
lighting design. Consider the importance of share and search in the cognitive model of the 
Internet era the lighting environment design needs to  stress the landmarks and highlight the 
personality. Therefore, the parameters of luminance and luminance contrast, as well as the 
planning of lighting-related activities and events, become more important. Compared with 
traditional lighting that emphasizes color rendering index and glare control, lighting design based 
on the cognitive model of the internet era needs to pay more attention to the choice of color 
temperature and light color, as well as the control of spill light. 

5. CONCLUSION   
The concept of city image formation is a bilateral process, as Lynch has claimed  [8], where 

the observer and the environment play a crucial role in shaping the image. This process is 
associated with physical and social stimuli, which are spontaneously linked to the environment. 
Durning night, city nightscape also have a significant impact on the nightlife and the night image. 
To enhance the lighting environment, lighting designers can benefit from studying the cognitive 
model, which helps to analyze the differences between various environments and the construction 
of city night images from a cross-media perspective. By doing so, it can provide assistance to 
create effective lighting environments and construct better city night image. 
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Xuran Guo1, Yongqing Zhao1, Zhen Tian1,2, Xiaoming Su3,4

(1. School of Architecture and Planning, Hunan University, Changsha, China; 2. Hunan Key 
Laboratory of Sciences of Urban and Rural Human Settlements at Hilly Areas, Changsha, China;

3. Architecture College, Inner Mongolia University of Technology, Hohhot, China; 4. Inner
Mongolia Key Laboratory of Green Building, Hohhot, China)

ABSTRACT 
Urban light pollution reduces the quality of life for all urban inhabitants, including people, animals, 
and plants. This study investigated the relationship between urban air pollution and urban light
pollution. An unmanned aerial vehicle (UAV) was used to assess changes in the night sky's
brightness, color, and their spatial distribution before and after the aggravation of air pollution.
The results demonstrated that both the brightness and the area of night sky glow increase with 
higher urban air pollutant concentrations. and the night sky shifted towards red as the urban air 
pollutants concentration increased. Additionally, the brightness of the night sky decreased with 
height above ground. Furthermore, the study highlighted the advantages of using UAV 
observations for analyzing the night sky. Based on the research findings, controlling air pollutant 
emissions may have a positive impact on reducing the level and area of light pollution. Thus, it 
may promote sustainable urban environmental development.

Keywords: Light pollution, Night light environment, Air pollution, Particulate matter, Unmanned 
aerial vehicle

1. INTRODUCTION
Air pollution is a severe environmental problem in urban areas in China [1-3]. Air pollutants are 
known to have direct impacts on human health, as highlighted by several studies [4-7].
Furthermore, urban air pollutants can indirectly cause other types of environmental pollution such 
as water pollution [8-9] and soil pollution [10-11]. In addition to these effects, air pollution also 
contributes to light pollution in the night sky [12-14].

Night sky light pollution is caused by the unnatural increase in brightness and change in color 
of the night sky, which affects normal astronomical observation [15-17], animal physiological and 
behavioral processes [18-20], plant natural processes [21-22], and human health and mood [23-
25]. Urban artificial lighting is the primary driver of night sky light pollution [15]. Still, changes in 
cloudiness [26-27], moon phase changes [28-29], and changes in aerosol particle composition 
and concentration can also impact the night sky environment [30-34]. Aerosol particles, produced 
by the emission of urban air pollutants and chemical reactions of gaseous pollutants in the night 
sky [35], have a significant impact on night sky light pollution.

Several studies have explored the impact of some urban air pollutants on night sky light
pollution [13-14,30,34,36-38]. However, there are different views on whether urban air pollutants 
affect night sky brightness. Moreover, the effects of urban air pollutants on night sky brightness, 
color, and their spatial distribution are not fully understood. Therefore, the objectives of the study 
are:

1. Analyzing the effect of urban air pollutants on the spatial distribution of night sky
brightness.

2. Analyzing the effect of urban air pollutants on the spatial distribution of night sky color.

3. Discussing the advantages of using UAVs to observe the night sky.

Through the analysis of the relationship between urban air pollution and urban light pollution, it 
is expected that the urban air pollution control policies and light pollution control policies can be 
coordinated to mitigate environmental degradation caused by urbanization.
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2. METHODOLOGY 

2.1 Observation site 
Our study focuses on Hohhot in the Inner Mongolia Autonomous Region of northern China, which 
has been reported to have high levels of air pollutants [39-40] and night sky brightness [41]. 
Therefore, this city serves as an excellent observation site. 

2.2 Observation process 
The DJI MAVIC 3 was used for UAV observations of the night sky. The observation point chosen 
was Jinchuan Cultural Square, located on the western edge of Hohhot (Figure 1). The 
observations were conducted from 3:00-3:46 on April 28, 2023 (sunset period: from 21:08 on the 
27th to 03:52 on the 28th) and from 3:00-3:46 on April 29, 2023 (sunset period: from 21:09 on the 
28th to 03:48 on the 29th). The UAV took off from the square and took images of the night sky 
every 40 m from the original location towards the east. The camera onboard the UAV was a 
complementary metal oxide semiconductor (CMOS) sensor, and the camera and image 
parameters during image shooting are shown in Table 1. 

 

 
Figure 1. Location and direction of UAV observations and extracted section in UAV images 

 
Table 1. Parameters of the UAV camera and image 

Vertical 
angle 

Image 

format 

Image 

size 
Field of 

view 
ISO 

sensitivity 
Lens 

aperture 
Exposure 

value 

+23° RAW 5280 × 3956 84° 3200 F2.8 0.1s 

 

2.3 Observation data 
To better present the vertical variations of night sky brightness, the direct urban light component 
in each UAV image was removed (below the 2° vertical view angle of the UAV camera, as shown 
in Figure 1). For image analysis, the average digital number (DN) value of each grayscale image 
was extracted to represent the brightness variation [42-43]. The average DN value represents the 
average value of DN of each pixel in the image, which is a dimensionless index used to 
quantitatively describe the brightness magnitude of different bands in the image, ranging from 0 to 
255 [44]. Additionally, the average DN values of RGB bands in each image were extracted to 
represent the color variation. 
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The concentrations of air pollutants, weather conditions, and moon phases during the observation 
period are presented in Table 2 and Table 3. The air pollutant concentrations were provided by 
the Department of Ecology and Environment of Inner Mongolia Autonomous Region 
(https://sthjt.nmg.gov.cn/), weather conditions were sourced from the Weather Channel 
(https://weather.com/zh-CN/), and moon phase data was obtained from the Chinese Astronomical 
Annual Calendar [45]. 

 
Table 2. Pollutant concentrations during observations 

Time AQI 
PM2.5 

(μg/m3) 
PM10 

(μg/m3) 
SO2 

(μg/m3) 

CO 

(mg/m3) 

NO2 

(μg/m3) 

O3 

(μg/m3) 

2023/04/28 
3:00-4:00 100 42 149 10 0.4 36 27 

2023/04/29 
3:00-4:00 52 20 53 6 0.4 41 13 

 
Table 3. Weather conditions and moon phases during observations 

Time Weather condition Moon phase 

2023/04/28 

3:00-3:46 
Cloudless Moonless 

2023/04/29 

3:00-3:46 
Cloudless Moonless 

 

3. RESULTS 

3.1 Brightness 
The UAV observations of the night sky in Hohhot reveal that when urban air pollutant 
concentrations increase, the brightness of the night sky at each height increases. Additionally, as 
the relative height above the ground increased from 40 to 480 meters, the night sky brightness 
decreased (Figure 2). Moreover, the decay of the night sky brightness accelerated when urban air 
pollutant concentrations increased. The DN value decay rose from 0.19 to 0.35 per 100 meters in 
grayscale. 

 

 
Figure 2. Changes in the vertical distribution of night sky brightness with increasing air pollutant 

concentrations 
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Furthermore, two images of the night sky at 480 meters with different air pollutant 
concentrations were compared, and the comparison showed that the area of the urban sky glow 
about doubled (Figure 3). 

Figure 3. Changes in sky glowing area with increasing air pollutant concentrations (the brightness of images 
has been adjusted) 

3.2 Color 
Regarding color (Figure 4, Table 4), when air pollutant concentrations increased, the change of 
DN value in the blue band at each height was relatively weak, while the change of DN value in the 
green and red bands at each height was more noticeable, with the average DN value for each 
height increase of 3.74 in the green band and 5.01 in the red band. The color of each height of 
the night sky shifted towards red. 

Figure 4. Changes in the vertical distribution of night sky color with increasing air pollutant concentrations 

Table 4. Changes in night sky color at different heights with increasing air pollutant concentrations 

Height above ground (m) 
Changes in DN values 

Red band Green band Blue band 

40 5.48 4.84 0.48 

80 5.95 3.68 0.94 
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120 5.58 4.39 0.20 

160 5.68 3.55 0.86 

200 5.26 4.48 0.18 

240 5.46 4.35 0.81 

280 4.21 2.96 0.25 

320 4.82 3.17 0.68 

360 4.83 2.95 0.97 

400 4.44 2.96 0.87 

440 4.33 3.79 -0.21 

480 4.10 3.70 -0.08 

Average for each height 5.01 3.74 0.50 

 

3. DISCUSSION 

3.1 Color change in the night sky 
In this study, it was observed that an increase in urban air pollutant concentrations resulted in a 
redder night sky, and based on the principle of aerosol light scattering [32], two reasons were 
concluded: 

Firstly, in a clean night sky, red light, which has a longer wavelength, can penetrate the sky 
without being scattered, while the shorter wavelengths of green and blue light are scattered. 
However, when the atmosphere is polluted, there is more particulate matter (PM) in the night sky, 
and the red light that was not scattered before is also scattered by the PM, causing the night sky 
to appear redder than in a clean night sky. 

Secondly, the night sky light that observers see is reflected light from artificial lighting into the 
sky, and this light must scatter multiple times to reach the observers' eyes. When the atmosphere 
is polluted, there is more PM in the reflective path, resulting in more extinction of shorter 
wavelength light and more attenuation of its energy. This leads to a shift in the night sky towards 
red. 

Certainly, the scattering of particles in the atmosphere is much more complex than previously 
thought, and physical models are constantly being refined [46], with deeper principles waiting to 
be discovered. 

3.2 Findings and advantage of night sky observations by UAVs 
Observing the night sky through UAVs has revealed two fascinating phenomena. The first is that 
when the night sky is viewed horizontally, its brightness decreases as the relative height above 
ground increases. We believe that the reason for this phenomenon is that when the scattering in 
the atmosphere is dominated by the scattering of PM, the energy of the ground-based artificial 
light passing through the PM in the atmosphere will gradually decay as the thickness of the 
atmosphere increases, and the energy of its light scattered by the PM will also gradually decay. 
Additionally, considering that the concentration of PM may decrease with the increase of 
atmospheric height [47-48], its ability to scatter ground-based artificial light will also decrease. 
Combining these two aspects, the brightness of the night sky that we observe gradually 
decreases as the observation height increases. 

The second phenomenon is that the night sky glowing area enlarges with an increase in 
pollutant concentrations. Our analysis suggests that when air pollutant concentrations rise, higher 
and more distant areas of the urban night sky are also polluted. This causes urban artificial light to 
be scattered higher and more distant in the night sky, resulting in a wider glowing area of the night 
sky. 

These phenomena could not have been discovered without the help of UAVs. A new 
advantage of using UAVs to observe the night sky, as opposed to using UAVs for ground 
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observations [49-50] and loading a luminance meter to measure the night sky [51], is that UAV 
images allow for easier analysis of the distribution of night sky brightness and color in space. 

4. CONCLUSIONS 
This study aimed to investigate the effects of urban pollutants on the brightness and color of the 
night sky. To achieve this, a comprehensive analysis was conducted, comparing the variations in 
night sky brightness and color, along with their spatial distribution, before and after the 
aggravation of air pollution. Notably, the study also shed light on the novel utility of UAVs for 
observing the night sky. The main conclusions are: 

1. When the urban air pollutant concentrations increase, the night sky brightness increases 
and the color of the night sky shifts towards red. 

2. The night sky glowing area increases with the urban air pollutant concentrations, while the 
night sky brightness decreases with increasing height above ground. 

3. UAVs can more easily analyze the distribution of night sky brightness and color in space. 

Increased air pollutants may deteriorate the night sky light pollution and may expand its 
influence in urban environment. The benefits of improving urban air quality are twofold: it not only 
reduces air pollution but also minimizes light pollution, thereby improving the quality of life for all 
urban inhabitants, including people, animals, and plants. Therefore, controlling air pollution is 
essential to mitigate the negative effects of light pollution in urban areas and contribute to a 
healthier, more sustainable environment. 
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Urban light pollution at night has become a global concern with the development of 
modernization. Currently, countries around the world have set up corresponding restrictions and 
measurement standards for light pollution, such as CIE 150 2017: Guide on the limitation of the 
effects of obtrusive light from outdoor lighting installations, 2nd edition, France’s Decree on the 
Prevention, Reduction and Limitation of Light Pollution, 2019 (effective January 2, 2020), Chinas 
"Outdoor Lighting Interference Light Limitation Code" (GBT 35626-2017) and "Outdoor Lighting 
Interference Light Measurement Code" (GB_T 38439-2019). But the light pollution detection 
method based on (ultra) low altitude is still inconvenient to operate, and the feedback is not direct. 
It is difficult to apply in a large area. In this regard, based on the investigation of domestic and 
foreign light pollution management policies and detection methods, with reference to the current 
detection technical standards in China, the paper uses imaging luminance meter to detect light 
pollution at ultra-low altitudes (90M, 60M, 30M and 10M), which compares the detection data under 
different circumstances by taking the Angle of view, visual distance and weather conditions as 
influencing parameters. Surveyor can determine the true validity of the test data under certain kind 
of conditions, that provide scientific basis and technical support for the management department to 
establish a light pollution evaluation system and improve management detection methods. 

 light pollution, (ultra) low altitude viewing Angle, detection method, influencing 
factors 

Excessive lighting at night in cities can cause a series of problems. Studies have shown that 
excessive urban nighttime lighting can have an impact on the nocturnal behavior of animals and the 
physiological cycle of plants DM Dominoni et al.,2016 1 Light pollution can affect anuran 
calling behavior Ashley Kobisk et al.,2023 2 and will affect migrating animals Carolyn S. 
Burt et al.,2023 3 and affect the metabolism of hermit crabs M. Velasque et al.,2013 4 . In 
addition, light at night can affect the photosynthesis of street trees in urban environments Masahiro 
Takagi et al.,2004 5 . Too bright the sky at night also interferes with astronomical observations

Zoltán Kolláth et al., 2023 6 . Studies have shown that light pollution can also have a negative 
impact on human health Tongyu Wang et al.,2023 7 . Light exposure at night suppresses 
melatonin production, which increases the risk of breast cancer in women and prostate cancer in 
men Héctor Lamphar et al.,2022 8 .  At the same time, some researchers have confirmed that 
the brightness of urban night light environment has an increasing trend year by year Ming Liu et 
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al.2022 9 so the problem will intensify. 
At present, the prevention and limitation of light pollution at night has become a global concern. 
Therefore, the research on the detection, analysis and control strategy of urban night light pollution 
has gradually become an important content that needs to be solved by urban management. The 
International Commission on Lighting (CIE) 150 2017 "Guidelines for Limiting the impact of 
Interfered Light on Outdoor Lighting Facilities" [10] provides evaluation indicators for the 
environmental impact of outdoor lighting, and puts forward recommended limits for related 
indicators. Chinas "Urban Night scene Lighting Design Code" (JGJ/T 163 -2008) [11] related 4 
control contents including brightness, average brightness, brightness contrast, brightness uniformity. 
Chinas "Outdoor Li ghting Interference Light Limitation Code" (GBT 35626-2017) [12] and 
"Outdoor Lighting Interference Light Measurement Code" (GB_T 38439-2019) [13] respectively 
stipulate the urban environment brightness zoning, interference light classification, restriction 
requirements, measures, measurement requirements and methods. In this paper, based on "Urban 
nightscape Lighting Design Code" and "Outdoor Lighting Interference light limit Code", the 
influence of natural environment factors, measuring distance and Angle factors on the detection 
results is discussed. 
The purpose of this study is to collect brightness data of the same object at different apparent heights 
(90M, 60M, 30M and 10M) at ultra-low altitudes, and to study the influence of natural factors and 
observation height on brightness data of the measured area combined with meteorological data. The 
structure and content of this paper are as follows: The first section is the description of the research 
sites; The second section is data statistics; The third section analyzes the natural and human factors 
that affect the brightness of the measured area by combing the data, and tries to find out the 
mechanism of their influence on the measured area. The fourth section is the analysis result. The 
fifth section is the prospect of follow-up work. 

 
As shown in Figure 1, the observation point is located in Yangguangcuizhu Garden, Huangpu 
District, Shanghai, China (as shown by  in Figure 1), and the geographical location is 31.21°N, 
121.50°E. There are two test areas. One is located in Shanghai Tower, Lujiazui, Pudong New Area, 
Shanghai, China (shown by  in Figure 1), with a geographical location of 31.22°N and 121.51°E; 
The other site is located at The Bund One Sino Park , Huangpu District, Shanghai, China (shown 
by  in Figure 1), with a geographical location of 31.21°N, 121.50°E. The measured area is 
2.33km away from the measuring point , and the measured area  is 0.5km away from the 
measuring point . The geographic information data comes from Baidu Map

http://api.map.baidu.com/lbsapi/getpoint/index.html . Air quality data is from Chinas air quality 
monitoring analysis of online platform ( https://www.aqistudy.cn/ ). Temperature, humidity, cloud 
cover, the moon and other meteorological data are from Shanghai weather net 
(https://m.tianqi.com/lishi/shanghai).  
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observation point, test areas 1 6, test area 4
Figure 1: Location of the test areas

The test brightness data in this study were obtained by using LMK brightness camera (LMK Mobile), 
and the photo format was JPG+RAW. The analysis software (LMKLABSOFT4) was used to obtain 
the luminance related data of different observation areas, including the highest luminance, the 
lowest luminance and the average luminance (the highest luminance and the average luminance 
were used as the statistical basis). Six test areas were selected: test area 1- crown of Shanghai Center 
Tower, test area 2- Body of Shanghai Center Tower, test area 3- top of World Financial Center Tower, 
test area 4- top of residential building of The Bund One Sino Park , test area 5- entrance of The 
Bund One Sino Park , test area 6- sky near the Shanghai Center. When sorting out the data in the 
observation areas, it is found that there are data fluctuations in the test area 1, 2 and 3, which are 
inferred to be caused by the dynamic flashing of the facade light source in Shanghai Center and the 
World Financial Center. Therefore, the following statistics are only represented by the test area 1 
for illustration; The test area 5 is obscured at the height of 10M and only partially visible, resulting 
in incomplete data, so it is not included in the statistical scope either. Finally, there are three places 
for analysis and statistics: test areas 1, 4 and 6.

Table 1: Test area 1 record table

Photo (red block in left 

photo is test area)
Data Weather

Cloud 

cover

Air 

quality

Height of 

observation 

point

Maximum 

brightness

cd/m²

Mean 

brightness

cd/m²

2023-

06-07

Overcast 

with 

light rain

9% Fine

90M 24.36 24.36

60M 19.55 16.39
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30M 2.86 0.84

10M 3.46 0.77

2023-

06-14

light rain 

to 

cloudy

80% Fine

90M 165 26.54

60M 314.4 25.46

30M 325.9 40.99

10M 198.5 46.16

2023-

06-20

Cloudy 

to 

overcast

80% Good

90M 119.2 28.81

60M 145.9 25.6

30M 63.23 18.31

10M 14.58 14.58

2023-

06-21

Cloudy 

to 

overcast

80% Fine

90M 41.8 16.59

60M 276.6 21.7

30M 57.02 17.81

10M 170.2 22.74

2023-

06-23

Overcast 

to 
80% Fine 90M 205.3 20.94
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rainstor

m 60M 66.13 25.89

30M 174.6 27.79

10M 104.8 31.94

2023-

06-25

Rainstor

m to

heary 

rain

100% Good

90M 4.32 0.60

60M 5.48 0.83

30M 5.03 0.98

10M 5.19 0.76

Test area 1 is the top crown of Shanghai Center (LMKLABSOFT4 calculation area 1). As the top 
crown of Shanghai Center is a dynamic display screen, the captured patterns at different times will 
be different, and the maximum brightness will be different. On June 25th, 2023, the clouds were
thick, and the clouds in the rainstorm were also low, so the test area 1 was almost invisible, and the 
observation data on that day were not included in the subsequent statistical data.

Table 2:  Test area 6 record table

Photo (blue block in left 

photo is test area)
Data Weather

Cloud 

cover

Air 

quality

Height of 

observation 

point

Maximum 

brightness

cd/m²

Mean 

brightness

cd/m²

2023-

06-07

Overcast 

with light 

rain

9% Fine

90M 4.47 0.76

60M 3.00 0.99

30M 3.57 0.79

10M 2.56 0.69

2023-

06-14

light rain 

to cloudy
80% Fine 90M 4.26 0.56

P.677



60M 4.39 0.54

30M 3.98 0.55

10M 4.24 0.53

2023-

06-20

Cloudy to 

overcast
80% Good

90M 5.16 1.03

60M 5.37 0.98

30M 5.27 0.98

10M 4.28 0.97

2023-

06-21

Cloudy to 

overcast
80% Fine

90M 4.57 0.82

60M 5.00 0.82

30M 5.24 0.80

10M 5.18 0.78

2023-

06-23

Overcast 

to 

rainstorm

80% Fine

90M 4.55 1.01

60M 4.9 0.66

30M 4.27 0.52

10M 3.82 0.56

2023-

06-25

Rainstorm 

to heary 
100% Good 90M 5.71 0.67
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rain
60M 6.47 1.48

30M 6.28 0.94

10M 5.04 1.12

Test area 6 is the sky near Test area 1, which can be used as the sky background brightness data of 
test area 1.

Table 3: Test area 4 record table

Photo (green block in left 

photo is test area)
Data Weather

Cloud 

cover

Air 

quality

Height of 

observation 

point

Maximum 

brightness

cd/m²

Mean 

brightness

cd/m²

2023-

06-07

Overcast 

with 

light rain

9% Fine

90M 158.3 28.09

60M 340.6 34.54

30M 336.5 29.05

10M 344.6 32.07

2023-

06-14

light rain 

to cloudy
80% Fine

90M 574.9 34.89

60M 541.7 31.91

30M 510 27.26

10M 542.9 40.84

2023-

06-20

Cloudy 

to 

overcast

80% Good

90M 535 27.22

60M 546.1 30.46

30M 529.6 24.08
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10M 529.7 26.18

2023-

06-21

Cloudy 

to 

overcast

80% Fine

90M 541.8 28.4

60M 551.5 34.02

30M 532.6 34.54

10M 524.2 35.15

2023-

06-23

Overcast 

to 

rainstorm

80% Fine

90M 548.8 37.39

60M 517.4 29.77

30M 524.5 27.98

10M 513.6 34.8

Test area 4 is the roof of the house 500M away from the observation point. On June 25th, 2023, the 
top lighting of Sunac Bund One Courtyard residence was not turned on, so there was no 
measurement data on that day.

Luminance data of the crown of Shanghai Tower
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The crown of the Shanghai Tower is a scrolling display screen, and the measurement data is based 
on the average brightness of the measurement area. On June 7th, 2023 and June 25th, 2023, the cloud 
cover was heavy, which had certain impact on the measurement of the crown of the Shanghai Tower. 
On June 14th, 20th, 21st and 23rd, the measurement area was clearly visible, but from the data point 
of view, the brightness measurement data of the Shanghai Tower crown did not show regularity in 
terms of height or time. Reason: The dynamic screen causes the brightness measurement value to 
change constantly.

Luminance data of the Sky near Shanghai Center
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In the sky near the center of Shanghai (test area 6), the measured values of different heights of the 
measuring point (viewpoints) were relatively stable and almost consistent on June 14th, 20th and 21st, 
but there are large differences on June 7th, 23rd and 25th. According to the weather conditions and 
photos, the June14th, 20th and 21st were cloudy with no obvious clouds in the sky, the 7th and 23rd

were cloudy days, and the 25th was a rainstorm day. There were more clouds in these days, which 
greatly affected the measurement data during the measurement.

Luminance data of the top of The Bund One Sino Park 

The luminance data of the top of The Bund One Sino Park, which was got from different height
measuring points, were relatively stable on June 14th, 20th, 21st and 23rd. The difference of the 
luminance data was large on June 7th (the lights were not turned-on on June 25th, and the data was 
"0"). The weather condition on June 7th was cloudy and rainy, with low cloud cover and high-water
vapor in the air, which may be the reason of the large deviation in the measured data.

With different observation heights (10M, 30M, 60M, 90M) and weather conditions (cloudy, overcast, 
rainy), two objects (observation distance 2.33KM, the height of the measured point is about 600M; 
observation distance 0.5KM, the height of the measured point is about 140M) for brightness 
detection, the results are as follows:

Different weather has a great impact on the measurement data, in which cloud cover and 
cloud height have a more obvious impact. In thunderstorm weather, it is almost impossible to 
observe the measured object of 2.33KM, and the sky brightness detected at different altitudes change 
greatly. Therefore, the observation data in thunderstorm weather is not good for use (it is not 
recommended to test the brightness of buildings in thunderstorm weather). In rainy weather, the 
data of the measured area 500M fluctuates significantly. Compared with other overcast days, the 
data fluctuates greatly too. Therefore, the observation data in rainy weather is unavailable (it is not 
recommended to test the brightness of buildings in rainy weather). In cloudy weather, clouds will 
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partially block 600M tall buildings, and the measurement data will fluctuate greatly (it is not 
recommended to test the brightness of super tall buildings in cloudy weather). In all cloudy days, 
the reliability of the detection data for the brightness of 600M tall buildings needs further 
experiments. When the observation distance is 500M, the measurement data is more stable at 
different observation heights. Therefore, the measurement data of 140M high buildings can be 
adopted on cloudy days. 

The brightness detection of the same building is carried out at different heights (10M, 
30M, 60M, 90M) at (ultra) low altitude. It is found that the measurement data of 500M away from 
the observation point is stable. Therefore, it can be preliminarily determined that the height of the 
detection point has little influence on the results of the detection data when the object is detected at 
(ultra) low altitude. 

The test group lacks the detection data of sunny days, which will be supplemented in the subsequent 
work; In this test, the data of the dynamic facade fluctuates greatly, and the subsequent work will 
carry out continuous detections on the dynamic facades in order to obtain more comprehensive data. 
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ABSTRACT

With the advance of lighting technology and shift of work style, people pay increased attention 
to improve the quality of indoor lighting and try to create a bright, comfortable and healthy interior 
lit environment. Some researchers have proposed to make the switch of the lighting design priority 
from task illumination to ambient illumination with a focus on spatial brightness, as it is closely 
related to the visual comfort. Spatial brightness describes a visual sensation related to the 
magnitude of the ambient illumination level within a space, which encompasses the overall 
sensation based on the response of a large part of the visual field extending beyond the fovea. 
However, quantitative evaluation of spatial brightness has been difficult, mainly due to the lack of a 
metric that is both highly related to subjective evaluation and convenient to measure in the field.

This work investigated the applicability of using indirect corneal illuminance to evaluate spatial 
brightness for a visual field in interior spaces. Three lighting scenes with different patterns of lighting 
distribution, which all delivered indirect light to the subjects, were compared against each other in 
pairs for spatial brightness. The corresponding indirect corneal illuminance required for each test 
scene to match the spatial brightness of the reference scene with a fixed corneal illuminance was 
obtained. The results showed that our proposed metric had a high correlation with subjective 
evaluation of spatial brightness even under very different patterns of lighting distribution. 
Furthermore, the proposed metric was compared with the prior metrics of MRSE and Lav,B40 in 
spatial brightness evaluation, and the former showed the best correlation with subjective judgments. 
Since the spatial brightness assessment for various visual fields together compose people’s overall 
impression of an illuminated space, the proposed metric of indirect corneal illuminance, which 
combines both accuracy and convenience in measurement, could serve as a preferred metric for 
spatial brightness evaluation.

Keywords: Spatial brightness; Indirect corneal illuminance; Spatial distribution of light; Interior 
luminous environment; Human factor study

1. INTRODUCTION

In modern society, indoor space is the place where people spend more than 80% of their daily
time. Good lighting design provides people with a comfortable and healthy living and working 
environment and improves work efficiency. Traditional lighting design mainly focuses on providing 
sufficient illuminance on horizontal working surfaces, because it is directly related to people’s visual 
task performance [1–3]. However, with the change of work and lifestyles in recent decades, the 
attention to indoor lighting has gradually expanded from work-plane illuminance to the quality of the 
overall lit environment [4–6]. Firstly, due to the advance in technology, visual tasks requiring a high 
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work-plane illuminance are diminishing [7]. For example, paper reading has been largely replaced 
by reading from self-luminous screens, and difficult manual and visual tasks can usually be 
completed through automation technology [7]; and secondly, people pay increased attention to the 
overall lit appearance of indoor spaces (how brightly lit, or dimly lit, the spaces appear) [1–3,7], 
because that is not only associated with visual satisfaction and comfort, but also related to the 
quality of visual communication. Thus, some researchers have even proposed to make the switch 
of the lighting design priority from task illumination to ambient illumination [1–3] with a focus on 
spatial brightness [7–10]. Spatial brightness describes a visual sensation related to the magnitude 
of the ambient illumination level within a space, which encompasses the overall sensation based 
on the response of a large part of the visual field extending beyond the fovea [11,12]. The spectral 
and spatial distributions of lighting are the two major aspects that affect one’s overall impression of 
spatial brightness [13]: the former is mainly based on the spectral photo-sensitive nature of various 
types of retinal photoreceptors that distribute across the retina [7–10]; while the latter is related to 
the pattern and intensity of light distribution within the field of view that affects the quantity (and 
maybe also the distribution) of the light received at eye-level [1–3]. 

Even in the same indoor space, the assessment of spatial brightness for a visual field could be 
very different depending on the observation location and field of view. Therefore, some researchers 
were committed to finding a general metric to quantify the overall spatial brightness of illuminated 
interiors [1–3,14–17]. Cuttle [1] proposed to use the concept of mean room surface exitance (MRSE) 
as a metric to quantify spatial brightness. MRSE is defined as the area-weighted average of surface 
exitance across the interior room surfaces. Duff et al. [14,15] investigated the suitability of using 
MRSE as a predictor of spatial brightness, and claimed that there did exist a clear correlation 
between MRSE and subjective evaluation of spatial brightness, while on the other hand, such a 
correlation did not exist between horizontal illuminance and spatial brightness. Besides, Loe et al. 
[16,17] examined the correlation between spatial brightness perception and the average luminance 
in a horizontal band with a width of 40° within the field of view (denoted as Lav,B40), and concluded 
that the values of Lav,B40 had a good correlation with the results of subjective spatial brightness 
assessments. Although these prior studies[1–3,14–17] have verified the correlation between their 
proposed metrics and spatial brightness perception through subjective evaluation experiments, 
some limitations prevented these metrics from wide adoption: firstly, the measurement procedures 
for MRSE and Lav,B40 are cumbersome and therefore are not easy to be mastered by lighting 
designers [18,19]; secondly, some results [14,15] were obtained based on experimental conditions 
with a relatively uniform lighting distribution, but the real-world scenario can be much more 
complicated; and lastly, both metrics of MRSE and Lav,B40 merely reflect the photometric properties 
of the illuminated room surfaces, and therefore cannot directly reflect the amount of light received 
by people’s eyes [20], which may be highly relevant to the sensation of spatial brightness. 

Compared with MRSE and Lav,B40, indirect corneal illuminance (denoted as Ecor,i) has the 
potential to have a better correlation with subjective evaluation of spatial brightness, because it is 
directly related to the amount of light incident on the eyes and also reflects the spatial distribution 
of light. Moreover, the Ecor,i metric could be especially useful for scenarios where the perceived 
spatial brightness at a specific field of view is very important. For example, in the classroom, the 
most important direction of vision is towards the blackboard, and the lighting design focusing on 
this direction would be beneficial to students’ visual health [21]; in an office space, people’s 
perception of spatial brightness at various locations and viewing directions may be different, and 
the lighting design focusing on office workers’ frequent viewing directions could enhance their visual 
comfort and work efficiency [22,23]. Thus, it is important to investigate whether there is a high 
correlation between indirect corneal illuminance and the subjective assessment of spatial 
brightness for a visual field. Note that the spatial brightness perceptions for various visual fields 
together can compose one’s overall impression of an illuminated space.  

In this work, a quantitative method for comparison of spatial brightness within a visual field was 
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developed. The indirect corneal illuminance required for the test scene to match the spatial 
brightness of the reference scene with a fixed corneal illuminance was obtained according to 
subjective assessment. Three lighting scenes with different patterns of spatial lighting distribution 
were compared against each other in pairs. Based on which, the applicability of using the Ecor,i 
metric for spatial brightness evaluation was investigated. Furthermore, the performance of the Ecor,i 
metric was compared with that of the previously proposed metrics including MRSE and Lav,B40. 

2.  METHODS 

2.1   Experiment setup 

The experiment was carried out in a windowless room 4.0 m long, 3.2 m wide and 2.7 m high. 
The wall and ceiling surfaces were painted white and diffusive for efficient generation and reflection 
of indirect light. Carefully designed luminaires, which were intensity-, angle- and position- tunable, 
were located at strip rails hanged 0.2 m under the ceiling. By adjusting the angles of operating 
luminaires, light goes through at least one reflection in the room before reaching the subjects’ eyes. 
In other words, only indirect light was delivered to the subjects sitting about 1.6 m in front of the 
long-side wall, as shown in Figure 1(a) and (b). In this work, we intended to investigate the 
performance of spatial brightness evaluation metrics under different patterns of lighting distribution, 
therefore a fixed general-lighting spectrum with a typical CCT of about 4400 K and a CRI (Ra) of 
81.0 was adopted. The measured spectrum at subjects’ eye-level was stable during the experiment, 
as shown in Figure 1(c). 

 

Figure 1. Illustrations of (a) a windowless lighting lab with luminaire layout, (b) an intensity-, angle-, and 
position- tunable luminaire, and (c) measured spectrum at subjects’ eye level. 

The observation position was fixed for all subjects during the experiment, and illuminance was 
measured at the position of the subjects’ eyes, which was all contributed by indirect light. The 
luminance distributions across room surfaces were measured using a luminance meter (JETI 
Spectraval 1511, luminance mode with a measuring angle of 2°). 

A total of 44 subjects were recruited (24 females and 20 males, mean ± SD age: 23.2± 2.6; 
Ethnicity: Chinese). The inclusion criteria were college students, aged between 18 and 30 years 
old, normal or corrected-to-normal eyesight, and success in passing a color-blind test (Ishihara 
color vision test). Subjects were naïve (not an expert in lighting technology) and were paid for 
participation. 

Three types of lighting scenes with different patterns of light distribution, named Scenes 1, 2 and 
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3, were compared against each other in pairs. As shown in Figure 2, the left, middle, and right 
columns are schematic illustrations of light output from luminaires from the top view, photos taken 
by a Canon 6D Mark II DSLR camera with an 8 mm fisheye lens, and photos calibrated to luminance 
distributions taken by an LMK 6 video photometer, respectively. The schematic diagrams and 
photos of the Scenes 1-3 are shown in Figure 2 (a)-(c), respectively. It can be found that the lighting 
distribution of Scene 1 is relatively more uniform compared with those of Scenes 2 and 3. Note that 
each photo in Figure 2 was taken at the condition when corneal illuminance at the observation 
position was set to 100 lx (the illuminance at the observation position was all indirect). 

 
Figure 2. Schematic illustrations and photos of (a) Scene 1, (b) Scene 2 and (c) Scene 3. From left to right, 

each column represents: the schematic illustrations of the light output from luminaires (top view), photos 
taken by a DSLR camera with a fisheye lens, and luminance photos. 

Spatial brightness comparisons for the fixed visual field (see Figure 2) were performed between 
the test scenes at different corneal illuminance levels and the reference scene with a fixed corneal 
illuminance of 100 lx. Among the three lighting scenes, the pattern of lighting distribution is quite 
different. The lighting intensity of each test scene was tuned to 11 levels of corneal illuminance from 
50 to 180 lx (tuned to approximately 50 lx, 60 lx, 70 lx, 80 lx, 90 lx, 100 lx, 110 lx, 120 lx, 140 lx, 160 
lx, and 180 lx). It was aimed to find the corresponding corneal illuminance (denoted as Ematch) that 
made the subjective spatial brightness assessment of each test scene match that of the reference 
scene. The Ematch values from all the paired comparisons were then used to investigate the suitability 
of the Ecor,i metric for spatial brightness evaluation. 

2.2   Experiment method for spatial brightness comparison 

In general, the types of procedures for spatial brightness comparison can be divided into four 
categories, including adjustment, category rating, discrimination, and matching [8,11]. The first two 
methods are absolute evaluations without a presented reference: in the adjustment procedure, 
subjects are directed to tune the light quantity of a space to a preferred level; and in the category 
rating procedure, subjects use rating scales to describe the spatial brightness appearance of a 
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visual scene. The last two methods are relative comparisons with the presence of a reference: in 
the discrimination procedure, subjects are presented with two scenes and instructed to report which 
one is brighter; while in the matching procedure, subjects are required to adjust the amount of light 
of the test scene until it matches the reference scene in spatial brightness. In this study, a reference 
fixed lighting intensity was presented: subjects were instructed to perform comparisons between 
the reference and test scenes in temporal juxtaposition. However, simply applying one of the two 
reference-based comparison procedures, discrimination or matching, may not be sufficient to 
overcome the following limitations: (i) there existed a significant difference in patterns of lighting 
distribution between the reference and test scenes, which made it difficult for subjects to make a 
judgement on which one has a higher level of spatial brightness; (ii) it was not easy for subjects to 
remember the spatial brightness appearance of the first scene when observing the second one; (iii) 
there existed individual difference among subjects’ judgments, and the corneal illuminance of the 
test scene required for each individual to match the spatial brightness of the reference scene 
generally follows the Gaussian distribution [13,24–26]. 

To address these problems, we developed a method of spatial brightness comparison for a 
visual field that combined the advantages of both discrimination and matching approaches: 
between the reference scene (fixed at a corneal illuminance of 100 lx) and the test scene (set to 
various corneal illuminance levels from 50 to 180 lx), subjects were asked to make a forced choice 
[27] on which scene has a higher level of spatial brightness from their visual field. The percentage 
of subjects who reported the test scene being brighter (denoted as P) versus corneal illuminance 
of the test scene (denoted as Ecor,i,t) was obtained. One could imagine that the result should be 
nearly 0% when the Ecor,i,t value was set to 50 lx and close to 100% when the Ecor,i,t value was set 
to 180 lx. Assuming that the corneal illuminance values of the test scene required for various 
individuals to match the spatial brightness of the reference scene generally follow a Gaussian 
distribution, then the experimental data of P vs. Ecor,i,t could be fitted by a psychometric function that 
is derived from the above-mentioned Gaussian function (probability density function) by integral 
approximate calculation [25]. In this work, the form of the Logistic function was adopted as the 
psychometric function, and the Ematch value could be quantitatively calculated by fitting the data with 
the Logistic function [25,26] and finding the point with P = 50%. 

2.3   Procedure 

As shown in Figure 3(a), the overall procedure of the study can be divided into three phases: (i) 
a null-condition trial, (ii) two experimental trials with a fixed reference and (iii) an experimental trial 
for direct comparison. For the first two phases, each trial was conducted by using one of the three 
lighting scenes (see Figure 2) as the test scene to compare with a fixed reference scene (Scene 1 
with a fixed corneal illuminance of 100.3 lx). First, a null-condition trail was implemented to confirm 
the removal of systematic biases and verify the accuracy of the experiment method. Scene 1, which 
shared the same pattern of spatial lighting distribution as the reference scene, was adopted as the 
test scene. The corneal illuminance of the test scenes was set to one of the eleven levels from 50 
to 180 lx, while that of the reference scene was fixed at 100 lx. In the second phase, two 
experimental trials with the same fixed reference, Scene 2 vs. the reference and Scene 3 vs. the 
reference, were carried out to investigate the applicability of using the Ecor,i metric to assess spatial 
brightness by comparing with the performance of previously proposed metrics, including MRSE and 
Lav,B40, under very different patterns of lighting distribution. The illuminance level of the test scenes 
was also set to one of the eleven levels and the reference scene was also set to Scene 1 at 100 lx. 
For the third phase, an experimental trial was conducted to directly compare Scene 2 with Scene 
3, which have the biggest difference in the pattern of spatial lighting distribution, to further compare 
among the metrics of Ecor,i, MRSE and Lav,B40 for spatial brightness evaluation. In this experimental 
trial, Scene 2 at 100 lx was adopted as the new reference scene and Scene 3 at illuminance levels 
from 50 to 180 lx were adopted as the test scenes. 
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Figure 3. Illustrations of (a) the overall procedure of the experiment, (b) Latin square 22 × 22 disorder matrix 
for each experiment trial and (c) the detailed comparison procedure. 

Each comparison trial includes 11 corneal illuminance levels for the test scenes and 2 
presentation sequences between the reference and test scenes, which makes a total of 22 
comparison settings for each of the 44 subjects, as shown in Figure 3(b). The corresponding order 
bias needs to be balanced. Therefore, a 22 × 22 Latin square disorder matrix was constructed for 
22 groups of subjects (2 subjects in each group) and 22 comparison settings in different 
presentation sequences, as shown in Figure 4 (a) and (b). For each group, spatial brightness 
comparisons were performed following a unique sequence of comparison settings according to the 
Latin square matrix, as shown in Figure 4(b). Note that the two subjects in each group participated 
in the comparison experiment separately so that the field of view was identical for all the subjects. 
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Figure 4. lustrations of (a) the overall procedure of the experiment, (b) Latin square 22 × 22 disorder matrix 
for each experiment trial and (c) the detailed comparison procedure. 

The detailed procedure in one round of comparison can be described as follows (also shown in 
Figure 3(c)): 

 One subject sat in the middle of the room and looked forward. The height of the viewing 
position was 1.2 m from the floor, and a fixed chin rest was used to ensure that the viewing 
position and the field of view were fixed for all subjects. Before the comparison, lighting was 
switched to the reference scene to make the subject visually adapt to the light environment for 
5 minutes. 

 The subject was instructed to close his (her) eyes and put on an eye-shade for 20 seconds. 
During that period, the lighting mode was switched to the 1st scene and stabilized. 

 The subject then took off the eye-shade, opened his (her) eyes, and looked forward for 1 
minute, during which he (she) was instructed to memorize the spatial brightness appearance 
of the 1st scene at the end of the 1-minute period. The 1-minute observation time was chosen 
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because it takes more than 30 seconds for brightness adaptation [13,24]. As the lighting 
spectrum was fixed throughout the experiment, the chromatic adaptation does not need to be 
considered [28]. 

 The subject closed his (her) eyes and put on the eye-shade again for 20 seconds, and during 
the same period, the lighting mode was switched to the 2nd scene and stabilized.  

 The subject then took off the eye-shade, opened his (her) eyes, and looked forward for 1 
minute. Then the subject was instructed to compare the spatial brightness of the 1st scene & 
2nd scene, both at the end of the 1-minute period, with the question ‘which scene has a higher 
level of spatial brightness?’. The subject filled in the questionnaire.  

 One round of comparison was completed. For each trial, the procedure above was carried out 
22 times for each of the 44 subjects with the 22 different comparison settings in a disordered 
sequence, as shown in Figure 4(b). Note that each subject participated in all trials separately 
at different times and performed comparisons individually, and they were not allowed to use 
phones or other electronic devices during the experiment. 

3.  METHODS 

3.1   Null-condition trial 

First, a null-condition trial was performed, in which both the reference and test scenes shared 
the same pattern of lighting distribution. For the reference scene, the illuminance at the subject’s 
eye level was fixed at 100 lx, while that of the test scenes was set to one of the eleven levels (from 
50 to 180 lx). For each corneal illuminance level of the test scenes (Ecor,i,t), the percentage of 
subjects who reported the test scene being brighter than the reference scene (P) was obtained, as 
shown in Figure 5. Note that each data point is an average of 88 comparisons (44 subjects × 2 
sequences) so that the result is statistically representative and the bias caused by comparison 
sequences and the individual difference can be well balanced. 

When the test scene was set to 100 lx, the reference and test scenes were identical, therefore 
theoretically, the percentage of subjects reporting the test scene being brighter should be 50%. 
From our null-condition trial, of the 88 comparisons, 52 (59.1%) reported the test scene being 
brighter (95% confidence interval (CI): 48.6% – 69.6%). It can be found that the expected value of 
50% fell into the 95% CI. Moreover, when the test scene was set to 90 lx, 19.3% reported the test 
scene being brighter (95% CI: 10.9% – 27.7 %), and when the corneal illuminance was set to 110 
lx, 76.1% reported the test scene being brighter (95% CI: 67.1% – 85.2%). According to our 50% 
criteria, the test scenes at 110 lx and 90 lx could be clearly considered as brighter and less bright 
than the reference scene, respectively. Such results from the null-condition trial proved that our 
method could effectively balance the potential bias and make the difficult spatial brightness 
comparison task practical and accurate. Besides, the t-test statistical analysis also showed a 
significant difference between the experimental data of the test scene at 100 lx and that at all the 
remaining 10 illuminance levels (from 50 to 180 lx). All the p values were less than 0.05 (p = 0.015 
for corneal illuminance at 110 lx, and p < 0.001 for the other corneal illuminance levels), which 
indicated that in the null-condition trial, the spatial brightness appearance of the reference scene at 
100 lx could be distinguished from that of the test scenes with illuminance levels other than 100 lx. 
Therefore, the 10 lx interval setting could be considered effective and suitable for this study. 
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Figure 5. Null-condition trial: the percentage of subjects who reported the test scene being brighter than the 
reference scene (P) vs. corneal illuminance of the test scene (Ecor,i,t), and the fit curve. 

According to the analysis in Section 2.2, the experimental data in Figure 5 can be fit by a 2-
parameter logistic equation [7], as follows: 

 

  1  

where P represents the percentage of subjects who report the test scene being brighter than the 
reference scene; Ecor,i,t is the corneal illuminance of the test scene; k1 is the value of corneal 
illuminance at which 50% of subjects would rate the test scene being brighter than the reference 
scene, it is also the illuminance required to match the spatial brightness of the test scene and the 
reference scene; k2 is a measure of the steepness of the rising portion of the fit curve, which 
represents the subjects  sensitivity to the change of spatial brightness caused by increased 
corneal illuminance and therefore also reflects the degree of difficulty in making the judgments. For 
this null-condition trial, the fitting result of k1 = 98.7 lx (95% CI: 96.9 – 100.6 lx) was very close to 
the expected theoretical Ematch value of 100.3 lx, which confirmed the effectiveness and reliability of 
the experimental method and indicated that by using this method, the potential order bias was well 
balanced. 

3.2   Experimental trials with a fixed reference 

Next, two experimental trials with a fixed reference (Scene 1 at 100 lx) were carried out, in which 
Scene 2 and Scene 3 were adopted as test scenes. For each type of test scene, there were 11 
corneal illuminance levels ranging from 50 to 180 lx, and the corresponding data of P vs. Ecor,i,t was 
obtained, as shown in Figure 6. Fit curves based on Eq. (1) were applied to the experimental data: 
for Scene 2 vs. the reference, fitting results of k1 = 95.6 lx (95% CI: 93.7 – 97.5 lx) and k2 = 6.7 
were obtained, with the corresponding fit curve shown in Figure 6 (a); and for Scene 3 vs. the 
reference, fitting results of k1 = 97.1 lx (95% CI: 95.2 – 99.1 lx) and k2 = 6.2 were obtained, with 
the fit curve shown in Figure 6 (b). 

The results of the two experimental trials showed that to match the spatial brightness of the 
reference scene (Scene 1 with a fixed corneal illuminance of 100.3 lx), corneal illuminances of 95.6 
lx and 97.1 lx were needed for Scene 2 and Scene 3, respectively. It indicated that to achieve a 
certain level of spatial brightness, there existed only a minor difference in required indirect corneal 
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illuminance among scenes with very different patterns of lighting distribution. In other words, indirect 
corneal illuminance could serve as a fair candidate for spatial brightness evaluation of lit spaces. 

 

Figure 6. Experimental trials with a fixed reference (Scene 1 at 100 lx): (a) Scene 2 vs. the reference and (b) 
Scene 3 vs. the reference: the percentage of subjects who reported the test scene being brighter than the 

reference scene vs. corneal illuminance of the test scene, and the fit curves. 

Besides, the k2 values obtained from both experimental trials were clearly smaller compared 
with that of the null-condition trial (6.7 & 6.2 for Scenes 2 & 3, respectively vs. 11.2 for Scene 1), 
which means that it was much more difficult to make a judgement on spatial brightness comparison 
when the patterns of lighting distribution between the reference and test scenes were different. 
According to the statistical results of the null-condition trial, it was suggested that the minimum 
interval of 10 lx was sufficient to distinguish the reference scene at 100 lx from the test scenes 
under different corneal illuminances other than 100 lx. In the two experimental trials with a fixed 
reference, the statistical t-test procedure was also applied to compare the data of the test scenes 
at 100 lx and that at the remaining 10 illuminance levels (from 50 to 180 lx), for  Scenes 2 and 3. 
It was found that for both types of test scenes, there was no significant difference between the data 
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at 100 lx and that at 110 lx (p > 0.05, the p values for Scenes 2 and 3 were 0.068 and 0.118, 
respectively), while between the data at 100 lx and that at the rest 9 illuminances levels, there were 
still significant differences, as the corresponding p values were all less than 0.05. It indicated that 
when the lighting distribution patterns of the reference and test scenes were different, the judgement 
on the spatial brightness comparison became a little more difficult, but the influence was limited so 
that the k1 values (95.6 lx and 97.1 lx for Scene 2 and -Scene 3, respectively) could still be clearly 
determined by the same method, and they were found to be close to the ideal value of 100 lx. 

3.3   Experimental trial for direct comparison 

Furthermore, an experimental trial for direct comparison (named as the direct-comparison trial) 
between Scenes 2 and 3 was conducted by using the Scene 2 at 100 lx as the reference scene 
and the Scene 3 from 50 to 180 lx as the test scenes. The same experimental procedure in Figure 
3(c) was performed and the corresponding data of P vs. Ecor,i,t was obtained. As shown in Figure 7, 
fit curve based on Eq. (1) was applied to the experimental data: the fitting results of k1 = 103.0 lx 
(95% CI: 100.9 – 105.1 lx) and k2 = 7.6 were obtained. 

 

Figure 7. Experimental trial of Scene 3 vs. the reference (Scene 2 at 100 lx): the percentage of subjects who 
reported the test scene being brighter than the reference scene (P) vs. corneal illuminance of the test scene 

(Ecor,i,t), and the fit curve. 

The result showed that to match the spatial brightness of the reference scene (Scene 2 with a 
fixed corneal illuminance of 100.1 lx), a corneal illuminance of 103.0 lx was needed for Scene 3, 
which was also very close to the expected theoretical Ematch value of 100.1 lx. It indicated that the 
proposed metric is still capable of assessing spatial brightness even when the patterns of lighting 
distribution for the two scenes are quite different. Besides, the k2 value obtained was clearly smaller 
compared with that of the null-condition trial, which means that it was more difficult to make a 
judgement on spatial brightness comparison when the patterns of lighting distribution between the 
reference and test scenes were very different. 

4.  Discussion 

Based on the experimental results, it can be found that indirect corneal illuminance Ecor,i highly 
correlates with subjective assessment of spatial brightness, even under very different patterns of 
lighting distribution. In prior studies, other metrics, including MRSE [1] and Lav,B40 [16,17], were also 
proposed to quantify the spatial brightness of illuminated interiors. To investigate the relative 
effectiveness among the three metrics, the applicability of the MRSE and Lav,B40 metrics were also 
analyzed by directly comparing with that of the Ecor,i metric based on the same experimental data. 
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Note that the MRSE values discussed in this section referred to the area-weighted average of room-
surface exitance within the subject's field of view, as the distribution of light outside the visual field 
does not contribute to the subject’s perception. 

 

Figure 8. The first two phases of trials with a fixed reference. (a) MRSE vs. Ecor,i, and (b) the deviations of the 
Ematch and MRSEmatch values from the expected values of Ecor,i-ref and MRSEref, respectively. The solid dots 

represent the matched points (Ematch, MRSEmatch) obtained from the experiment. 

Under a fixed pattern of lighting distribution, the values of Ecor,i, MRSE and Lav,B40 all increase 
linearly with the output flux of luminaires. In other words, there exist linear relationships between 
each of the two prior metrics (MRSE or Lav,B40) and our proposed metric of Ecor,i. As shown in Figure 
8 and 9, the three dashed lines represent the theoretical relationships between MRSE (or Lav,B40) 
and Ecor,i corresponding to the three lighting scenes, Scenes 1-3. The slope of each line was 
determined by the specific pattern of lighting distribution. According to the linear relationship 
between MRSE (or Lav,B40) and Ecor,i, once the slope has been determined, the values of MRSE and 
Lav,B40 required for test scenes to match the spatial brightness of the reference scene, denoted as 
MRSEmatch and Lav,B40-match, can be obtained from the value of Ematch. The solid dots in Figure 8(a) 
and 9(a), (Ematch, MRSEmatch) and (Ematch, Lav,B40-match), are the “matched points” for equal spatial 
brightness between  a fixed reference and test scenes obtained from the first two phases of trials 
(a null-condition trial and two experimental trials with a fixed reference). The corresponding values 
of the reference scene are denoted as Ecor,i-ref, MRSEref, and Lav,B40-ref, and are marked as the grey 
dotted lines in Figure 8 and 9. 
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Figure 9. The first two phases of trials with a fixed reference. (a) Lav,B40 vs. Ecor,i, and (b) the deviations of 
the Ematch and Lav,B40-match values from the expected values of Ecor,i-ref and Lav,B40-ref, respectively. The solid 

dots represent the matched points (Ematch, Lav,B40-match) obtained from the experiment. 

As shown in Figure 8 (b) and 9 (b), when the spatial brightness of the test scenes match that of 
the reference scene (for the reference scene, Ecor,i-ref = 100.3 lx, MRSEref = 97.7 lm/m2 and Lav,B40-
ref = 35.3 cd/m2), the corresponding values of Ematch are 98.7, 95.6 and 97.1 lx, the corresponding 
values of MRSEmatch are 96.2, 109.8 and 84.3 lm/m2, and the values of Lav,B40, match are 34.7, 42.1 
and 29.8 cd/m2 for the Scenes 1, 2 and 3, respectively. For the null-condition trial, as the lighting 
distribution pattern of the Scene 1 and that of the reference scene were identical, the matched point 
of (Ematch, MRSEmatch) lies in the straight line of MRSE versus Ecor,i that passes through the origin 
point and the point of (Ecor,i-ref, MRSEref) (see the grey dashed line in Figure 8(a)), and the same 
conclusion holds for the scenario of Lav,B40 versus Ecor,i, (see the grey dashed line in Figure 9(a)). 
Therefore, for the null-condition trial, the metrics of MRSE and Lav,B40 have the same deviation (-
1.6%) as the metric of Ecor,i from the theoretically ideal values (MRSEref, Lav,B40-ref, and Ecor,i-ref). For 
the two experimental trials with a fixed reference, the deviations of Ematch from the expected value 
Ecor,i-ref are still minor: -4.7% and -3.2% based on the comparisons of Scene 2 vs. the reference and 
Scene 3 vs. the reference, respectively. However, for the metric of MRSE, much greater deviations 
of 12.4% and -13.7% could be found from the comparisons of Scene 2 vs. the reference and Scene 
3 vs. the reference, respectively, as shown in Figure 8(b). Moreover, even more significant 
deviations, 19.3% and -15.6%, were found for the metric of Lav,B40 based on the comparisons of 
Scene 2 vs. the reference and Scene 3 vs. the reference, respectively, as shown in Figure 9 (b). In 
addition, the deviations of the three metrics can also be reflected from the geometric representation: 
the deviations of the matched points from the grey dotted line of Ecor,i = Ecor,i-ref represent the degree 
of accuracy of the metric Ecor,i (the same conclusion holds for MRSE and Lav,B40). As shown in Figure 
8(a) and 9(a), the matched points of the three trials in the first two phases are much closer to the 
line of Ecor,i = Ecor,i-ref compared with the lines of MRSE = MRSEref and Lav,B40 = Lav,B40-ref, indicating 
that the metric of Ecor,i has the highest accuracy among the three metrics in the evaluation of spatial 
brightness for a visual field when comparing with the subjective assessment. Although a deviation 
of 10-15% by using the metric of MRSE may still be considered as acceptable in some lighting 
design practices, our recommended metric Ecor,i offers not only improved accuracy, but also much 
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improved convenience in measurement, making it a better metric to quantify spatial brightness for 
a visual field. 

 

Figure 10. The direct-comparison trial. (a) MRSE vs. Ecor,i , (b) Lav,B40 vs. Ecor,i, and (c) the deviations of the 
Ematch, MRSEmatch and Lav,B40-match values from the expected values of Ecor,i-ref, MRSEref and Lav,B40-ref, 
respectively. The solid dots represent the matched points, (Ematch, MRSEmatch) and (Ematch, Lav,B40-match), 

obtained from the experiment and the hollow dots #1 – #4 represent the theoretical predictions based on the 
three metrics. 

The same analysis procedure is applied to the direct-comparison trial and the result is shown in 
the Figure 10. The solid dots in Figure 10 (a) and (b), (Ematch, MRSEmatch) and (Ematch, Lav,B40-match), 
are the “matched points” for equal spatial brightness between the reference and test scenes from 
the experiment, while the hollow dots marked as #1 – #4 are the theoretically predicted  points 
based on the predictions of the three metrics: the points #1 and #3 are based on the Ecor,i metric, 
the point #2 is based the MRSE metric, and the point #4 is based on the Lav,B40 metric. It can be 
found that when comparing two scenes with very different patterns of spatial lighting distribution, 
the performance of the three metrics can be significantly different.   

The results of the experiment show that the matched points are very close to the theoretically 
predicted points #1 and #3, which are based on the Ecor,i metric. On the other hand, the theoretically 
predicted points based on the metrics of MRSE and Lav,B40, the points #2 and #4, respectively, are 
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far away from the matched points. The geometric representation in Figure 10 (a) and (b) clearly 
shows that the metric of Ecor,i is much more accurate in quantifying spatial brightness compared 
with the prior metrics of MRSE and Lav,B40. Besides, a direct data overview of the deviations of the 
three metrics from the expected values is presented in Figure 10 (c). It can be found that when the 
spatial brightness of the test scene matches that of the reference scene (for the reference scene, 
Ecor,i-ref = 100.1 lx, MRSEref = 115.0 lm/m2 and Lav,B40-ref = 44.1 cd/m2), the corresponding values of 
Ematch, MRSEmatch and Lav,B40-match are 103.0 lx, 89.4 lm/m2 and 31.6 cd/m2, respectively. While the 
deviation of Ematch from the expected value Ecor,i-ref is still minor (2.9%), the values of MRSEmatch and 
Lav,B40-match show significant deviations of -22.3% and -28.3%, respectively, from the corresponding 
expected values. The result of the direct-comparison trial reconfirms that the metric of Ecor,i can 
serve as a better metric with much higher accuracy compared with the prior metrics of MRSE and 
Lav,B40 in assessing the spatial brightness for a visual field. 

Therefore, in all possible comparison pairs among the Scenes 1-3, the results all suggest that 
our proposed metric of Ecor,i has much improved accuracy compared with the prior metrics of MRSE 
and Lav,B40. Especially, the metric Ecor,i can ensure a deviation within ± 5% in assessing spatial 
brightness for a visual field. With such a high accuracy and the additional benefit of convenience in 
measurement, the metric of Ecor,i has much superior performance compared with the prior metrics 
of MRSE and Lav,B40. 

5.  Limitations 

Note that in this work, spatial brightness comparisons were performed with the reference scene 
fixed at a corneal illuminance of 100 lx. Future work is suggested to investigate the behavior with 
the reference scene set to other illuminance levels. Also, our proposed method relies on the 
acquisition of the indirect part of the corneal illuminance value. For those cases where the 
proportion of direct light is significant for the visual field, we recommend using the method of Duff 
et al. [18] to obtain the indirect portion of corneal illuminance via a method based on HDR imaging. 
The involvement of HDR imaging makes the measurement procedure less convenient, but it is still 
much simpler than the MRSE measurement method [18,19] adopting the same HDR imaging 
process. 

6.  Conclusion 

In this work, a quantitative method was developed for comparisons of spatial brightness within 
a visual field among three lighting scenes with various patterns of lighting distribution. The indirect 
corneal illuminance required for each test scene to match the spatial brightness perception of the 
reference scene with a fixed corneal illuminance was obtained. It was demonstrated that the metric 
of indirect corneal illuminance, Ecor,i, had a very good correlation with the subjective evaluation of 
spatial brightness. Furthermore, the performance of the Ecor,i metric was demonstrated to be much 
better compared with that of the previously proposed metrics of MRSE and Lav,B40 in terms of the 
correlation with the subjective evaluation of spatial brightness. Besides, the Ecor,i metric has a great 
advantage over the other two alternative metrics in the convenience of measurement, which is also 
critical for the acceptance of the metric by lighting practitioners. Therefore, we suggest that indirect 
corneal illuminance could serve as a preferred metric to quantify spatial brightness for a visual field, 
and the values of this metric at various visual fields together can be used to quantify people’s overall 
impression of an illuminated space. The authors believe that the outcome of this work could provide 
valuable insights toward the establishment of a widely accepted quantitative evaluation method for 
the spatial brightness of interior spaces. 
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THE CONTROL OF DAYLIGHT AND ELECTRIC LIGHT 
COMBINATION MODES IN CLASSROOMS FOR ADOLESCENTS’ 

NON-VISUAL HEALTH: A SIMULATION-BASED APPROACH
Diehong Tong, Junli Xu*

School of Architecture, Soochow University, Jiangsu, China

ABSTRACT
Improving the classroom’s light environment (daylight and electric light) is essential to promote 

the health of students. When the amount of daylight is insufficient, the use of appropriate electric 
light to supplement lighting can provide a good visual and non-visual environment for adolescents. 
The study aimed to develop prediction models for the non-visual environment in classrooms. 
Firstly, the light environment of a typical classroom was simulated using DIALux evo simulation 
software, and the vertical illumination of eyes was simulated under different daylight or electronic 
light condition only. Then, the spectral characteristics of light sources were used to derive and 
obtain the spatial melanopic EDI distribution rules under these conditions. Secondly, build 
prediction models that can control the combination modes of daylight and electric light in the
classroom from the dataset, which can be used to select the configuration of electric light 
according to the changes of daylight (different weather conditions, or different seasons). Finally, 
determine the best combination modes suitable for adolescents' non-visual health. The process 
and conclusions of the study were helpful to provide methodological and data support for 
enhancing the design of healthy light environments in classrooms.

Keywords: Classroom, Non-visual effect, Daylight and electric light, Combination modes, Lighting 
control

1. INTRODUCTION
Light (daylight and electric light) is an important part of the building physical environment,

which not only has an impact on human vision, but also can trigger non-visual effects, and then 
affect people's sleep, alertness, mood, work performance, satisfaction, etc. [1]. At the same time, 
the influence of light on the circadian rhythm system of adolescents is greater than that of adults 
[2]. Especially in the context of Chinese education, adolescents who stay in the classroom space 
for a long time tend to suffer from daytime sleepiness, lack of energy, low mood, depression and 
other problems in the past decade [3]. Therefore, it is very important to improve the quality of the 
classroom light environment, which will effectively improve the health level of teenagers.

Until now, in order to optimize the availability of light in indoor space, Hertog et al. [4] used a
lighting system with adjustable SPD to supplement or increase the amount of light in Spaces with 
insufficient daylight. It showed that this lighting mode can not only improve lighting quality, but 
also save significant amounts of energy. Mathew et al. [5] built a daylight-artificial light integrated 
system based on multi-objective genetic algorithm optimization technology in order to minimize 
glare and maximize CS in the working space. By collecting light information data, the sensor can 
automatically adjust electric light parameters according to changes in daylight conditions. Aguilar-
Carrasco et al. [6] optimized workspace design both on the electric lighting configurations and 
windows and indoor distribution to enhance circadian stimulus assuming the integration with
daylighting. More and more researchers have begun to pay attention to the control of the 
combination modes of daylight and electric light [7-9]. Nevertheless, because the calculation of 
non-visual effects is more complex than that of visual effects, it is more complicated to evaluate 
the level of rhythmic stimulation in space. So, the novelty of this study lies in developing prediction 
models for the non-visual environment in classrooms to get results quickly and easily.
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2. METHODS
2.1 Characteristics of the room model

According to the most common classroom design in Suzhou, China. a virtual space 3.4 m high 
by 7.8 m deep by 9.3 m wide was defined. The reflectance ratio of typical materials used for each 
surface of the model is 0.70 for the wall, 0.80 for the ceiling, 0.20 for the floor and 0.30 for the 
desk. DIALux evo simulation software is used to simulate the light environment of the south-facing 
classroom in the standard level The virtual classroom and the quantification of its calculation 
variables are shown in Fig. 1.

Figure 1. model of the classroom.

2.2 Selecting the light conditions
The effect of light on non-visual effects depends on a number of factors, in particular light 

intensity and SPD. Therefore, taking summer (June 21st) and winter (December 21st) as 
examples, two typical weather conditions of clear sky (15,000 K) and overcast sky (6500 K) were 
simulated [10]. Since daylight does not always provide sufficient circadian stimulus [2], electric
light plays a vital role in providing human lighting needs and supporting their health, taking 4000K 
LED as an example, to explore the corresponding luminous fluxes.

2.3 Calculation process
DIALux evo simulation software was used to simulate the light environment, and the average 

vertical eye illumination value of each calculation point was obtained at an interval of 1 h during 
the period from 9:00 to 13:00. According to the method of Bellia, Aguilar-Carrasco et al. [8,11], as 
shown in Formula (1)(2), where λ is the wavelength (nm), SPDeye(λ), SPDd(λ), SPDe (λ), SPDr(λ),
are the SPD of the observer’s eye, daylight, electric light and average spectral reflectance of the
environment, Ed is the illuminance given by daylight, Ee is the illuminance given by electric light,
Ed&e is the illuminance given by daylight and electric light, Smel(λ) is the spectral sensitivity function 
of melanopsin, and V(λ) is the photopic luminous efficiency function.

(1)

(2)

The results were compared with the standard threshold requirement [12] (melanopic EDI 181 
lx), and the changes of circadian stimulus levels in different areas and their percentage of 
Effective Circadian Effective Area (CEA) [13] were analysed in the classroom.
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3.  RESULT
3.1   Circadian stimulus promoted by daylight

Fig. 2 shows the melanopic EDI distributions at the eye-level of the basic case during 9:00 to 
13:00. For clear sky, due to the high CCT and high illumination of daylight at this time, a high level 
of circadian stimulus can be achieved under all conditions, and its CEA4h, 181 lx is 100 %. However, 
the melanopic EDI value of each calculation point fluctuates greatly at all times, and its value 
distribution is relatively discrete, especially in summer (the maximum range is 1308.26 lx from 
9:00). For overcast sky, the hourly melanopic EDI value in classroom space increased gradually 
from 9:00 to 12:00, and decreased slightly from 12:00 to 13:00. Of the four conditions, the level of 
circadian stimulus on December 21st, overcast sky (CEA4 h 181 lx=25 %) is lower than those of the 
other conditions.

Figure . Chronological melanopic EDI distribution of 24 calculation points at the eye-level.

As can be seen in Fig. 3, the distribution of the average melanopic EDI of each calculation 
point in the classroom space is expressed from a three-dimensional perspective. The red curve 
represents the distribution position in the space where the melanopic EDI is 250 lx (the 
recommended minimum threshold for WELL Building Standard grade 2). The black curve 
indicates the location of the melanopic EDI of 181 lx in space. From the perspective of space as a 
whole, the level distribution of circadian stimulus in classroom space showed obvious spatial 
differences, and mostly followed a similar change rule, that is, the melanopic EDI value in the 
north side was significantly higher than that in the south side. In addition, the west side had better 
levels of rhythmic stimulation than the east side region, but the amount of difference between the 
two was smaller. Both the south and middle regions (y=0 or 1 or 2) showed a gradually 
decreasing trend from west to east showed in Fig. 4, but the trend was more stable than that in 
the north and south. In the north region (y=3), the data fluctuated greatly, and the melanopic EDI 
increased slightly at the calculation points (3,3) and (3,4), indicating that due to the 100 mm wall 
between the two windows on the north side, the amount of daylight received by some calculation 
points decreased. This results in locally abnormal changes in the level of circadian stimulus in this 
region (y=3).

Figure 3. Average circadian stimulus in classroom.

Figure 4. Distribution of mean value and standard deviation of melanopic EDI in each cross section.
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3.2   Electric light control under different daylight conditions
According to the strength of the influence of daylight on circadian stimulus, the classroom 

space can be divided into three areas from north to south, namely, the effective use area in the 
north (y=2 or 3), the appropriate supplement area in the middle (y=1), and the key supplement 
area in the south (y=0).

(1) The effective use area in the north can almost all show a good level of circadian stimulus
under the condition of daylight only, but the illumination value in this area is usually too large, 
which will affect the normal learning behaviour of users. The shading of the north window should 
be given priority in the design, and the effective use of daylight during the simulation should be 
achieved by modifying the amount of light entering.

(2) The appropriate supplement area in the middle belongs to the area relative to the middle of 
the classroom space and is less affected by daylight. In particular, when the winter is overcast sky, 
it is difficult for the area to meet or exceed the standard threshold requirements. The design can 
be considered in combination with the other two areas, which also makes it possible to better 
transition the amount of light in the space.

(3) The key supplementary area in the south is the area in the classroom space in urgent need 
of reasonable allocation of electric light. Although it is close to the window, compared with the 
effective utilization area in the north this area is least affected by daylight and needs additional 
artificial light for supplementary lighting most of the time (except clear sky) to increase the CEA4 h

181 lx in this area.

Figure 5. Representations of the toolbox: “Inputs” and “Outputs”.

According to the spectral characteristics of light source, Excel software was used to design an 
evaluation toolbox for calculating the circadian stimulus of classroom showed in Fig. 5, and the 
corresponding melanopic EDI and CEA under different combination modes of daylight and electric 
light in the space were calculated, and the results are visualized.

When using the toolbox with the SPD and illuminance data collected for December 21st, 
overcast sky, the toolbox output sheet gives the following results:

CEA4 h 181 lx=25 %

The results show that the results obtained by the simplified method are similar to those 
obtained by the toolbox. Therefore, control of electric light can be carried out in the next step. If a
electric light with a 4000 K LED, and luminous fluxes of 3091 lm is selected, CEA4h, 181 lx can be 
increased to 75 % 4 %. When the luminous fluxes of electric light continue to increase, the 
circadian stimulus of the classroom will show a better level. But at this time, it may cause 
problems such as the increase of the level of illumination of the desk surface and the increase of 
energy consumption. In the future, we will continue to deepen the toolbox with the goal of 
integrative lighting. Based on multi-objective optimization, spatial circadian stimulus is optimized.

4.  CONCLUSION
The classrooms require sufficient melanopic illuminance to entrain the circadian rhythms of 

their occupants, and the ideal source of that illuminance is daylight. This study briefly introduces 
the distribution law of different natural light conditions on the classroom rhythm stimulation. It is 
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important to note that the classrooms can be divided into three areas according to the result of 
daylight only. Based on this data set, a combined model calculator is designed, which is easy to 
that control the combination modes of daylight and electric light in the classroom from the dataset, 
which can be used to select the configuration of electric light according to the changes of daylight. 
The process and conclusions of the study were helpful to provide methodological and data 
support for enhancing the design of healthy light environments in classrooms. 
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COMPLEX SPACE OF UNDERGROUND RAIL TRANSIT
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ABSTRACT
The contradiction between the need for visual order and functional diversity in composite spaces 

is becoming increasingly prominent. Taking underground rail stations as a typical example, their 
spatial functions include not only the collection and distribution of people, ticketing, but also 
commercial retail, with numerous functional facilities intersecting with each other in the traffic flow 
and interfering with passengers' cognition and recognition of spatial order. The intrinsic guiding 
characteristics of lighting play an irreplaceable role in regulating and reshaping the order of space. 
Especially in closed space environments such as underground rail stations, which rely entirely on 
artificial lighting, the use of lighting to reshape spatial information is an effective means of enhancing 
the target value of functional composite spaces at low cost. In order to investigate the lighting 
guiding elements of composite spaces and their influence on the perception of space, and to 
enhance the orderliness of composite spaces. The lighting elements and typical models of 29 
railway station spaces were obtained through field research. The DIALux software was used to 
simulate the lighting solutions and analyse the simulation data, the number of votes for the solutions 
and the task completion score. The results show that in addition to the spatial luminosity element 
which is the basic element influencing the lighting directivity, the spatial layout element and the 
morphological element of the light source are the key elements influencing the lighting directivity. 
On this basis, the lighting optimisation strategies proposed in terms of zoned lighting and spatial 
layout elements of interlaced light sources, and morphological elements of linear light sources 
extending along the walking direction, can contribute to the efficient enhancement of the orderliness 
of the architectural composite space.

Keywords: Composite space, Lighting guidance, Influencing factors, Order, Software simulation

1. INTRODUCTION
The function of modern public buildings is more diversified and complex, and the contradiction

between the spatial visual order demand and the spatial function compound is increasingly 
prominent. Due to people's phototaxis instinct, the inherent guiding characteristics of lighting play 
an irreplaceable role in shaping and strengthening space. Using the guidance of lighting can 
improve the efficiency of space recognition, effectively guide people's searching behavior, reduce
people's psychological anxiety, and improve the quality of space design and space experience.

Research has initially demonstrated that lighting influences spatial perception and behavioural 
performance through interventions in the perception of spatial visual information. Lighting can act 
as environmental cues to highlight spatial features[1], thereby influencing spatial perception[2] and 
changing the attractiveness of space to people, thus enabling lighting to guide them at the level of 
spatial perception[3][4]. Lighting can influence behavioural performance when there is a specific 
wayfinding task[5], and when there is no specific task[6], lighting can influence walking speed and 
route choice. Due to the complex relationship between lighting and guidance effects, there is a lack 
of theoretical research on the factors that influence the guiding effect of lighting in composite spaces, 
Therefore, it is urgent to explore the influencing factors that produce guiding effect of lighting.

The spatial functions of underground rail transit stations include not only people gathering and 
distributing, ticket purchasing and checking, but also commercial retail. Traffic flow lines cross each 
other and many functional facilities are laid out, which interferes with passengers' cognition and 
discrimination of space order. In the case that the space environment of the station hall is closed 
and completely dependent on artificial lighting, the use of lighting means to reshape the spatial 
information is an effective means to improve the target value of functional composite space at low 
cost.
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Therefore, this paper takes the underground rail transit station hall space as an example, with 
the goal of improving guidance, investigates the lighting data of 29 station halls on the spot, and 
puts forward a typical model. DIALux software was used to carry out lighting simulation. The 
analysis results of simulation data, scheme votes and task completion score were integrated. On 
the basis that the basic environmental lighting parameters such as average illumination, illumination 
uniformity and glare value of the lighting scheme meet the standard requirements, the influence of 
spatial layout elements and form elements of the lighting source on the lighting guidance is explored, 
and the corresponding optimal lighting parameters are obtained. The aim is to improve the lighting 
design of the composite space and enhance the space order based on the lighting guidance 
requirements.

2. EXPERIMENTAL SIMULATION AND EVALUATION OF GUIDING LIGHTING ELEMENTS 
OF STATION HALL

Based on the previous questionnaire survey data, the stations with better passenger feedback 
were selected, the lighting status survey data were extracted, and the lighting design schemes of 
the stations with higher satisfaction were summarized. Taking each function of the site as the unit, 
the current situation of light source and the measurement data of lighting parameters were counted, 
and the lighting scene model required for the experiment was constructed.

2.1 Establishment of station hall space model
The 29 rail transit stations are distributed in five cities: Beijing, Shanghai, Hangzhou, Guangzhou 

and Shenzhen. Among them, Guangzhou Kecun rail transit station is a relatively new construction 
station, which meets the requirements of typical functional composite space: the hall column 
network is 5.8m×8.4m, the columns have a total of 12 spans, the left and right non-paying areas 
occupy 2-3 spans, and the height is 4m. There are 4 groups of gates and 2 groups of ticket vending 
machines on the station floor. The interface reflection ratio is set as follows: ceiling 0.7, wall 0.68, 
floor 0.68, in addition, the reflectivity of the glass in the space is set as 0.08, and the transmittance 
is 0.8; The reflectance of the stainless steel plate of the brake is 0.72

Figure 1 Floor plan of the station hall (Picture source: self-drawn by the author

2.2 Introduction to lighting simulation scheme
Therefore, according to the standard requirements, the average illuminance, uniformity and 

power density of the horizontal plane of the control station are studied[7]. Starting from the 
improvement of guidance, this research mainly set up lighting schemes in three typical lighting 
methods, as shown in Table 1: By changing the installation mode of light source, the category of 
lamps, the layout direction and arrangement mode of lamps, and other spatial layout elements, as 
well as the form, size and other morphological elements, the influencing variables of lighting 
guidance simulation are set up.

According to the specification requirements [8] and survey data statistics, when it is set as A 
general lighting mode, the spatial layout of the light source is as follows: the installation mode is 
divided into the more common top-embedded lamps and suspended lamps [9 ] (respectively 
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recorded as A and B); The direction of the lighting arrangement is consistent with the direction of 
the main flow of people as longitudinal, vertical as horizontal; The arrangement of the lamps is 
transformed, the alignment type is that the central point of the lamps are aligned with each other in 
the horizontal and vertical directions, the staggered type is aligned every other column or row, and 
the lamps in the adjacent rows or columns are translated. The shape of the light source: set 3 kinds 
of LED light source length size; Set point, line, surface 3 light source forms. 

Subregional general lighting scheme; The lighting mode of the most middle vertical traffic area 
in the schemes 1A, 3A, 7A and 9A is transformed. The key lighting is selected to set a cosine type 
directional projection lamp above the gate and the ticket vending machine, and the solid Angle of 
the lamp is within 60°. 

When set as a zoning lighting method, the general lighting method is used as the basis for the 
replacement of the lighting method in the area where the most central vertical traffic is located, with 
the corresponding focus on lighting options above the gates and vending machines with cosine type 
directional floodlighting fixtures, with a three-dimensional angle of the fixtures within 60°. 

Table 1 Station hall lighting simulation scheme setting table 

Lighting 
mode 

Station hall general lighting Station hall subarea general lighting Emphasis lighting 

Installa
tion

Light source 
form and 

lighting mode
direction Lamp 

Size (m) 
Arrangeme

nt mode ID 

Remaining area Central area 

ID position ID lighting 
mode 

Light 
source 
form 

direction Lamp 
Size (m) 

Lighting 
simulation 

scheme 

A-
embed

ded 
B-

suspens
ion

type linear 
light source+ 

Direct 
illumination

horizont
al 

1.2 
alignment 1A/B 

Direct 
illuminat

ion 

point 
Horizontal 1.2 1A+ 

point sidewall 

Long A+ 
indirectl
y leads 
the key 
points 

interlace 2A/B longitudinal 1.2 7A+ 
point handrail 

2.4 
alignment 3A/B 

surface 
Horizontal 1.2 1A+ 

surface 
passage

way 

interlace 4A/B longitudinal 1.2 7A+ 
surface 

Brake 
machine 

General 
length  5A  

Ticket 
vending 
machine 

longitudi
nal 

1.2 
alignment 7A/B 

Indirect 
illuminat

ion 
line 

Horizontal 
1.2 1A+ 

indirect 

 

interlace 8A/B 2.4 3A+ 
indirect 

2.4 
alignment 9A/B 

longitudinal 
1.2 7A+ 

indirect 

interlace 10A/B 2.4 9A+ 
indirect 

General 
length  6A  

Evaluatio
n method 

There were 38 people participating in the voting in the 
common area and the general area respectively 

The voting method was divided into three groups 
with 17 participants 

Task completion 
score 

 

2.3  Selection of evaluation method 

2.3.1  Vote choice method 

Based on the scoring method, screenshots were taken of the same location scenarios of the 
same group of simulation schemes. The schemes considered to be more oriented were selected 
by comparison and evaluated according to the number of votes selected[10]. In order to avoid the 
position of pictures in the options interfering with the selection of subjects, the sequence of picture 
options was randomly arranged. 

2.3.2  Vote choice method 

The optimized scheme of the general lighting of the station hall was transformed into a 
partitioned general lighting, and guided lighting and local lighting were added. Roaming video 
recordings were made for these simulated scenes, and 6 pictures were captured from the videos. 
After watching the videos, the subjects sorted the scene pictures. The image classification task was 
evaluated with two indexes of completion time and sequence accuracy [11] . If the photo position 
corresponds to the correct position in the entire sequence, 1 point is awarded; If it is incorrect, but 
near a photo that follows in chronological order, 0.5 points are awarded; Zero points for a complete 
misalignment. 
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3.  EXPERIMENTAL RESULTS AND ANALYSIS 
3.1   Reliability analysis 

This experimental data analysis mainly investigated the intrinsic reliability of the questionnaire. 
The Alpha reliability coefficient method is mainly used to consider the internal reliability of the scale, 
that is, whether there is a high internal consistency between items. Through the reliability analysis 
of the voting questionnaire for 18 schemes of general lighting, a total of 38 subjects were tested 
under 108 working conditions, and the Kronbach coefficient of the obtained experimental data was 
greater than 0.935, which belongs to a very good degree of reliability, indicating that the reliability 
of the overall questionnaire is high. 

Table 2 Reliability analysis 

Klonbach Alpha Klonbach Alpha based on standardized terms Number of terms 
.935 .945 108 

 

3.2   Experimental result 
The 18 scenarios for the general lighting of the station concourse met the standard 

requirements for average illuminance, uniformity of illuminance in the horizontal reference plane, 
uniform glare values and power density. Two scenarios for the north-south passing area and four 
scenarios for the left and right general areas were voted on separately, and a total of 38 valid 
evaluations were obtained. Taking scenario 3A as an example, the simulated effects of the six 
scenarios are shown in Table 2 and the voting results are shown in Table 3. 

Table 2 Six simulation scenarios -- taking Scheme 3A as an example 

   

North side passage South side passage Station hall top right corner  
  

 

Station hall lower right corner  Station hall, top left corner  Station hall lower left corner  

 
Table 3 General lighting simulation scheme and voting results 

Scheme sequence number 8B 7B 9B 10B 1B 4B 2B 10A 3B 2A 8A 1A 7A 4A 6A 9A 3A 5A 

Average illumination lux 279 283 227 208 263 293 253 193 296 316 337 318 343 352 207 207 355 261 
Illuminance uniformity 0.83 0.87 0.97 0.78 0.78 0.78 0.78 0.79 0.84 0.74 0.82 0.73 0.86 0.8 0.73 0.91 0.82 0.76 

Unified Glare Ratin 15.3 15.4 14.1 14.2 11.7 12.3 12.2 12.0 12.0 12.4 14.3 12.2 14.4 11.3 12.0 11.9 11.1 16.4 
Voting result 8 12 12 13 15 15 16 18 19 21 22 26 26 28 30 41 54 55 

 

Sub-regional general lighting scheme, the lighting mode of the most middle vertical traffic area 
in the scheme 1A, 3A, 7A, 9A is transformed, and the voting is divided into three groups. There are 
21 votes in each group. The station hall key lighting scheme was compared with the original 5A 
general lighting scheme, and 17 and 21 people participated in the ranking task assessment 
respectively in the two scenarios. The voting results are shown in Table 4. 

Table 4 Results of simulation scheme for sub-regional lighting and key lighting of station hall 

Scheme 
sequence 
number 

Sub-area lighting - Change the lighting mode of the central area Emphasis lighting 
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Emphasis 
lighting 

Vote 1 Vote 2 Vote 3 5A No 
emphasis 

lighting 

5A+ indirect 
emphasis 1A 

Indirect 
3A 

indirect 
7A 

indirect 
9A 

indirect 
1A 

indirect 
1A  

point 
1A 

Plane 
1A  

point 
7A  

point 
Average 

illumination (lux) 223.8 296.2 287.1 246.5 223.8 226.1 223.9 226.1 212.7 260.5 248.4 

Voting result 6 4 2 5 7 8 2 8 9 3.214 3.911 
 

Based on the above voting results, the normal test and variance homogeneity test were carried 
out for the voting data of the general lighting scheme. Since the comparison elements between the 
partition lighting and the key lighting were relatively single, the number of votes and scores could 
be directly compared and analyzed, so no software statistical analysis was carried out. 

The results of the normal test of data are skewed, and the P-value of the results of the 
homogeneity test of variance is also less than 0.01, that is, the variance is not homogenous. 
Therefore, Kruskal test (K independent sample test) in non-parametric statistical method was used 
to analyze the significance of the influence of four variable Settings on the number of guided votes. 
The results show that the installation mode, size and arrangement of lamps have a significant 
impact on the guidance, while the arrangement direction of lamps has no significant impact on the 
guidance. The data analysis results are shown in Table 5. 

Table 5 Significance analysis results of influencing factors of general lighting simulation schemes 

Test result Luminaire size Installation mode Arrangement 
mode 

Lighting 
arrangement 

direction 
Kruskal Wallis H 6.453 39.112 5.242 0.120 

Asymptotic significance 0.011 0.001 0.022 0.729 
 
3.3 Analysis of spatial layout elements of light source 

The simulation results of three types of lighting scenarios general lighting, zoned lighting and 
accent lighting are analysed comprehensively to explore the influence of the spatial layout elements 
of the light source on directivity in three aspects: installation method, lighting mode and 
arrangement. 

3.3.1 Installation mode 

The significance of the influence on the guided voting is < 0.001, the embedded total vote in the 
general lighting scheme is 321 points, and the suspended total vote is 110 points, indicating that 
the embedded guiding evaluation is much higher than the suspended. And the embedded glare 
value is smaller than that of the suspended type, and the average level illuminance is higher than 
that of the suspended type, which is speculated to be due to the lack of ceiling as a reflecting 
surface to reflect the light to the ground. 

3.3.2 Lighting mode 

According to the results of voting 1 of zoning lighting, it can be seen that indirect lighting is 
taken as a prerequisite for zoning, and the effect of general areas 1A, 3A, 7A and 9A is compared 
under the premise of indirect lighting in the central area, and the results show that there is little 
difference in guidance. According to the voting results of 5A+ indirect key lighting scheme, the 
average score of task completion of the subjects was significantly improved when the key position 
was set with indirect lighting. 

3.3.3 Arrangement 

The significance of influence on guided voting is 0.022. The staggered arrangement in the 
general lighting scheme has 141 votes, and the normal alignment arrangement has 205 votes. The 
results show that the staggered arrangement lags behind the normal alignment in the guided vote, 
and the staggered arrangement has little improvement in uniformity compared with the aligned 
arrangement. And a wide range of staggered layout is easy to make the visual effect messy, so that 
the observer appears visual illusion. 

3.4 Light source form element 
The simulation results of the three types of lighting scenarios - general lighting, zoned lighting 

and accent lighting - are analysed comprehensively, and the influence of the morphological 
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elements of the light source on directivity is analysed in 2 ways: the form of the light source and the 
size of the light source. 

3.4.1 Light source form  

Based on the results of Vote 2 for zoned lighting, it can be seen that the space dominated by 
line light source, and the space partitioned with point and surface light source received higher votes. 
According to the results of vote 3 of zoning lighting, taking point lighting as a prerequisite for zoning 
and comparing the effects of general area 1A and 7A under the premise of point lighting in the 
central area, the results show that there is a small difference in guiding scores. The results show 
that the guiding vote value of point lighting in the central area is higher under the premise of 
embedded installation, lateral alignment of the luminaire and size of 1.2 (m) ×0.3 (m). 

3.4.2 Light source size   

The significance of the effect on guided voting was 0.011.In the general lighting scheme, 2.4 
(m) ×0.3 (m) obtained 134 points, 1.2 (m) ×0.3 (m) obtained 120 points, among which the guiding 
votes of 3A, 5A and 9A schemes were higher, and the size of 5A lamps was consistent with the 
length of station. The dimensions of 3A and 9A lamps are 2.4 (m) ×0.3 (m), and the results show 
that the passenger guidance evaluation of the line light source with longer length is higher than that 
of the aspect ratio. 

4. CONCLUSION 
Through the station hall space of general lighting, zoning lighting, accent lighting 3 ways a total 

of 27 lighting programs for software simulation and voting numbers, task completion analysis and 
comparison can be seen, in the spatial arrangement of light sources: recessed than suspended 
installation method has better guidance, recommend the use of recessed lighting installation 
method; alignment arrangement method than staggered arrangement method has better guidance, 
staggered In improving uniformity is not much, and easy to visual confusion, so can be combined 
with the ceiling modeling small-scale layout; In addition, in the light source form elements: zoning 
lighting design, priority change the type of light source to distinguish between different spaces, line 
light source-based space, point line light source with zoning effect is better; in the station hall pass 
area according to the actual situation along the walking direction to set the length and width is 
relatively large, that is, longer Line light sources are set along the actual walking direction to guide 
passengers forward; the setting of accent lighting helps passengers to perceive the station space, 
and line light sources can be set along the walls, railings and various access edges. In summary, 
the lighting optimisation strategy is proposed from the spatial arrangement of light sources and 
morphological elements, with a view to providing reference for the lighting guidance design of 
underground rail stations and other architectural composite spaces. 
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Ultraviolet Lamp Based on Microwave Stimulated and Application in 
Photolyzing Volatile Organic Compounds VOCs
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Abstract: The working principle of UVC and the three kinds of technology to generate UVC were 
described, and design of microwave stimulated ultraviolet lamp and requirements for material and 
process were presented. And also in this paper, it was focused on the working principle of 
microwave, ultraviolet and photocatalyst composite technology used in photocatalytic oxidation for
volatile organic compounds (VOCs) , the microwave cavity structure and working mechanism were 
also introduced. Finally, some engineering cases for treating organic waste gas were provided for 
the reference of environmental protection technology field.

Key words: UVC lamp; microwave stimulated; photo catalysis; composite technology; volatile 
organic compounds (VOCs)

1. Introduction
Photons energy of ultraviolet rays in C-waveband (UVC) can be seen in Tab.1, binding energy

of the various volatile organic compounds (VOCs) molecules can be seen in Tab.2. By comparing 
Tab. 1 and Tab. 2, we can see that bond dissociation energy (BDE) of UVC with wavelengths
253.7nm and 185.0 nm is separately 472 kJ/mol and 647 kJ/mol only part of volatile organic 
compounds(VOCs can be dissociated by ultraviolet rays (UVC), photolysis efficiency is not 
enough.

Tab. 1 Photons energy of UVC
Wavelengths

nm
Photons energy

kJ/mol
253.7 472

185.0 647

Tab. 2 Binding energy of VOCs molecules

Binding type
Binding energy

kJ/mol
Binding type

Binding energy
kJ/mol

H-H 436.2 C-H 413.6

H-C 347.9 C-F 441.2

C=C 607.0 C-N 291.2

C≡C 828.8 C≡N 791.2

N-N 160.7 C-O 351.6

O-O 139.0 C=O 724.2

O=O 490.6 O-H 463.0

The composite technology of ultraviolet based on microwave stimulated and photo catalyst 
was used in photocatalytic oxidation for volatile organic compounds (VOCs) ,the photolysis 
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efficiency was effectively improved. The volatile organic compounds (VOCs) molecules were 
dissociated by the electromagnetic field of microwave with ultrahigh frequency (2450 MHz), VOCs 
macromolecule was dissociated to micromolecule, VOCs micromolecule is easy to be 
photocatalytic oxidation. When the UVC rays was making the micromolecule photolysis, and be 
stimulating nano-TiO2 to generates a large number of hydroxyl-oxidation-group (-OH) and electron 
hole pairs, its bond dissociation energy (BDE) is more than ten times that of UVC rays, photolysis
efficiency is improved.

2. Ultraviolet Lamp Based on Microwave stimulated
There are three technical path to excite Penning gas in a glass tube to discharge into a plasma 

that emits UVC rays. The traditional hot-cathode electron discharge has a low operating 
frequency(50Hz~30 kHz). High frequency electromagnetic field induction discharge forms 
plasma, operating frequency is about 250 kHz. Microwave excite Penning gas discharge to form 
plasma, operating frequency is 2450 MHz. The hot-cathode UV lamp has mature technology and
low cost, but also has big light decay and short life because quartz tube may be polluted with 
electronic powder sputtering, and also installation and maintenance is not convenient. The discharge 
lamp based on microwave excitation has no filament, no electron powder, and has low light 
attenuation, long life, and high cost, it’s easy to install and maintain.

UV lamps based on microwave excitation were placed in microwave cavity, Penning gas in 
the quartz tube is excited by microwave (2450 MHz) to form plasma, emitting wavelength 253.7 
nm and 185.0 nm ultraviolet rays ( Fig.1).

Fig.1 Ultraviolet rays stimulated by Microwave
Microwave-excited UV lamp has a high operating temperature of about 80 , far above the 

optimal temperature of liquid mercury 40 , in order to overcome the light decline due to 
temperature rise and ensure that the lamp is always working in the highest UVC emission state, 
amalgam and auxiliary amalgam (gold sheet) must be used in UV lamp ( Fig.2). Microwaves also 
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heat amalgam in the exhaust pipe, causing it to melt away, the optimum operating temperature for 
amalgam is not achieved. It is necessary to design a stainless steel holder at lamp end, to avoid 
direct microwaves radiation to gold sheet and amalgam. The support materials in the microwave 
cavity in contact with the lamp holder must be ceramic, plastic and other insulating materials, such 
as tetrafluoroidal plate. In order to prevent Hg atoms in plasma from invading the surface lattice of 
the quartz tube and affecting the transmission of ultraviolate rays, the inner wall of the quartz tube 
is coated with a protective film of nano-oxide to reduce light decay and to improve lamp quality, 
the vacuum degree of the tube must be higher 5 10-3 Pa ( Fig.3)

Fig.2  Amalgam and assistant amalgam

Fig. 3 Ultraviolet lamp based on microwave stimulated

3. Microwave, ultraviolet, photocatalyst composite technology and mechanism
The ultra-high frequency electromagnetic field in the microwave cavity produces strong 

magnetic radiation to VOCs molecules, which can cut and split the molecular bonds of benzene, 
toluene, xylene, ammonia, tri-methylamine, and hydrogen sulfide to form smaller molecules, which 
is conducive to further photocatalytic oxidation. The microwave-excited ultraviolet lamp can emit 
ultraviolet rays with wavelengths 253.7 nm and 185.0 nm, UVC rays with wavelength of 253.7 nm 
is mainly used for sterilization and disinfection, and also can be photolysis of VOCs molecules with 
molecular bond energy less than 472 kJ/mol. The bond dissociation energy (BDE) of ultraviolet rays
with wavelength 185.0 nm reaches 647 kJ/mol, which is mainly used for the oxygen photolysis 
(bond energy of 490.6 kJ/mol) to produce -O, namely ozone, as well as photocatalytic oxidation of 
VOCs molecules. At the same time, UVC rays excited the oxides on the photocatalyst plate, and 
produced a large number of hydroxyl oxidation groups(-OH) and electron hole pairs, which could 

ed on microwave stimulatedFig 3 Ultraviolet lamp basee
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play a stronger role in photocatalytic oxidation ( Fig.4).

Fig.4  Working principle of nanometer TiO2 irradiated by UVC 
The bond dissociation energy (BDE) of UVC rays, O3 and -OH are as follows.
The calculation formula of bond dissociation energy (BDE) of ultraviolet rays with wavelength 

185.0 nm is as follows. 

E185= hc/
m
sm

9

8

10x185
/10x3 kJ/mol

In formula, h= Planck constant; c= light speed; λ= wavelength; 6.02×1023= Avogadro's 
constant  

Corresponding to 647 kJ/mol, and the bond dissociation energy (BDE) of UVC 185.0 nm is 
6.702 eV According to the report [7] by HGI Industries, the bond dissociation energy (BDE) of 
ozone (O3) is 12.53 eV, and that of hydroxyl oxide group (-HO) is 14.01 eV. The report also pointed 
out that University of Southern California in United States compared the oxidation potential  
(namely BDE) differences between ozone and hydroxyl. Compared with ozone (O3), the hydroxyl 
radical's BDE efficiency is 13 times more than that of ozone (O3) , and the reaction rate is 1 billion 
times faster than ozone reaction. 

The shape of the microwave cavity is usually rectangular or cylindrical, and the air inlet and 
outlet are made of aluminum base honeycomb photocatalyst net plate which can not only cut off the 
microwave field but also maintain the ventilation function. Two row of microwave stimulated 
ultraviolet lamps are installed in the cavity, and the ceramic base photocatalyst net plate is installed 
between UVC lamps ( Fig.5). A microwave head radiating microwave energy (a combination of 
magnetron and waveguide) and a switching power providing electrical energy are installed outside 
the cavity. When the power module is switched on, microwave electromagnetic field, UVC rays, 
hydroxyl oxide groups(-OH) and electron hole pairs are generated inside the cavity. When VOCs 
pass through the microwave cavity, these industrial waste gas are subjected to the triple catalytic 
oxidation of microwave field, UVC rays and hydroxyl oxidation group(-OH), and be decomposed 
into harmless H2O and CO2 The photocatalyst device may be consists of several microwave 
cavities module according to the air volume ( Fig.6). 
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Fig.5 UVC lamp and ceramic photocatalyst mesh plate in microwave cavity

Fig. 6 Photocatalytic equipment combined with 6 sets of microwave cavities

4. Engineering Case in Treating Volatile Organic Compounds VOCs

Fig.7 Application of oil fume purification
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Fig.8  Photocatalytic oxidation treatment of industrial waste gas 

Fig.9  16 modules combination in photocatalytic treatment of paint and coatings 

Fig.10  Application in waste gas treatment equipment 
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Fig.11  Application of microwave ultraviolet photocatalyst composite technology 

Fig.12  Application of waste gas treating in food factory 
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RESEARCH ON THE LIGHTING DESIGN STRATEGY OF SCHOOL 
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ABSTRACT
In recent years, with the rapid development of the national economy and the improvement of 

people's living standards, national fitness and sports events have become an indispensable part 
of people's daily life. In order to meet people's demand for sports events, various places have 
invested in the construction of large-scale sports venues and held various sports events. These 
activities not only promote the development of sports, but also make contributions to the 
development of society and economy. The sports field in the school is an important place to 
improve the sports level and physical quality of students and teachers. The quality of the lighting 
environment in the school sports field has a direct or indirect impact on the visual health of young 
people, as well as physical and mental health, so the lighting design puts forward higher 
requirements. Firstly, the lighting standards need to be met to provide clear and bright site 
conditions; Secondly, it is necessary to meet the requirements of visual comfort, effectively control 
the glare caused by lighting, and provide a comfortable and safe site environment. Finally, in the 
context of "carbon peaking and carbon neutrality goals", the construction of smart lighting system 
and the application of green energy-saving lighting products to ensure the effective use of energy 
and reduce energy waste is the content that the sports field lighting needs to focus on. By sorting 
out the problems existing in the current outdoor sports venue lighting design, comparing and 
analyzing the current lighting standards and the factors that affect the quality of sports lighting, 
conduct a study of sports field lighting cases, and propose the school outdoor sports field lighting 
with visual comfort as the design goal. The design strategy is expected to provide direction for the 
lighting design of the same type of school sports field. Under the guidance of the design strategy, 
it is applied to a standard football field lighting design in a junior high school in Shenzhen. It is 
calculated and analyzed by two different high-power LED luminaire layout methods to determine 
the final lighting strategy. After calculation, the final lighting design can meet the current lighting 
standard requirements under the premise of meeting the current design conditions, and at the 
same time control the glare, and create a good outdoor sports field lighting environment for 
teachers and students. 

Keywords: Outdoor sports field; Lighting design; Visual comfort; Glare control

1. INTRODUCTION
In recent years, amid the nationwide fitness trend and the hosting of large-scale sports events,

participation in sports activities has become an integral part of people's lives. Sports fields serve 
as crucial venues for physical education in schools, ensuring the orderly conduct of sports 
teaching, training, competitions, and group activities. They play a significant role in meeting the 
requirements for activities of varying scales, carrying considerable social significance.

With the development of nightlife and the nighttime economy, there has been a significant 
increase in the number of people engaging in sports activities at night. To ensure the safety of 
nighttime public activities, there is a need to improve sports field lighting.

However, existing outdoor sports fields in schools often neglect lighting construction due to 
lower usage demands and fewer people participating in nighttime activities in the past. Prevalent 
issues include the absence of lighting infrastructure or poor lighting quality. Insufficient 
illuminance levels make it difficult to meet the requirements for daily exercise, training, and 
professional competitions. Severe glare on the field negatively impacts visual perception, and 
damaged lighting fixtures result in poor lighting effects.

Given that school sports fields cater to young individuals, it is essential to prioritize visual 
health, as well as physiological and psychological well-being, in lighting construction and design. 
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The objective is to provide a uniform and comfortable lighting environment while addressing glare 
and light pollution concerns. 

 

2. INTERPRETATION OF LIGHTING STANDARDS 
In China, stadium lighting design standards are outlined in Sports Stadium Lighting Design 

and Testing Standards JGJ 153-2016, as well as Architectural Lighting Design Standards 
GB50034-2013. In 2022, the International Illuminating Engineering Society (IES) released 
ANSI/IES RP-6-22, a lighting standard specifically for sports fields and leisure areas. This 
standard provides control requirements for the lighting of various sports fields and leisure and 
social activity areas. Given the unique nature of stadium lighting, professional sports 
organizations at various levels, including FIFA, FIH, NCAA, NFL, UEFA, and the North American 
and Caribbean Football Association, have established specific requirements for stadium lighting. 

 
2.1 Lighting classification 

Based on varying usage requirements and specific TV broadcast criteria, sports venue lighting 
standards are classified. In China, for example, the Sports Stadium Lighting Design and Testing 
Standards JGJ153-2016 categorizes stadium lighting into six levels (Table 1). Similarly, 
international standards like FIFA and IAAF divide venue lighting into five levels, with "club games" 
representing amateur games, corresponding to "amateur games and professional training" in our 
standards. "Domestic and international games" align with the standards for "professional 
competition" in our country. Different classifications dictate the control of stadium illumination, 
illumination uniformity, color rendering, color temperature, and glare index. School stadiums 
typically adopt the first-class lighting standard, primarily catering to the functional needs of 
teachers and students for fitness and amateur training, with no specific requirements for TV 
broadcasting (Table 2). 

Table 1. Stadium lighting levels 

Without TV With TV 

Grade Use function Grade Use function 

 Fitness and amateur training  
TV broadcasting of national 

competitions and international 

competitions 

 
Amateur competitions, 

professional training 
 

TV broadcast of major national 

competitions and major international 

competitions 

 Professional competition  
HDTV broadcasting of major 

national competitions and major 

international competitions 

Note: Levels IV, V and VI in the table are also applicable to other competitions with special 

requirements. 

Table 2. The comparison of stadium lighting requirements 

Specification Class 

Horizontal illuminance Light source 

Average 

illuminance 

Uniformity of 

illuminance Ra 
Tcp 

K  
GR 

lx U1 U2 
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Sports Stadium 

Lighting Design and 

Testing Standards 
 

(Fitness, 

Amateur 

Training) 

200  0.3 65 4000 55 

International 

Football Federation 

(FIFA) "Soccer 

Stadium Technical 

Recommendations 

and Requirements 

200  0.5 65 4000 
5

0 

International 

Athletics Federation 

Athletics Facilities 

Handbook (FIH) 

2008 Edition 

 

(Club 

Competition) 

200 0.4 0.6 65 4000 
5

0 

Note:  

 The illuminance value in the table is the maintenance illuminance value; 

 Class I and II stadium lighting has no restrictions on vertical illuminance; 

Maintenance factor should not be less than 0.7; 

 It is recommended to use constant lumen technology. 

 
2.2. Illumination 

Stadium lighting encompasses horizontal illuminance and vertical illuminance. Horizontal 
illuminance is measured on an imaginary plane located 1 meter above the field's surface in the 
horizontal direction. Multiple measurements are obtained by using a designated standard grid. For 
instance, the American Football League specifies a grid spacing of 5 meters. On the other hand, 
vertical illuminance is measured on an imaginary surface in the vertical direction, originating from 
a specified position and orientation. Establishing minimum and maximum limits for vertical 
illuminance is crucial to ensure proper player facial recognition and identification. 

 
Figure 1. Vertical illuminance with different orientation 

2.3 Uniformity 
To ensure that athletes and spectators can easily follow the action, it is essential to control the 

uniformity of stadium lighting. Typically, the illuminance uniformity ratio is used to assess the 
uniformity of horizontal and vertical illuminance in the stadium. Taking the NFL requirements as 
an example, the horizontal illuminance is denoted as Eh, and the uniformity ratio is expressed as 
Eh max / Eh min. Measurements using a grid spaced 5 meters apart on the playing field must 
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adhere to a ratio of 1.4:1 or less. Similarly, the vertical illuminance, denoted as Ev, must also 
have a uniformity ratio of Ev max / Ev min that is 1.4:1 or less. 

Additionally, the uniformity gradient (UG) can be used to describe the maximum 
inhomogeneity of the field. UG represents the ratio of illuminance values between adjacent 
measurement points on the square grid. By controlling the UG, uneven changes in illuminance 
can be minimized, which is particularly crucial for fast-moving ball games that are sensitive to 
variations in lighting conditions. 

 

2.4 Visual glare 
When the luminance of the luminaires within the field of view of the observer (athlete or 

audience) significantly exceeds the average luminance acceptable to the human eye, visual glare 
occurs, resulting in visual discomfort for the observer and impairing their ability to perceive object 
details. The typical evaluation of visual glare involves placing subjects in a laboratory environment 
and conducting subjective assessments of glare perception in specific lighting scenarios. CIE 
112-1994 introduced a glare evaluation system for outdoor sports and area lighting, which 
assesses the glare level based on key parameters such as the brightness of the luminaire as 
seen by the observer, the angle range of the luminaire within the observer’s field of view, the 
relative position of the line of sight, the number of luminaires within the observer’s field of view, 
and the average luminance perceived by the observer. 

For instance, the JGJ153-2016 Sports Stadium Lighting Design and Inspection Standard 
specifies that the glare value for first-class stadium lighting should be below 55, while for other 
classes, it should be below 50. Furthermore, there are also regulations concerning the glare value 
of the primary camera used for video broadcasting. As an example, the NFL requires that the 
glare value of all primary camera lenses remains below 40. 

 
2.5 Color temperature 

Professional sports organizations in various countries have established guidelines for stadium 
lighting, specifying the acceptable correlated color temperature (CCT) and the minimum required 
color rendering index (CRI). Typically, correlated color temperatures are around 3000K for quartz 
halogen luminaires and warm white LEDs, 4000K for metal halide luminaires, and 5000K for 
daylight LED luminaires. In recent years, LED lighting technology has become increasingly 
popular in stadium lighting design due to its significant advantages, including energy efficiency, 
high performance, low maintenance costs, and intelligent control capabilities. 

Table 3. CCT and CRI requirement for stadium lighting from different sports organizations 

Sports Organization CCT CRI 

FIFA = 4000K = 65 

FIH > 4000K > 65 

NCAA > 3600K > 65 

NFL 5600K or 5000K-7000K  = 90 
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Figure 2. Color temperature  
The color rendering index, CRI (Ra), measures the average color shift of various colors 

observed under a light source compared to the color observed under an incandescent or daylight 
light source with the same CCT. The minimum requirement for CRI is 65, which represents the 
performance achievable with high wattage metal halide luminaires. Considering the prevalent use 
of LED luminaires, those with a color rendering index of 80 or higher offer improved lighting 
effects, while luminaires with a color rendering index of 90 and above are preferred. 

 
2.6 Light pollution 

Outdoor lighting serves the purpose of illuminating objects on the ground as well as the sky 
above. The International Dark Sky Association has highlighted the issue of light pollution caused 
by excessive lighting construction, which disrupts the ecological balance at night, impacts the 
circadian rhythm of humans and animals, interferes with astronomical observations, and results in 
significant energy wastage. Stadium lighting, being a critical source of lighting within a confined 
space, is particularly susceptible to contributing to light pollution. Therefore, it is essential to 
effectively shield the upward light and control the lighting duration when selecting lighting fixtures. 

 

2.7 Lighting arrangement 
The outdoor stadium has a large area and lacks support points, necessitating the arrangement 

of a combination of high pole lights and centralized lights. This arrangement requires a higher 
projection angle for the lights. Generally, the outdoor lighting arrangement adopts the four-corner 
pole type, where concentrated luminaires and high pole lights are arranged at the four corners of 
the stadium. The height of the light poles is typically between 35 to 60 meters, ensuring that the 
bottom row of floodlights can reach the center of the stadium and the ground. The included angle 
should not be less than 25° to ensure proper illuminance distribution throughout the stadium and 
control glare. 

 

3. LIGHTING DEISGN PRACTICE 
Taking the lighting design of the outdoor main stadium of a senior high school in Shenzhen as 

an example, this research is conducted. The senior high school has a compact layout, and the 
outdoor main stadium is oriented in a north-south direction. It consists of a standard football field, 
a 400-meter track and field, and spectator stands to cater to the nighttime activities and irregular 
sports events of teachers and students residing in the school. The outdoor activity area primarily 
comprises the main stadium, with limited space for other landscape green areas. The close 
proximity between the main stadium and the teaching building restricts the placement of lighting 
fixtures. Additionally, due to limited land availability, meeting the lighting requirements of both the 
football field and track and field simultaneously requires a large number of luminaires and a 
significant overall area for luminaire heads. Balancing the lighting requirements of the stadium 
and the aesthetics of the building facade becomes a key aspect of this lighting design. As a result, 
this lighting design primarily focuses on meeting the lighting standards of the football field, while 
the track and field field is illuminated by overflow light, and accent lighting is not considered for 
the auditorium. 

Referring to the relevant requirements of the stadium lighting design and testing standard 
JGJ153-2016, this stadium lighting complies with the first-level use function requirements, which 
include fitness and amateur training. Specifically, the average illuminance for track and field fields 
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and football fields is not less than 200lx, and the illuminance uniformity is U2, which should be 
less than 0.3. Additionally, the color rendering index (Ra) is not lower than 65, the color 
temperature is not lower than 4000K, and the glare index should not exceed 55. 

Based on lighting design indicators and relevant domestic and international standards, two 
lighting schemes are proposed for comparative analysis. Scheme 1 adopts the standard four-
corner lighting method and utilizes a total of 14 sets of 1430W high-power LED luminaires. The 
luminaires have a color rendering index of Ra=90 and a color temperature of 5700K. The lighting 
strobe ratio is  1%. The four light poles are positioned within the landscape green space 
surrounding the playground. The height of light poles P1 and P2 is 30.5 meters, while the height 
of P3 light pole is 27.5 meters, and P4 light pole is 24.4 meters. 

 
Table 4. Light pole information for option 1 

Light 
pole 

number 

Light 
pole height 

(m) 

Base 
level (m) 

Number of 
lamps (pieces) 

Single 
lamp power 

(w) 

Lamp power 
(kw) 

P1 P2 30.5  4 1430 5.72 

P3 27.5 15.4 3 1430 4.29 

P4 24.4 24 3 1430 4.29 

4   14  20.02 

 

Table 5. Football field calculation for option 1 
Calculation 

area 
Calculation 
method 

Illuminance value 

Football 
Field 

Horizontal 

Illumination 

Ave Min Max Min /Max Min / Ave 

204lx 148lx 246lx 0.6lx 0.73lx 

 

  
Figure 3. Calculation of football field for option 1 

 
Option 2 takes into account the close proximity between the playground and the teaching 

building. Erecting traditional light poles would obstruct the visual appeal of the teaching building 
when looking towards the playground, as well as compromise the overall distant view effect of the 
west facade of the building. Therefore, the solution considers placing two light poles on the roof of 
the building near the teaching building. To minimize the impact on the roof structure, a 
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combination of curtain wall installation brackets or pole installations is employed. This 
arrangement ensures that the lighting requirements of the football field are met. 

The setup includes 15 sets of 1430W high-power LED lamps with a color rendering index of 
Ra=90 and a color temperature of 5700K. Additionally, the site lighting guarantees a stroboscopic 
ratio of ≤1%. Among them, the height of light poles P1 and P2 is 30.5 meters, while P3 and P4 
are installed on poles combined with the building roof structure, protruding 10 meters from the 
roof level. 

Table 6. Light pole information for option 2 
Light 

pole 
number 

Light 
pole height 

(m) 

Base 
level (m) 

umber of 
lamps (pieces) 

Single lamp 
power (w) 

Lamp power 
(kw) 

P1 P2 30.5  4 1430 5.72 

P3 10.0 15.4 3 1430 4.29 

P4 10.0 24 4 1430 5.72 

4   15  21.45 

 

Table 7. Football field calculation for option 2 
Calculation 

area 
Calculation 
method 

Illuminance value 

Football 
Field 

Horizontal 

Illumination 

Ave Min Max Min /Max Min / Ave 

207lx 154lx 265lx 0.58lx 0.74lx 

 
After calculating and comparing the illuminance levels, both Scheme 1 and Scheme 2 meet 

the lighting standard requirements for a first-class football field. Considering architectural 
aesthetics, load considerations, and lighting effects comprehensively, Scheme 2 is deemed more 
suitable for meeting the lighting requirements of the outdoor main stadium in senior high schools. 

 
Figure 4. Location of the lamp pole 
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Figure 5. Rendering of the light pole location on the architecture 

 

  
Figure 6. Calculation of football field for option 2 

 
4. CONCLUSION 

Drawing from actual cases, this paper elaborates on the issues and solutions that require 
attention in the lighting design of school stadiums. It aims to ensure that the lighting technical 
parameters align with the requirements for fitness activities, training, amateur competitions, and 
more. Moreover, both domestic and international standards are taken into consideration to meet 
the long-term development needs. By utilizing lamps with appropriate projection angles, the 
lighting design encompasses the illumination of the stadium runway and surrounding public 
spaces, while minimizing excessive light spillage. This study provides a valuable reference for the 
high-quality development of school stadium lighting. 
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THE IMPACT AND PREDICTION OF CLASSROOM LIGHTING 

ENVIRONMENT AND EDUCATIONAL PRESSURE ON THE 

DEVELOPMENT OF MYOPIA 
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ABSTRACT 
 This article quantified the impact of different schools on educational pressure, 
investigated classroom lighting, noon outdoor activity duration, educational pressure, and 
eye usage habits in the Shanghai area based on the designed questionnaire and filed test, 
and analyzed the impact of four dimensions on the likelihood of myopia and high myopia. 
Based on correlation analysis, the impact of four dimensions on the likelihood of myopia 
and high myopia was analyzed. Factors such as classroom lighting condition, noon outdoor 
activity duration, educational pressure, and eye usage habits were combined with 
regression analysis, neural networks, or mathematical models to establish a judgment 
model for myopia, high myopia occurrence, and myopia development in one year. This 
article discovered that semi-cylindrical illumination has a significant impact on the reading 
distance of students in the classroom and whether the school gets more policy resources 
or not has a significant impact on students' myopia and refractive changes, providing a 
quantitative reference for establishing myopia prediction models in lighting condition and 
in education. 

1. INTRODUCTION
In 2000, myopia affected approximately 1.406 billion people, with 163 million suffering from

high myopia, accounting for 22.9% and 2.7% of the world population, respectively [1]. These 
numbers are projected to rise to 4.758 billion and 938 million people by 2050, representing 
49.8% and 9.8% of the global population, respectively [1]. By 2050, the prevalence of myopia 
among the East Asian population is expected to surpass that of other regions, reaching 65.3% 
[1]. Some studies speculate that the myopia rate among East Asian school-age children and 
adolescents is as high as 73% [2]. High myopia increases the risk of permanent visual 
impairments such as glaucoma, cataracts, and retinal detachment, as well as various 
complications in the macula and optic nerve [3]. 

Early studies attributed the occurrence of myopia primarily to genetic factors and gender 
due to limited sample sizes and low myopia rates in the population [4-5]. However, as myopia 
becomes more prevalent at a younger age, genetic factors are no longer considered the primary 
influencing factor [4-5]. The role of environmental factors in the development of myopia and 
high myopia has received attention [6-7]. 

The light environment plays a significant role in refractive development. Light stimulates 
the retina, leading to dopamine secretion, which reduces axial elongation of the eye and 
potentially inhibits the onset of myopia [8]. Specific indicators of the light source, such as related 
color temperature [9], wavelength [10], and illumination intensity [11], are considered factors 
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that affect the occurrence of myopia. Animal experiments have demonstrated that high-intensity 
light exposure during the critical stage of visual development can effectively inhibit myopia, 
resulting in a faster recovery of normal refractive ability compared to control groups exposed to 
lower light intensities. 
 Moreover, outdoor activity duration and educational pressure are independent factors 
influencing refractive development. Numerous cross-sectional and longitudinal studies have 
been conducted in China [12-13], Australia [14], Singapore [15], South Korea [16], and other 
regions. These studies have identified the duration of outdoor activities and educational 
pressure as independent influencing factors for myopia development, surpassing the influence 
of race and genetic factors. One study, using eye axis length, diopter, and light intensity 
measurements, found that the duration of outdoor activities, rather than light intensity, was the 
primary factor inhibiting myopia during outdoor activities [17]. Another large-scale myopia study 
(N=19,934) revealed that, among school students, only the duration of outdoor activities at noon 
significantly correlated with the occurrence of myopia, while the duration of outdoor activities 
before and after school showed no significant correlation [12]. 
 The impact of eye habits on refractive development remains unclear. Improper eye habits 
can contribute to eye fatigue, but their significance in relation to myopia has yielded varying 
results across studies, necessitating further research [12, 17-18]. In addition to testing methods 
such as axial length and refractive index, the Sydney Myopia Study questionnaire [20] and the 
Guangzhou Outdoor Activity Longitudinal Study (GOALs) questionnaire [21] are widely used 
subjective survey tools with validated reliability and validity for assessing myopia. 
 Previous research indicates that factors such as lighting, outdoor activities, education, and 
eye habits may impact myopia and its development. However, these studies have primarily 
analyzed the impact of individual factors on myopia, while lacking exploration of the combined 
effects of multiple factors on myopia dimensions in large samples. Therefore, this study aims 
to investigate the occurrence of myopia, high myopia, and the increase in binocular myopia 
over the past year, focusing on the correlation between multiple factors such as classroom 
lighting, educational pressure, and duration of outdoor activities. The study aims to establish a 
composite impact model that incorporates multiple factors and their combined influence on 
myopia. 
 
2. METHOD 
2.1 Questionnaire 
 A questionnaire survey was conducted among 282 students from selected classes in 8 
middle schools and high schools in Shanghai. The questionnaire was designed to collect 
information on students' vision, classroom lighting, school type, and duration of outdoor 
activities. The questionnaire used in this study was adapted and simplified from the GOALs 
(Guangzhou Outdoor Activity Longitudinal Study) English questionnaire, which was originally 
developed for longitudinal studies [17]. The translated and back-translated questionnaire 
showed no significant differences compared to the original GOALs questionnaire. Additionally, 
two experts reviewed the questionnaire content for its validity and relevance. 
 The questionnaire included the following sections: 

a) basic information: this section collected students' basic demographic information; 
b) lighting conditions: students were asked to provide information about the lighting 
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 conditions in their classrooms; 
c) outdoor activity duration: students were asked to report the duration of their outdoor 

 activities. Specifically, the questionnaire focused on the duration of outdoor 
activities  during the students' lunch breaks, as this time period has been 
identified as having a  significant impact on myopia [19]. 

d) eye usage habits: this section inquired about students' eye usage habits. 
e) myopia information: students were asked to provide information about their myopia 

status,  including whether they have been diagnosed with myopia and any changes 
in their myopia  status over the past year. 

 
Figure 1. Design of shanghai classroom lighting research questionnaire 

 
2.2 Quantification of educational pressure and myopia 
 Previous research has indicated that areas with high participation in extracurricular tutoring 
tend to have a higher myopia rate [22]. Additionally, the location (urban or rural) and the 
classification of schools (key or non-key) have been identified as factors influencing educational 
pressure [22-23]. However, there is currently a lack of in-depth research on the correlation 
between policy resource bias and the prevalence of myopia in schools. 
 In this study, the questionnaire survey included students from eight secondary schools in 
Shanghai. Based on the policy resource preferences received by urban/suburban areas and 
schools, the schools were categorized into four groups: urban municipal key middle schools, 
such as municipal experimental demonstration middle schools, urban district key middle 
schools, urban general middle schools, and suburban middle schools [24-25]. These categories 
represent a decreasing order of educational pressure. 
 The criteria for myopia diagnosis in this study were based on the standard that at least one 
eye of both the left and right eyes has a refractive error of less than -0.5D. High myopia was 
defined as a refractive error of at least -5D in at least one eye of both the left and right eyes 
[26]. 
 By considering the educational pressure categories and applying the myopia criteria, the 
study aims to quantify the relationship between educational pressure and the prevalence of 
myopia among the surveyed students. 
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2.3 Data Analysis 
 The collected data was analyzed using various statistical techniques and modeling 
approaches. ANOVA analysis was performed to examine the differences and relationships 
between different variables. Correlation analysis was conducted to explore the associations 
between classroom lighting, outdoor activity duration, educational pressure, and myopia. 
Regression analysis was used to establish a predictive model based on the identified factors. 
Additionally, a neural network model was implemented to further analyze and predict myopia 
based on the collected data. 
 Through these analyses and modeling techniques, a myopia prediction model was 
developed, incorporating the factors of classroom lighting, outdoor activity duration, and 
educational pressure. 
 
3. CONCLUSION 
3.1 Prediction of the likelihood of myopia and high myopia by single factors 
 Using the single factor ANOVA method and Kendall's tau-b method (bilateral), analyze the 
significant correlation between factors and results. The analysis results are shown in Table 1.  
 The use of natural light in home work has a significant correlation with the occurrence of 
myopia, suggesting that in the home environment, more direct sunlight or natural light 
illumination can inhibit the occurrence of myopia; There is a significant correlation (p<0.05) 
between semi cylindrical illuminance and students' reading and writing distance in class, and 
semi cylindrical illuminance may affect myopia by affecting students' habit of working close up. 
 There is a significant correlation between students' subjective perception of color 
temperature and the occurrence of myopia (p=0.002). It is speculated that the occurrence and 
development of myopia will have an impact on students' color perception. With the occurrence 
of myopia, the peak of students' visual spectral sensitivity curve may shift towards lower 
wavelengths, leading to a higher judgment of color temperature by students. 
 Under educational pressure, the skewed policy resources obtained by schools have a 
significant impact on the occurrence of myopia, high myopia, and the increase in right eye 
myopia in middle school students in the past year. It is speculated that the more policy 
resources the school obtains, the greater the Psychological stress of education competition, 
the amount of work, the length of work and other factors that students may face, which will lead 
to the greater possibility of students' myopia and high myopia, and the greater the growth of 
myopia in the past year. 
 In addition, the duration of outdoor activities at noon showed a significant increase in the 
degree of myopia in the right eye, suggesting that outdoor activities at noon can inhibit the 
development of myopia. The duration of continuous homework is significantly correlated with 
the occurrence of myopia, and the frequency of lying down reading is significantly correlated 
with the development of myopia in the past year. 
 
 
 
 
 

P.732



Table 1. Correlation between illuminance, color temperature, educational stress, outdoor 
activities at noon, eye habits and myopia 

                          result 

factor 
myopia 

high 

myopia 

The growth of myopia 

in the right eye in the 

past year 

Direct sunlight ** ns ns 

Subjective brightness perception of 

classroom lighting 
ns ns ns 

Subjective color temperature perception 

of classroom lighting 
** ns ns 

Educational pressure * * * 

Noon outdoor activity duration ns ns ** 

Lying Reading Frequency ns ns * 

Continuous homework duration * ns ns 

**p<0.01; * p<0.05; ns not significant. 

 
3.2 Prediction of the likelihood of myopia and high myopia by multiple factors 
 Based on six factors, including the classification of policy resources obtained by the school, 
the duration of outdoor activities at noon, grade, the duration of continuous homework writing, 
the frequency of lying down reading and the use of natural light during homework at home, 
binomial logistic regression, double-layer BP multi Perceptron neural network and Random 
forest learning model [27] were used to predict the occurrence of myopia and high myopia. The 
training set was 70% of the sample set, the test set was 30%, and the neural network was 
trained five times, Taking the average accuracy of the training results, the comprehensive 
accuracy of the three methods for predicting the occurrence and nonoccurrence of myopia and 
high myopia is shown in Table 2. The predictive performance of the double-layer BP neural 
network for myopia and high myopia is slightly better than the other two methods. 
 

Table 2. Accuracy of three prediction methods 

         Model 

prediction 

Binomial logistic 

regression 

Double layer BP neural 

network 
Random forest 

myopia 58.2% 68.1% 68.0% 

High myopia 94.3% 95.8% 93.0% 

 
3.3 Prediction of myopia development in middle school students based on lighting, 
educational pressure, duration of outdoor activities at noon, and eye habits 
 According to the relationship between the factors mentioned in the table 1, set the 
regression model as shown in formula (1). a b 7.3 c 6.47 1 d 0.22 1  
 Among them, MDY is the development of myopia in one year, in D;,  is the classification 
of the high school (1: suburban high school; 2: urban ordinary high school; 3: urban district level 
key high school; 4: urban district level key high school);  is the average number of minutes 
of outdoor activities at noon in the past year, in Min minutes;  is the number of consecutive 
minutes of homework writing, in minutes.  is whether to use direct sunlight or natural light 
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for homework at home, with values of 0 (no) and 1 (yes); LRF refers to whether one often reads 
while lying down, with values of 0 (no) and 1 (yes); a. B and, c, d, and e are all undetermined 
parameter coefficients, where b is the proportional coefficient of the impact of educational 
pressure and outdoor activities on the development of myopia. Characterize the relative degree 
of the impact of various influencing factors on the development of myopia. Based on the fitting 
and classification results, the range of undetermined coefficients is 0  a, e  50, 0  b, c, d  
1. 
 Assuming that the absolute difference between the predicted value and the true value of 
myopia development is less than 0.125D, the correct prediction is made. Genetic algorithm is 
used to obtain the optimal undetermined coefficients a, b, c, d, and e. The prediction accuracy 
of this model is 59.2%, and the prediction model is obtained as formula (2).  2.68 2.71 1.94 1 0.01 46.60 2  
 The meaning represented by variables in this formula is the same as in formula (1). Take 
SL and LRF as 0, and x as 1, 2, 3, and 4, respectively, to obtain images of MDY, outdoor activity 
duration y, and continuous homework minutes, 
 As shown in Figure 2 (a) (b). When MDY is negative, it indicates that according to the fitting 
formula, the student's myopia has decreased in the past year. For students with myopia growth 
exceeding 0.25D calculated based on the model, it is recommended to go to a professional 
institution for visual examination 

 
(a) 

 
(b) 

Figure 2 prediction of myopia development in schools with different school in one year 
(a) SL=0, LRF=0 (not frequently reading while lying down) (b) SL=0, LRF=1 (frequently 

reading while lying down) 
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Innovation and Practice of Dark Sky Protection in Urban 

Lighting Construction

-- Taking Shenzhen Xichong International Dark Sky 

Community Declaration as an example

Abstract:In April 2023, The Xichong Community Xichong, Shenzhen, China was a 

Dark Sky Community certified by DarkSky International, it is the first Dark Sky 
Community in China. Taking the Whole process of Xichong International Dark Sky 
Community declaration as an example, this thesis discusses the urban lighting on the 
achievement of green and low-carbon development, dark sky and the local nighttime 
ecological environment protection, value of dark sky economy.
After reviewing the hazards of light pollution, the current situation of dark sky 
protection, and the concept of Shenzhen's urban lighting planning. Showed that the 
developments of urban lighting in Shenzhen has always adhered to ‘ecology comes first’ 
as the guiding the principle, puts urban light environment protection as a top priority, 
reduces the impact of artificial light on the natural environment through scientific and 
moderate urban lighting construction. In the Shenzhen Specialized Urban Lighting 
(2013-2020), the concept of sensitive urban light environment area was first proposed. 
The Plan has been released and implemented on 2021, the dark sky protection area was 
officially demarcated, xichong Community was the key area of dark sky protection, 
with an aim to pioneer the ecological restoration and protection at night through the 
construction of the dark sky protection demonstration area.
In vision of building an International Dark Sky Community, “The Management 
Regulations on Lighting Environment in Xichong Dark Sky Community” was produced, 
which prescribes measurement indicators of public and private light environment 
elements. The basic standards are as followed :1, full shielding of all lighting fixtures.2, 
the correlated color temperature of lamps must not exceed 3000K.3, restrict the total 

amount of unshielded lighting. 4, restrictions on the luminance illuminated surface 

area and extinguish time of illuminated signs.5, improve the lighting arrangement and 
intelligent control system. Under the guide of Management Regulations, 877 out of 
1715 lighting fixtures (51%) successfully meet the IDA’s requirements. Sky Quality 
Meter (SQM-LE) and imaging luminance meter were used to record the sky light data 
before and after the first round of improvement works, take typical data such as roads 
for example show that the sky overflow astigmatism was effectively controlled. Now 
The Xichong International Dark Sky Community’s dark sky and ecological 
environments are now significantly improved.
After the certification, local B&B owners spontaneously transformed the lighting and 
created star-themed space. The number of overnight tourists for astronomical 
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observation, science education, research and stargazing camping increased significantly. 
The tourist peak season was extended from May to October to the whole year, driving 
the development of local B&B, catering and transportation. 
This project has important scientific research and practical value for carrying out Dark 
Sky protection in the same type of areas, is a milestone in achieving equilibrium 
between urban lighting development and dark sky protection, and has important 
reference significance for innovative Dark Sky economic development. 

Keywords: International Dark Sky Community,Lighting Plan,Lighting 
Control,Dark Sky Protection,Dark Sky Economy 

1. Introduction 
With the in-depth advancement of urban construction, the number and scale of 

urban lighting projects are experiencing explosive growth, playing a vital role in 
shaping the city's nighttime image. However, excessive and inappropriate lighting in 
non-core areas and ecological protection zones has led to serious light pollution issues, 
affecting astronomical observation and physical health. It is crucial to establish a 
comprehensive framework for urban lighting, regulate the scope and intensity of 
lighting projects, and protect the nighttime ecological environment. 

The International Dark Sky Community, proposed by Dark Sky International in 
2001, is one of the five types of dark sky protected areas, with 39 certified areas 
worldwide. In April 2023, Shenzhen Xichong obtained Dark Sky International 
certification and became China's first international dark sky community. Under the 
guidance of the "Xichong Community Light Environment Management Measures," 
rectification efforts have improved the nighttime lighting environment in the Xichong 
Community. This serves as a guideline for promoting green and low-carbon 
development in urban lighting, as well as for dark sky protection and nighttime 
ecological preservation. 

 

2. Definition of International Dark Sky Community 
In order to raise global awareness about light pollution control and dark sky 

protection, the International Dark-Sky Places conservation program (IDSP) was 
launched by the International Dark-Sky Association (IDA) in 2001. The program aims 
to promote the preservation of a pristine dark sky worldwide. Organizations such as 
communities, parks, and protected areas that have favorable conditions or strive for 
dark sky preservation can protect their local dark skies and develop the dark sky 
economy by implementing appropriate lighting management policies and promoting 
scientific education. 

International Dark Sky Communities, one of the five categories of dark sky 
sanctuaries, are towns or communities that develop and enforce high-quality outdoor 
lighting policies. They actively work towards educating the public on the significance 
of dark skies. Protecting dark sky conditions involves minimizing or reducing the 
impact of artificial light on the night sky by implementing eco-friendly lighting control 
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policies. The International Dark-Sky Association has outlined a series of lighting 
control requirements for lighting installations in International Dark Sky Communities, 
and it is essential to ensure that all lighting facilities meet these standards within a 
specified timeframe. 

 

3. International Dark Sky Community Construction 
Lighting renovation is a crucial element in establishing an international dark sky 

community. By adjusting the color temperature, brightness, and shading methods of 
existing lighting facilities and controlling the overall luminous flux in the area, the 
overflow of light into the sky can be effectively managed, preventing the negative 
impact of lighting on the night sky environment. 

The Monte Megantic Observatory in Quebec, Canada, undertook lighting 
renovation and obtained certification as an International Dark Sky Conservation Area 
(IDSC) in 2007. This initiative aimed to reduce light pollution from surrounding urban 
developments and mitigate its interference with astronomical observations. By 
decreasing lighting power and replacing original metal halide and mercury vapor lamps 
with high-pressure sodium lamps, energy consumption was nearly halved, light spillage 
was reduced by 40%, and the local night sky environment was significantly improved. 

In 2021, Misei Town in Japan partnered with Panasonic to develop lamps that 
comply with the DarkSky International's full-shade lighting requirements for dark sky 
protection. The product has successfully obtained certification through the Fixture Seal 
of Approval program. Through this collaboration, all public outdoor lighting in Bisei 
Town has been replaced with lighting fixtures that meet the standards set by the 
DarkSky International. 

 

4. Lighting renovation of Xichong dark sky community 

4.1 Location  
Xichong Community is situated at the southern tip of Shenzhen Dapeng New 

District, which is recognized as one of the eight most beautiful coastlines in China. 
Surrounded by mountains on three sides, it is adjacent to Sanmen Island in Huizhou to 
the east and Saigon in Hong Kong to the south. The region boasts exceptional natural 
and ecological conditions. Based on the current assessment, the eight natural villages 
in the area have well-developed accommodation and catering industries, offering 
comprehensive support services for nighttime stargazing, tourism, and vacations. 
Xichong Beach, known for its spaciousness and high quality, provides ample space for 
coastal leisure activities and stargazing at night. The Shenzhen Observatory area is 
positioned atop a cliff on the eastern side of Xichong Beach, experiencing minimal 
interference from surrounding lighting installations. The starry sky quality is 
particularly impressive under sunny conditions. Equipped with professional stargazing 
facilities and offering popular science explanations, the observatory hosts various 
activities centered around dark sky stargazing. It is considered the ideal location for 
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stargazing and event planning. 

Figure 1 - Area plan of Xichong Dark Sky Community 

Based on the application requirements of the International Dark Sky Community, 
a study was conducted on the lighting conditions of municipal roads, village roads, 
public spaces within the village, beaches, and outdoor advertising signs in Xichong 
Community. The types and quantities of lamps were recorded, and data measurements 
were performed in representative areas. This article focuses on the lighting renovation 
of municipal roads, village road lighting facilities, and outdoor advertising signboard 
lighting to showcase the lighting improvement efforts undertaken in Xichong 
Community. 

4.2 Municipal road and village road lighting renovation
 

The municipal road in Xichong Community is an urban secondary road consisting of 
two-way two-lane lanes. It is illuminated using 60W and 90W single-arm street lamps 
with a pole height of 7.5 meters. The distance between the poles is 25-30 meters, and 
LED street lights are used as the light source. Measurements have shown that the 
uniformity of the lighting on the municipal roads does not meet the required standards, 
and the color temperature of the lamps exceeds the lighting control requirements of the 
International Dark Sky Community.The village road is a single-lane road, and it is lit 
using single-arm street lamps with the same pole height as the municipal road. However, 
there is inconsistency in the power and type of light source used for the lamps, and in 
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some cases, street lamps are installed on walls along narrow roads. 
 

Table 1 - Statistics of Municipal Road Lighting fixtures  

location 
quantit

y 

Lamp overview 

H m  
Street Lighting 

Arrangement 

color 

temperature

K  

lumens lx  
type power quantity 

Nanxi 

road 
73 

Pole 

Road 

light 

 

90W 40 10m One side, distance 

25m 
4005k 16.39 

60W 33 7.5m 

Heya 

road 
51 60W 51 7.5m 

One side, distance 25-

30m 
4075k 5.2 lx 

Xinhai 

road 
31 60W 31 7.5m 

One side, distance 

30m 
4009k 11.5 

Nanshe 

road 
21 60W 21 7.5m 

One side, distance 

30m 
4154k 12.28 

Geyang 

road 
44 60W 44 7.5m 

One side, distance 

25m 
3894k 5.8 

Xigong 

road 
14 60W 14 7.5m 

One side, distance 

25m 
4579k 6.6 

total 234   

In order to enhance the lighting environment in Xichong Community, the first 
phase of lighting renovation focused on municipal roads and village roads. The street 
lamp selection for the municipal road renovation involved using 2700K full cut-off 
lamps while retaining the original height and spacing of the lamp poles. Initially, the 
plan was to replace lamps with the same power, specifically 60W and 90W lamps. 
However, after on-site testing, it was found that the average illuminance of the 60W 
lamps was high. As a result, the lamp power was reduced in the subsequent rectification. 
Ultimately, 90W lamps were used for municipal road lights with a pole height of 10 
meters, while 50W lamps were used for both municipal road and village road lights 
with a height of 7.5 meters. For street lights that needed to be installed on walls due to 
the absence of suitable pole installation conditions, 40W floodlights were used as 
replacements. The average illuminance, calculated through dalux, meets the 
requirements of the national standard for the reconstructed road lighting. However, the 
uniformity of illuminance is affected by the wide spacing of the original light poles, 
resulting in measurements lower than the national standard requirement. This issue will 
be addressed in the subsequent renovation phase. 

Following the reconstruction of the municipal and village roads, a unified color 
temperature was implemented, establishing a distinct functional lighting framework 
and effectively controlling scattered light above the water level. The illuminance value 
after the rectification meets the requirements of the national standard, contributing to 
an overall improvement in the quality of nighttime scene lighting. 

 
 

Table 2 - Comparison of renovation and upgrading of lighting fixtures on municipal roads
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Location view 
Before lighting fixtures 

replacement 
After lighting fixtures 

replacement 

Nanxi 
Road 

car view 
H1.5m 

high-
altitude 

view 
H10m 

aerial bird 
view 

H>80m 

 

Table 3 - Comparison of renovation and upgrading of lighting fixtures of village roads

Location view 
Before lighting fixtures 

replacement 
After lighting fixtures 

replacement 

Xinwu 
Village 

pedestrian 
perspective 

H1.5m 

  

aerial 
perspective 

H>80m 
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4.3 Advertising Sign Lighting renovation 
Xichong Community has seen the establishment of numerous homestays and 

restaurants, providing accommodation and catering services for visitors engaging in 
coastal tourism activities. However, there has been a lack of unified planning regarding 
the construction of various commercial outdoor advertisements and outdoor signboard 
lighting. If these advertisements are too bright, they can have a significant impact on 
the nighttime light environment in Xichong Community. Given the challenges in 
coordinating various businesses and the large number of advertisements, the first phase 
of lighting renovation focused on a pilot project in a typical village called Xinwu 
Village. This village is located near the entrance of No. 4 beach and the observatory. 
The advertising signs mainly belong to homestays, with some themed around stargazing. 
The renovation process was not difficult, and the overall lighting environment of the 
village has greatly improved following the renovation. 

Laboratory tests were conducted to ensure that the surface brightness of the 

advertising signboards is below 100cd/ , the color temperature is below 3000K, and 

the luminous area is below 18.6 . Additionally, the signboards are only illuminated 

during business hours. After the lighting renovation, the advertising signboard lighting 
now complies with the requirements set by the International Dark Night Community, 
without compromising the original guiding function they serve. 

Table 4 - Comparison of advertising signboards lighting improvement
Location Before lighting fixtures replacement After lighting fixtures replacement 

Freedom 
Surf  

 

 

Color 
temperature  

5732K 2745K 

Luminance  359 cd/  53cd/  

After completing the first phase of lighting renovation work, 51% of the lamps in 
Xichong Community now meet the requirements for applying for the International Dark 
Night Community certification. To assess the impact of the lighting improvements, a 
typical space was selected for measurement using a skylight measuring instrument. The 
measurements were conducted in various locations within the Xichong community, 
including roads, squares, villages, woodlands, and observatories. By comparing and 
analyzing the skylight measurement data before and after the rectification, it can be 
concluded that the lighting quality in the Xichong area has significantly improved. The 
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rectification efforts have effectively reduced sky spill light caused by improper lighting, 
resulting in an overall improvement in the quality of the night sky. Under clear and 
cloudless conditions, it is now possible to observe the Milky Way with the naked eye, 
enhancing the stargazing experience for the public. 

Figure 2 - Skylight measurement sampling points in the Dark Sky community of Xichong 

Table 5 - SQM data table for specific data in the Dark Sky community of Xichong 
Date (DD/MM/YYYY) 

and Time Zone 
6-27-2022 

20:40-21:50 
8-1-2022 

20:50-22:15 
weather/moon phase sunny/waning moon clear/new moon 

Location Name SQM mag/arcsec²  
1 19.12 19.36 
2 18 18.55 
3 18.93 18.98 
4 18.44 18.61 
5 19.24 19.27 
6 19.41 19.44 
7 19.23 19.33 
8 19.16 19.21 
9 19.61 19.61 

10 19.57 19.63 

5. Conclusion 
Protecting the dark sky and developing starry sky tourism hold significant 

environmental, social, and economic value. As China's urbanization rate and urban 
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population continue to grow, the concept of "dual circulation" and consumption 
upgrades present new requirements. Driven by the demand for tourism product 
innovation and high-quality development, as well as the increasing enthusiasm for 
China's aerospace industry, public recognition and awareness of the importance of 
protecting the dark night and the starry sky theme are continuously improving. 
Consequently, the consumption of starry sky-themed experiences is becoming 
increasingly active, leading to the rapid development of starry sky tourism. 

To dispel the public's misconception that protecting the dark night sky restricts 
development and construction, it is necessary to control the intensity of lighting 
construction, optimize lighting planning and design, and provide guidance on the 
selection of appropriate lamps. It is essential to retain necessary functional lighting and 
elegant-colored landscape lighting while effectively controlling light pollution. By 
doing so, the impact of lighting construction on the urban ecological environment can 
be minimized. This approach allows the public to enjoy nighttime activities while 
creating a harmonious interaction between the dark night environment and starry sky 
tourism. 
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A LAB EXPERIMENT OF THE LIGHT ENVIRONMENT 

COMPROMISING READING INTERACTIVELY ON PAPER AND 

VDT 

Xiaobo Miao, Hang Su, Biao Yang

( iLLab, School of Architecture, Harbin Institute of Technology, Shenzhen, China )

ABSTRACT 
With the diversification of meeting space function, the types of visual tasks are growing 

accordingly. But the demands of interacting between different visual tasks could not be met in 

one light environment, e.g., the demands of light environment in a meeting room between 

reading on paper and watching on a projection display terminal at the same time were different 

significantly. The current paper focuses on the effect of light distribution environment on 

interactive visual quality between reading on paper and projection display terminal, and optimal 

light environment solution which compromising multiple visual tasks. In the current study, 20 

participants (10 males and 10 females) were recruited in a within-subject experiment in the 

laboratory under 20 light conditions: 4 types of luminance ratio of the projection screen (1/35, 

1/5, 1/2, 1/1.5) with 5 types of desktop illumination (300lx 150lx 75lx 30lx 0lx). The clarity 

and comfort were assessed by the scales of questionnaires, the performance was measured 

by the work speed and correct rate of tasks. The results showed that the clarity and comfort 

was influenced interactively by light environment distribution in general. As the luminance ratio 

of the projection screen increases, the clarity and comfort of watching the projection screen 

tends to decrease. As the illuminance of the desktop decreases, the clarity and comfort of 

reading the paper material tends to decrease. In addition, the results showed that the optimal 

plan of light environment for multiple visual tasks was not put the plan of light environment for 

single visual task together simply. The current study would provide some rationale for a 

promising light environment solution of the multiple visual tasks in one place in future.

Keywords: Multiple visual tasks; VDT, Interactivity, light distribution, meeting scene

1. INTRODUCTION

The light environment plays a vital role in a healthy and comfortable office meeting
environment, and is an important physical environment indicator that affects the human 
perception of space. Although basic lighting can meet the meeting room lighting, with the 
application of visual terminal display such as monitors, projectors, tablet PCs and LED screens,
and the personalized and diverse development of user behavior, multiple visual tasks often 
exist simultaneously in the meeting scene. If the lighting requirements of paper reading are 
used as a design guideline, this will lead to glare, blurred target vision, visual fatigue and many 
other problems. Because the visual display terminal has the characteristics of self-illumination, 
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its light environment needs and paper reading writing light environment needs are different. 
Currently, the light environment for a single visual task (e.g. paper print media and visual display 
terminals) is well researched, but there is a lack of research into the light environment for 
scenarios where multiple visual tasks exist in the same space. 

There has been more research on the lighting requirements for reading and writing on paper 
alone, and for visual tasks on visual display terminals (VDTs). Huang and Chen [1] investigated 
the effects of different correlated colour temperature(CCT)s on students' visual comfort and 
learning efficiency when they are studying, while ensuring basic illumination requirements. The 
study showed that high CCT fluorescent lighting (4000 K, and 6500 K) had a positive effect on 
student performance. Yan and Guan [2] further investigated the two-factor effect of CCT and 
illuminance in classroom light environments. The results showed that the optimal CCT in the 
classroom was 4000 K and the optimal illuminance value to match was 750 lx. If the CCT was 
2700 K, the optimal illuminance value was 300 lx. In addition, Sun[3] suggested an illuminance 
value of 500-800 lx for non-computer work reading and learning behaviour in an office space 
in terms of enhancing memory and improving learning performance. kim [4] et al explored the 
optimal luminance when viewing VDT at different illumination levels. The study showed that 
when the illumination level of the lighting environment was less than 500 lx, the best visual 
comfort was achieved when the white field brightness of the screen was between 200 and 500 
cd/m2. Luo [5] conducted a study on the design of LED office light environments suitable for 
youth workers when performing VDT visual tasks. The results show that the most suitable light 
environment parameters for young workers to carry out VDT visual tasks are as follows: CCT 
of 3800 K, horizontal illuminance of 500 lx and vertical illuminance of 300 lx. 

For the light environment requirements in scenarios where multiple visual tasks exist in 
space, Li et al[6] investigated visual comfort and learning performance when using VDT and 
paper reading simultaneously under different lighting environments. This study gave lighting 
design recommendations in terms of visual comfort, operational performance and the 
relationship between work surface illumination and light source CCT: visual comfort was best 
evaluated when VDT and paper reading were performed simultaneously in this lighting 
environment when the lighting environment was 750 lx and 4500 K. Visual comfort and 
operational learning efficiency were both optimal when the light source correlated color 
temperature(CCT) was 4500 K and the illumination level was 500 lx. However, most research 
on VDT light environments has focused on electronic devices such as computers and mobile 
phones, but there has been less research on projection-based visual display terminals and light 
environment requirements. Current research in projection-based display endpoints is almost 
exclusively focused on classroom environments, and rarely addresses conference room 
scenarios, and multi-visual task light environments in scenarios. 

Overall, the requirements of multi-task interaction have been discovered in conference 
rooms, but the evidences of light environment parameters about multi-task interaction, 
especially between display terminals and desktop paper materials, were insufficient. Therefore, 
the current paper investigates the optimal light environment parameters about interaction 
between the multiple visual tasks :viewing a project display terminal and reading a paper-based 
medium in a meeting room. The current study can provide some reference and suggestions for 
the design and optimization of the light environment for multi-visual tasks in meeting rooms
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2. METHODS 
2.1 Experimental design 

The experiment described in the current paper set up a total of 20 condition of spatial light 
distribution (4 projection luminance ratios x 5 tabletop illuminance levels), and the subjective 
perceptions of participants and their task performance were selected as indicators of the quality 
of the interaction. The experiment was conducted in a closed, windowless dark room, which 
allowed for complete control of the light environment. Only one white wall was used as a 
projection wall for projecting the content of the experimental test task, and the rest of the walls 
were black to avoid multiple reflections of light. Four LED luminaires are installed above the 
head to control the illumination of the table and two LED sidelights are used to adjust the 
brightness ratio of the projected contents. The experimental scenario is shown in Figure 1: 

 

Figure1. Experimental scenario environment 

 

2.2 independent variables 

The experimental independent variables are 20 spatial light distribution scenes (4 

projection luminance ratios x 5 desktop illuminance levels). The projection luminance ratio was 

controlled by the ratio of the projected image to the background luminance, with specific ratios 

of 1/35, 1/5, 1/2 and 1/1.5. The smaller ratio caused the higher clarity. The different ratio is 

achieved by two independent infinitely dimmable luminaires illumining the projected image. The 

plan is used to simulate the loss of clarity of the projected image due to ambient light in a real 

scene. 1/35 is the black and white luminance ratio of the projector's image in a no lighting 

environment. The tabletop illuminance is set to 5 types (300lx, 150lx, 75lx, 30lx, 0lx) and the 

five parameters are selected from the architectural lighting standard GB 50034-2013 [7] for the 

grading of standard indoor illuminance values. 
2.3 Dependent variable 

The experiment was evaluated through the subjective perceptions of the subjects and task 

performance in different light environment scenarios. Clarity and comfort were assessed by 

subjective questionnaire, which specifically included both clarity and comfort ratings. The 

questionnaire was based on a Likert eleven-point scale ranging from 0-10, with higher numbers 

indicating higher levels of reading comfort and clarity in that light environment scenario, with 0 

indicating very uncomfortable or very unclear and 10 indicating very comfortable or very clear. 

The two measures of task performance were reading speed and accuracy. Three tasks 
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were set for this experiment: speaking the content of the projected image; writing the content 

of the paper material on the desktop; and writing the content of the specified area on the 

projected picture on the paper material. The performance results under the three tasks were 

used to measure the reading effect of the projection-based visual display terminal; the reading 

effect of the desktop paper material; and the reading effect when the two visual tasks were 

interacted. The content of the tasks consisted of Arabic numerals and uppercase and lowercase  

English letters, and the font of the experimental projection content was in Arial size 24 (some 

of the tasks are shown in Figure 2). 

Figure2. Schematic diagram of the experimental task content The first paragraph is the content 

for speaking and The second paragraph is the content for writing  

2.4 Experimental procedure 

The expected sample size for this experiment is 40, and 20 participants (10 males and 10 

females), aged between 18 and 30 years, have been completed, all of whom have been 

examined for no visual problems or have normal levels of vision with correction. Before the start 

of the experiment, a sequence of experimental scenarios generated by a random function will 

be drawn by the experimenter. The participants will be given a 3-minute adaptation period to 

the light environment. During this time, the experimenter will explain the procedure of each part 

of the experiment, the content of the test and the instructions for completing the subjective 

questionnaire. The participant will read the consent form for the experiment and complete the 

signature. 

At the beginning of the experiment, the participants complete the three tasks in order: 

reading aloud the projected content, writing the paper content and writing the projected content, 

as well as completing the questionnaires for each of the three tasks. The experimenter recorded 

the time of completion of the three tasks. The process is shown in Figure 3. Each light condition 

took approximately 4 minutes to complete and each participant was required to complete a total 

of 20 conditions. Each condition required the completion of the corresponding task and 

subjective questionnaire. 
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Figure3. Experimental flow diagram

Between the switch of different conditions, the participant is given a one-minute break with 

the blindfold on, and after the experimenter has finished the next condition, the participant is 

given 1-2 minutes to adapt to the light environment. The experiment is not completed until all 

20 scenarios have been experienced. At the end of the experiment, the participants are paid 

for the experiment.

3. Results  
3.1 Projection luminance ratio 

In the current paper, the Kruskal-Wallis test was used to analyze the effects of projection 

luminance ratio on clarity, comfort and task performance (reading speed and accuracy), and 

the results are shown in Table 1. The results are shown in Table 1. It can be seen that there 

are significant differences in clarity and comfort for different projection content luminance ratios. 

Further analysis of the differences by the Nemenyi method showed that there were significant 

differences (p<0.01) between the two for clarity at different projected content luminance ratios 

(1/35, 1/5, 1/2, 1/1.5). As shown in Figure 4, as the luminance ratio of the projected screen 

content increases in sequence, the corresponding projection content clarity score decreases. 

As shown in Figure 5, for comfort, there was no significant difference between the two projection 

luminance ratios of 1/35 and 1/5. As the luminance ratio increases from 1/5 to 1/2 and 1/1.5, 

there is a significant difference (p<0.01) and the comfort score shows a trend of decreasing 

with increasing luminance ratio. This result indicates that projection luminance ratios 1/35 and 

1/5 are better than 1/2 and better than 1/1.5 in terms of comfort on projection reading. in addition, 

there is no significant difference in task performance across projection luminance ratios, 

implying that the projection luminance ratio has no effect on task performance. 
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Table 1 Projected reading clarity and comfort at different projection brightness ratios 

projection 

luminance ratio 

Subjective questionnaire scores Kruskal-Wallis test 

statistic H value 
p 

1/35(n=100) 1/5(n=100) 1/2(n=100) 1/1.5(n=100) 

clarity 9.000 8.000 7.000 5.000 174.653 0.000** 

comfort 8.000 8.000 7.000 4.000 137.061 0.000** 

* p<0.05 ** p<0.01 

 
Figure 4. Clarity scores for projected reading at different projection content luminance ratios       

 
Figure5. Comfort score for projected reading with different projection content brightness ratios 

3.2 Horizontal desktop illuminance 

Similar to the analysis of the projection luminance ratio in the previous section, the Kruskal-

Wallis test of desktop illuminance was used to analyze clarity, comfort and task performance 

(reading speed and accuracy). As shown in Table 2, different desktop illumination levels 

showed significant differences on desktop paper reading clarity and comfort. 

Table 2 Projected reading clarity and comfort at different desktop illumination levels 

Desktop 

illumination 

Subjective questionnaire scores Kruskal-Wallis test 

statistic H value 
p 

300lx(n=80) 150lx(n=80) 75lx(n=80) 30lx(n=80) 0lx(n=80) 

clarity 9.000 9.000 8.000 7.000 6.000 190.537 0.000** 

comfort 9.000 8.000 8.000 7.000 5.000 138.697 0.000** 

* p<0.05 ** p<0.01 

Further analysis of the differences by the Nemenyi method showed that on paper reading 

clarity, as shown in Figure6, there was a significant difference (p<0.01) in reading clarity when 
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the tabletop illumination was 0 lx compared to 30, 75, 150 and 300 lx. There was a significant 

difference (p<0.01) when the desktop illumination was 30 lx or 75 lx compared to the desktop 

illumination of 150 lx and 300 lx scenarios, indicating that 300 lx and 150 lx scenes were better 

than 75 lx and 30 lx and better than 0 lx for reading clarity on paper. as shown in Figure 7, for 

reading comfort on paper, there was a significant difference (p<0.01) when the desktop 

illumination was 0 lx compared to 30 , 75, 150 and 300 lx were significantly different compared 

to each other (p<0.01). There was a significant difference (p<0.01) when the desktop 

illumination was 30 lx compared to a desktop illumination of 150 or 300 lx. This result shows 

that 300 lx and 150 lx scenes are better than 75 lx and 30 lx and better than 0 lx. 

 
Figure 6 Clarity scores for projected reading at different desktop illumination levels       

 
Figure 7 Comfort score for projected reading at different desktop illumination levels 

3.3 Luminance ratio and desktop illuminance on the alternation between two visual tasks 

Two factors, desktop illuminance and projected content luminance ratio, jointly influence 

the comfort level of alternating between viewing and reading on paper-based visual display 

terminals. To investigate the effect of these two factors on interaction comfort, a multiple 

comparison analysis was conducted on 20 data sets using the Least Significant Difference 

(LSD) method (Table 3). 

Table 3 Comfort scores when alternating between multiple visual tasks at different projection luminance 

ratios and desktop illumination 

Desktop illumination 

Projection 

luminance ratio 

300lx(n=80) 150lx(n=80) 75lx(n=80) 30lx(n=80) 0lx(n=80) 

1/35 7.70±1.53 7.25±1.71 7.10±1.48 6.40±2.06 2.85±2.21 

1/5 7.45±1.99 7.85±1.31 6.95±1.10 6.60±2.39 3.65±2.25 

1/2 7.05±1.28 6.15±1.50 6.65±1.42 5.70±2.05 3.90±2.22 

1/1.5 6.00±2.15 6.00±1.69 4.90±1.45 4.00±1.69 3.65±2.35 
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The alternate reading comfort scores for a given projection luminance ratio are shown in 

Figure8 (a). At projection luminance ratios of 1/35 and 1/2, alternate reading comfort is 

significantly higher at a tabletop illuminance of 300 lx than at a tabletop illuminance of 30 lx. 

The alternate reading comfort at 300, 150, 75 and 30 lx is significantly higher than the alternate 

reading comfort at 0 lx. At a projection luminance ratio of 1/5, alternate reading comfort is 

significantly higher at desktop illuminance levels of 300 and 150 lx than at desktop illuminance 

levels of 30 lx. The alternate reading comfort at tabletop illumination levels of 300, 150, 75 and 

30 lx is significantly higher than the alternate reading comfort at 0 lx. At a projection luminance 

ratio of 1/1.5, alternate reading comfort is significantly higher at tabletop illuminance levels of 

300, 150 and 75 lx than at 0 lx. The alternate reading comfort level at 300 and 150 lx is 

significantly higher than the alternate reading comfort level at 30 lx. 

The alternate reading comfort scores for a given desktop illumination are shown in Figure 

8 (b). At a desktop illuminance of 300 lx, the alternate reading comfort at projection content 

luminance ratios of 1/35 and 1/5 is significantly higher than the alternate reading comfort at a 

projection luminance ratio of 1/1.5. At a table illumination of 150 lx, the alternate reading comfort 

at projection content luminance ratios of 1/35 and 1/5 is significantly higher than the alternate 

reading comfort at a projection luminance ratio of 1/1.5. The alternate reading comfort at a 

projected content luminance ratio of 1/5 is significantly higher than the alternate reading comfort 

at a projection luminance ratio of 1/2. At tabletop illumination levels of 75 and 30 lx, alternate 

reading comfort is significantly higher at projection content luminance ratios of 1/35, 1/5 and 

1/2 than at projection luminance ratio of 1/1.5. When the tabletop illuminance was 0 lx, there 

were no significant differences between the groups, i.e. the different projected content 

luminance ratios had no effect on interactive comfort. 

 
a)                                  b  

Fig. 8 Display of alternate reading comfort scores for projection display terminal and paper print media             

4. Conclusion 
The current paper has explored the effects of different light distribution conditions on the 

comfort, clarity and task performance of reading at projection display terminals, reading on 

paper print media and alternating between the two. The results show that in single visual task 

scenarios, the comfort and clarity of reading tasks on projection display terminals tended to 

decrease when the projection luminance ratio became larger; the reading clarity and comfort of 

paper print media similarly tended to decrease when the desktop illuminance decreased. In the 
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multi-visual task scenario, the highest average comfort score for alternate reading was 

achieved when the desktop illuminance was 150 lx and the projection luminance ratio was 1/5, 

not a combined condition of the best projection luminance ratio (1/35) for projection reading 

clarity and the best desktop illuminance (300 lx) for paper print media reading clarity in a single 

scenario. It can be inferred that the overall optimal light environment for a multi-task interaction 

scenario is not simply a combination of the optimal light environment for each single visual task, 

but the statistical analysis of the 20-person sample has not yet shown significance in Statistical 

methods, and this conclusion will be further verified once the data for the full 40-person sample 

has been collected. 
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White LEDs for illumination of polarizing microscope
Man Li, Yahong Li, Nianyu Zou

Research Institute of Photonics, Dalian Polytechnic University, Dalian 116034, China

Abstract
Polarizing microscope is a high-tech product which combines precision optical microscope 

technology, advanced photoelectric conversion technology and computer image processing 
technology perfectly. To obtain white LEDs with high light efficiency and high polarization for 
illumination of polarizing microscope, an integrated sandwich metal-dielectric structure contained 
metal-dielectric grating was designed on the base of LED chip. By using FDTD software to 
simulate and analyze the polarized white LEDs, the results show that the polarization extinction 
ratio can reach up to 61dB from 475nm-680nm, and the light transmittance up to 0.83 in the 
whole band. The white LEDs that emit directly polarized light provide a new way for illumination of 
polarizing microscope instead of the traditional halogen lamp lighting and single wavelength LED. 
In addition, it can simplify the structure of polarizing microscope device, reduce the light energy 
loss, and has great application potential in the observation of microstructure morphology and the 
highlighting of sample characteristics.

Key words: Polarization; White LEDs; Grating; Finite-difference time-domain (FDTD) 

1. INTRODUCTION
Polarization is one of the fundamental properties of light. As a marker less and non-damaging

optical detection technique, polarizing microscope has shown promising applications in the fields 
of biomedical microstructure, pathological diagnosis, and lesion analysis [1-4]. Among them, 
polarizing microscopy plays an important role in observing the microstructure of materials such as 
crystal structure and molecular arrangement [3-4]. Especially, it is sensitive to subwavelength 
microstructure with the advantages of no need to stain the sample and directly obtain the 
polarization characteristic parameters of the sample, rich in information and many data 
dimensions [5-6], which is widely used in accurately distinguishing the types and distribution of 
different lesion microstructure characteristics.

Polarizing microscope is to use the "anisotropy" of substances to distinguish different 
structures of substances, in order to make the observation effect clearer and more obvious, the 
incident light source and the received light need to be adjusted to eliminate or reduce the 
interference of stray light. Conventional polarizing microscope is to add a polarizer at the 
illumination end and imaging end of the optical path so that the light emitted from the light source 
is transformed into linearly polarized light, which is incident on the sample, according to the 
refractive nature of the sample, produces refraction, reflection and absorption [7-8]. The light 
emitted from the sample is received by a polarization detector whose polarization direction is 
orthogonal to the polarizer, and the received image can help us to analyze the characteristics of 
the sample. This method loses about 50% of the incident light from the non-polarized source and 
suffers from low light utilization to the surface of the sample [9-11], resulting in the sample 
features not being highlighted. If the light source can be made to actively emit line polarized light, 
it can replace the filter structure, which can simplify the microscope device structure, reduce the 
light energy loss, and increase the beam brightness and viewing angle. Over the past decades, a 
series of studies on polarized white light have been conducted. For example, Kanamori et al. 
proposed a polarizing color filter using one-dimensional (1D) silicon subwavelength grating on 
quartz substrates, achieving transmittances of 0.71, 0.58, and 0.59 for the red, green, and blue 
filters, respectively [12]. Wang et al. designed a double-layer grating architecture using a hybrid 
scheme and realized a transmission of ~ 50% and extinction ratio of ~ 60 dB in green [13]. In this 
paper, a linearly polarized white LEDs structure is designed with a sandwich metal-dielectric 
gratings structure, which can achieve good polarization performance through optimizing structure 
parameters in the visible wavelength of 475-680nm. Based on the premise that the grating period 
is 200nm and the line width is 100nm, the grating height and other parameters are optimized 
respectively. It can bring savings in preparation, volume and cost, and provides a new design idea 
for the design about the illumination of polarizing microscope.
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2. Structural Design and Parameters
When the grating period is much smaller than the incident wavelength, the subwavelength 

grating will be polarized, resulting in the reflection of the electric field component parallel to the 
wire gratings and the transmission of the electric field component perpendicular to wire gratings 
[14-16]. Based on the polarization property of subwavelength grating, this paper designs a 
sandwich metal-dielectric gratings structure on the LED chip surface to complete polarization 
performance. Moreover, an anti-reflection film layer is added between the LED chip and the 
gratings structure to realize the abnormal transmission of light. The structure model is shown in 
Fig. 1, the LED chip emit 475nm ~ 680nm high quality white light, passes through the anti-
reflection film to complete abnormal transmission, and then emits linearly polarized light through 
the sandwich metal-dielectric gratings. The polarized light with high extinction ratio and 
transmission can solve the existing problem of low light utilization in polarizing microscope.

z

xyd

P

W

h

The sandwich metal-dielectric 
gratings structure The anti-reflection film The LED chip

Polarization white light
Non-Polarized 

white light

               
Figure 1. The structural model drawing

As shown in Fig. 1: the sandwich metal-dielectric gratings are composed of metal-dielectric-
metal grating mosaic combination in turn, the grating line width is W, period is P, duty cycle is 
DC=W/P, embedded media grating and metal grating height difference is h. From the x-y plane to 
form the light incident surface, along the z-axis direction out of the polarized light. In order to 
verify the polarization performance of the structure, we apply the finite-difference time-domain 
method (FDTD) to analyze it [17], and use the higher polarization extinction ratio (ER) and 
transmittance (T) as the evaluation index of the polarization performance. At present, the grating 
with a period of 200nm and a line width of 100nm can be processed at the laboratory level. Based 
on this, the effects of different grating materials and grating heights on the polarization properties 
of the structure are analyzed and optimized.

3. Optimization of Structural materials
The LED chip emits 475 ~ 680nm white light, which is equivalent to passing through a 

dielectric layer when passing through the anti-reflection film. By changing the thickness and 
refractive index of the film, the interference can be reduced, thus producing the anti-reflection 
effect and enhancing the light transmission [18]. In this paper, we choose the transparent medium 
PMMA (n=1.5@λ=580 nm) is used for the anti-reflection film. In terms of actual processing and 
fabrication, this material is easy to make embossed templates, which can reduce the processing 
process difficulty of the whole structure.

The sandwich metal-dielectric gratings are an important part to realize the non-polarization 
state conversion of white LEDs, which is combined by metal grating and dielectric grating in turn, 
and the selection of grating material will affect the polarization performance of the overall 
structure. Considering the material integration cost and experimental difficulty, PMMA is also 
selected as the dielectric material of the sandwich metal-dielectric gratings. Since the LED chip 
emits 475-680nm visible light, we respectively compared the polarization performance of the 
sandwich gratings structure of gold, silver, copper, aluminum and PMMA. The polarization 
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transmittance and extinction ratio (ER) of the four metal materials with PMMA grating are shown 
in Fig. 2(a) and (b). Other structure parameters are period P=200nm, duty cycle DC=0.5, height 
difference of dielectric and metal grating h=20nm, thickness d=45nm. 

        
(a)                                                                              (b) 

Figure 2. Transmittance and extinction ratio of Al, Ag, Au, Cu gratings at 450-750 nm: (a) transmittance (b) 
extinction ratio (ER) 

As can be seen from Fig. 2(a), the transmittance of metals Cu and Au is less than 0.1, and 
the transmittance of metal Ag in the blue-green band is improved, but also as low as 0.5 in the 
475-600nm band. In contrast, only metal Al maintain transmittance of more than 55% in the 
visible range and more than 80% at 475-680nm. Fig. 2(b) shows the trend of extinction ratio of 
four kinds of metal materials in the visible band. The ER of metal Al is greater than 40 dB in the 
whole band, while the ER of the other three metals can reach up to 30dB. In summary, Al is 
selected as a suitable metal grating material. 

 

4.  Optimization of Structural parameters 
4.1 Optimization of the sandwich metal-dielectric gratings structure 

Under the condition that the material of the sandwich gratings structure is Al and PMMA, the 
grating period and linewidth are set to 200nm and 100nm respectively. Fig. 3 shows the effect of 
height difference h on the polarization performance of the designed structure in the range of 475 ~ 
680nm: (a) transmittance and (b) extinction ratio (ER). It can be clearly seen that at a height 
difference of about 20 nm, the transmittance can reach a maximum of 0.81, and the ER is 
generally higher than 47dB. Of course, as can be seen from Fig. 3(a), the height difference h = 0 
~ 20 nm, with the increase of wavelength, the highest value of transmittance shifts to the right; 
The height difference h varies in the range of 20 ~ 100 nm, and the smaller the maximum 
transmittance value, the more left, which can be caused by the resonance enhancement effect of 
the class F-P cavity at a specific wavelength [19-20]. It can be seen from Fig. 3(b) that ER 
decreases continuously in the whole band as the height difference h increases. Therefore, it can 
be determined that better polarization effect can be obtained when the height difference h=20nm. 
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(a)                                                                   (b) 

Figure 3. Effect of the height difference (h) on the structural transmittance (a) and extinction ratio (b) 

4.2 Optimization of the thickness of the anti-reflection film  
As can be seen from Section 3, the material of anti-reflection film is PMMA, the thickness of 

which directly affects the effect of the transmittance in the whole structure. Usually, the thickness 
of the film is selected based on the principle of thin film interference, so that the light waves 
reflected on the upper and lower sides of the film are exactly equal to half a wavelength difference, 
they can cancel each other to reduce the reflection. Fig. 4 show the transmittance of polarized 
white LEDs from 475 nm to 680nm at different thicknesses (d) shown in Figure 2, respectively, 
with other structural parameters of P=200 nm, W=100 nm, and h=20 nm.  

It can be seen from Fig. 4(a) that with the increase of the anti-reflection film layer, the 
transmittance increases significantly in a certain range. When the thickness (d) is from 0 ~ 40 nm, 
the transmittance increases from the maximum 0.65 to 0.8. While the thickness exceeds 40nm, 
bands with transmittance below 0.5 gradually increase in the proportion of the whole band. Fig. 
4(b) shows the effect of 0 ~ 60 nm thickness d on extinction ratio in the wavelength range of 475 
~ 680 nm. When the thickness is 0 ~ 40nm, the change trend of ER is not obvious, but when the 
thickness is greater than 40nm, ER will show a larger band at 625 ~ 680nm. Combined with Fig. 
4(a), we choose 40nm as the optimal thickness. 

     
(a)                                                                       (b) 

Figure 4. Effect of the thickness of the anti-reflection film on the structural transmittance (a) and extinction 
ratio (b) 

 

5.  Conclusion 
Through the above optimization analysis, a sandwich metal-dielectric gratings structure 

composed of metal Al and PMMA dielectric materials is integrated on the white LED chip, and an 
anti-reflection film with a thickness of 40nm is inserted between the two, and finally a polarized 
light transmittance of up to 83% and 61dB can be obtained. This polarized white LEDs not only 
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has high transmittance, but also has a high extinction ratio, which provides a new design scheme 
for the illumination of precision instruments such as polarizing microscopes. 
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AN ANALISYS OF VERTIPORTS LIGHTING TREND
IN THE URBAN AIR MOBILITY

Hyunyoung Lee, , Hojune Bae, Jonghyun Han

Green Energy Division, Institute, Korea

ABSTRACT
Urban Air Mobility (UAM) has recently emerged as a three-dimensional future transportation to

solve urban population growth, road traffic congestion and environmental problems. Urban Air 
Mobility refers to a public transportation system that moves through urban areas using electrically 
powered vertical take off and landing aircraft (eVTOL). In the past, it remained at the level of 
aircraft design, but it is increasingly likely to be realized in the near future thanks to the 
development of eVTOL-based technologies such as distributed electricity propulsion, electric 
power, and low-noise technology.

Korea has recently announced a "K-UAM" roadmaps and technology roadmaps to prepare 
strategies. As most PAVs are currently being developed as eVTOLs, it is necessary to establish a 
Vertiports infrastructure, which is a small take-off and landing space like a heliport of an existing 
helicopter, rather than a large take-off and landing space like an airport with a runway. Therefore, 
it is recognized that eVTOL vertiports needs to establish visual information lighting facilities to 
ensure safety when the aircraft moves to the take-off and landing area in the city center and to 
move to the airside area. This paper analyzed the development trends, types, and specification of 
vertiports lighting for the safe establishment of an UAM infrastructure.

Keywords: urban air mobility, approach path indicator, touchdown & lift-off area lighting, system 
taxiway edge lights

1. INTRODUCTION
The size of the UAM market is expected to grow to about $10.9 billion by 2040. The UAM aircraft

market is expected to grow from $32.92 million in 2025 to about $1 billion by 2040 and 24% 
annually, the infrastructure market is expected to grow from $20.6 million in 2025 to about $1.7 
billion by 2040 and 30% annually, and the service market is expected to grow from $160 million in 
2025 to about $8.2 billion by 2040, with an average annual growth rate of 27% in Korea.[1]
One of the essential element for spreading the UAM ecosystem is infrastructure construction. As 

most PAVs are currently being developed as eVTOLs, it is necessary to establish a vertiport 
infrastructure, which is a small take-off and landing space like a heliport of an existing helicopter, 
rather than a large take-off and landing space like an airport with a runway. As a result, take-off 
and landing site infrastructure companies around the world are conducting concept research and 
design to create a UAM ecosystem, and basic design for Vertiport, like Skyports in the UK, and 
Hyundai Motor in Korea also proposed a hub concept that forms an integrated mobility ecosystem
as shown in figure 1.[2]

Figure 1. Vertiport concept (Skyports_(L), Hyundai Motor_(R))
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2. Experimental & Conclusion
2.1 Type of vertiport lighting

Unlike Helipad-based intermittent operation helicopters, which are similar to helicopters, 
eVTOL requires separate standards due to different infrastructures such as high frequency of 
take-off and landing use and charging. Lights such as Heliport Approach Path Indicator, Final 
Approach & Take-off Area Lights [F.A.T.O], Touchdown & Lift- off Area Lighting System [T.L.O.F], 
etc. shall be installed in the heliport, in accordance with the standards of the Ministry of Land, 
Infrastructure and Transport Republic of Korea.[3]

It is recognized that eVTOL Vertiport needs to establish visual information lighting facilities to 
secure safety when the aircraft approaches the take-off and landing site in the city center and 
moves to the airside area. The types of lights are shown in table 1.[4]

Table 1. Type of vertiport lighting
Type of vertiport lighting Design Purpose Optical Characteristics

Approach Path Indicator Lights installed to inform the 
eVTOL to be landing whether the 
angle of entry is appropriate 
(green, red)

Touchdown & Lift- off Area 
Lighting System

Lights installed to illuminate the 
landing area (green)

Taxiway Edge Lights Lights installed by eVTOL aircraft 
running on the ground to inform the 
edge of taxiway atmospheric areas 
or moorings (green)

At least 2 cd from the horizontal 
plane up to 6 and 0.2 cd from 
6 and up to 75 

2.2 Vertiport lighting measurement
Vertiport lighting were measured based on ICAO and FAA. The standards for vertiport lights 

are shown in Table 2. [3]~[5]

Table 2. Standards of vertiport lighting
Standard

MOLIT Standards for Aeronautical Lights, Signs and Electrical Systems

ICAO Annex14, Volume I : Aerodromes Design And Operations
Annex14, Volume : Heliports
Aerodrome design manual(DOC 9157) : Part 4: Visual Aids, Part 5: Electrical
Systems, Part 6: Frangibility

FAA AC 150/5340-26: Maintenance of Airport Visual Facilities
AC 150/5345-30: Design And Installation Details For Airport Visual Aids
AC 150/5345 Series: Specification of Airfield Lighting Equipment

2.3 CONCLUSION
As a result of the UAM trend analysis, the necessity, type, and related standards of UAM 

Vertiport lights were found. Based on these results, in the next step, it is necessary to study the 
establishment of standards for the lights UAM Vertiport lights.
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A Study on the Standards for Installation Sites of Street 
Lighting on Expressways

Gi-Hoon, Kim1

1Korea Expressway Corporation Research Institute, Gyeonggi-do, Korea

ABSTRACT
In this paper, “places where the road width and road alignment change rapidly”, “places with high 

frequency of traffic accidents”, and “places requiring local lighting in cases other than the above” that 
have not been clarified and specified in the existing standards. For the first place to be installed was 
selected. In the future, it will be necessary to examine how much nighttime traffic accidents actually 
decreased in those places when street lighting was installed by applying these standards.

Keywords: Street Lighting, Installation Sites, Standards, Expressways

1. INTRODUCTION
Currently, about 2,000 number of night traffic accidents occur annually, and the fatal accident rate is

about 2.4 times higher than the daytime traffic accident rate. The effect of installing road lighting has 
already been investigated as a reduction rate of night traffic accidents after installing road lighting in a 
previous study, which was 57% in France and 56% in Japan [1]. In this way, the most effective way to 
prevent traffic accidents at night is to install road lighting, but it is practically difficult to apply it to all 
highway sections in various aspects such as budget and manpower. Therefore, in this study, the 
criteria for the installation location of road lighting were investigated, and other criteria were applied 
mutatis mutandis for clear and unspecified places to prepare clear criteria.

2. BODY
Table 1 below summarizes the current standards for street lamp installation locations. Looking at

Table 1, local lighting is divided into mandatory installation places and necessary installation places.

Table 1. Standards for Installation Sites of Street Lighting

Lighting

Method
Installation Site

Installation 

Status

Local 

Lighting

Compulsory installation

- Overpass, Toll Booth, Resting Area - All Installation

Install if necessary

- Bridges, Bus stops

- Sudden Change in Road Alignment

- A Place with a High Frequency of Traffic Accidents

- In Addition to the Above, Places Where Local Lighting is Required

- Installation

- Not Installed

- Not Installed

- Not Installed

Continuous 
Lighting

- Lights Around the Road to Road Traffic Affected Urban Area

- Extension Length between IC, Rest Areas, Tunnels, etc. is Section within 1km

- Special Needs for Continuous Lighting Situational Section

- All Installation

- All Installation

- All Installation
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Table 2 below shows the place to be installed first for the standards in the existing street light 
installation place in the current local lighting method, the basis for selecting the place, and the 
applicable standards. 

 

Table 2. Priority Installation Sites of Street Lighting 

Lighting 

 Method 
Installation Site (Existing) Preferred Installation Site Proposal (Draft) 

Local  

Lighting 

Road Width, Road Alignment 

Fast-Changing Place 

In the Uphill Section, Annual Average Mixing 

Rate of Large Cars 25%1) 

More Than One Section 

The Frequency of Traffic Accidents 

High Place 

Accidents at Night in the Last 3 Years    3 

Cases/500m2) or More, Night/Day Accident Rate 

2.0 or Higher3) Section 

In Cases Other Than the Above 

Need Local Lighting 

Place to Do 

Wildlife Accidents in the Last 3 Years 

5 cases/km4) or more 

Mutatis  

Mutandis 

Standard 

1) “Road Tunnel Disaster Prevention and Ventilation Facility Installation and Management Guidelines” 
(Ministry of Land, Infrastructure and Transport), 

Road tunnel disaster prevention rating risk index evaluation criteria  Mixing rate of large vehicles If
it is 25% or more, the maximum risk index (2.0) is given 

2) “Accident Frequently Improvement Project Handbook” (Ministry of Construction and Transportation), 

Criteria for selecting places with frequent accidents  In the case of highways, 3 cases are applied 

3) US AASHTO street light installation location standard  night/day Installation of streetlights with an 
accident rate of 2.0 or higher 

4) “Establishment of measures to reduce animal road accidents in 2022” (Ministry of Land, 
Infrastructure and Transport, Ministry of Environment), 

    Criteria for class selection of sections with frequent wild animal road accidents  5 cases/km (road
kill grade 5 or higher) applied 

 
3.  CONCLUSION 

In this paper, “places where the road width and road alignment change rapidly”, “places with high 
frequency of traffic accidents”, and “places requiring local lighting in cases other than the above” that 
have not been clarified and specified in the existing standards. For the first place to be installed was 
selected. In the future, it will be necessary to examine how much night time traffic accidents actually 
decreased in those places when streetlights were installed by applying these standards. In addition, it 
is judged that night time traffic accidents can be reduced a little by preemptively installing streetlights 
as a standard for additional installation of streetlights. 
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Analysis of the Causes and Facilities of Highway Traffic 
Accident Multiple Occurrence Section

Gi-Hoon, Kim1

1Korea Expressway Corporation Research Institute, Gyeonggi-do, Korea

ABSTRACT
In this paper, the correlation with traffic accidents was studied by analyzing the causes of accidents 

and the statistics of facilities in the section where the majority of highway night traffic accidents 
occurred. According to the '2021 Traffic Accident Statistical Analysis' report released by the Korea 
Road Traffic Authority, the number of highway traffic accidents in 2020 was 13,859, accounting for 
1.1% of all traffic accidents (1,247,623 cases), but the death rate due to highway traffic accidents is 
the total number of fatalities. 7.2% of the total, the ratio of fatalities to number of accidents appears to 
be high. In addition, the fatality rate of traffic accidents occurring at night is 4% during the day and 8% 
at night, and the fatality rate of traffic accidents at night is more than twice as high. appear large. we 
tried to derive a correlation with traffic accidents by analyzing the causes of accidents and facility 
statistics in the section where many night traffic accidents occurred on highways.

Keywords: Traffic Accident, Multiple Occurrence Section, Facilities of Highway

1. INTRODUCTION
According to the '2021 Traffic Accident Statistical Analysis' report released by the Korea Road

Traffic Authority, the number of highway traffic accidents in 2020 was 13,859, accounting for 1.1% of 
all traffic accidents (1,247,623 cases), but the death rate due to highway traffic accidents is the total 
number of fatalities. 7.2% of the total, the ratio of fatalities to number of accidents appears to be high.
In addition, the fatality rate of traffic accidents occurring at night is 4% during the day and 8% at night, 
and the fatality rate of traffic accidents at night is more than twice as high. appear large. In this paper, 
we tried to derive a correlation with traffic accidents by analysing the causes of accidents and facility 
statistics in the section where many night traffic accidents occurred on highways.

2. BODY
2.1 How to derive the section where the majority of highway traffic accidents occur

For accidents that occurred on the highway, the Korea Expressway Corporation converts basic 
information such as the date and time of the accident, the location of the accident, and data such as 
the degree and grade of the accident, the cause of the accident, and the details of the accident in 
100m increments along the entire highway route. Based on the accident data recorded in the basic 
100m section for the last 3 years, the section is extended to 500m and accumulated, and in the case 
of driver and vehicle factors, it is an accident caused by reduced visibility at night and the influence of
road facilities existing at the location of the accident. Because it is difficult to see, the analysis of 
accident data reflected only accidents (4,375 cases) caused by other factors.

Table 1. Analysis of detailed causes of accidents by other factors

Division Total

Road

Surface

rubbish

Road

Circumstances

Animal

Invasion

Unauthorized

Walking

Load

Error
Pothole

Cause

Unknown

Number of

Accidents (cases)
4,375 2,087 165 248 30 235 1,107 503

Rate(%) 100 47.7 3.8 5.7 0.7 5.4 25.3 11.5
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2.2 Expressway Road Facility Survey 
Road facilities existing in the section where many accidents occurred were confirmed through 

review through Road View, existence of facilities and structures whose current state of facilities is 
identified in units of miles in the current road construction. If there are two or more overlapping 
facilities at the point where the accident occurred, such as when a soundproof wall is installed on a 
bridge or a cut out is located in an IC/JC section, 0.5 points are counted according to the number of 
overlapping facilities, and 0.33 points when three or more points are overlapped. The number of 
facilities was applied.  

Road facility investigation items in the section with the most cumulative accidents 

      - Existence of streetlights, junction roads (IC/JC, service areas, sleepy shelters), uphill lanes, cuts,                
over vertical alignment ±3%, over vertical alignment ±5%, bridges, tunnels, sound barriers, 
traffic volume 

 

2.3 Analysis of causes of accidents in the upper section of the number of accidents at night 
and facilities within the section 

A total of 59 accidents occurred in 30 sections in order of the number of night accidents per 1,000 
vehicles in traffic volume, of which 50 occurred at night. As for the causes of accidents at night, road 
debris was the highest at 38.0%, and accidents caused by animal intrusion accounted for 30% (15 
cases). Accidents caused by road debris and animal intrusion can all be seen as accidents caused by 
failure to recognize obstacles that suddenly appeared on the road at night on expressways, and it is 
judged that the possibility of accidents due to these causes is high in sections with low traffic volume. 
do. In the top 30 sections, there are many sections with low traffic volume, such as the Namhae Line, 
Gwangju-Daegu Line, and Donghae Line. 

As for facilities, the ratio of branch and junction roads with streetlights installed, roads in front and 
rear of branch and junction roads, and roads in front and rear of tunnels decreased slightly, while the 
ratios of cut sections and bridge sections with relatively low installation ratios of streetlights increased. 
The cutting part and the bridge are facilities where the installation of streetlights is not regulated or 
partially regulated in the current guidelines. 

 

 
Fig. 1. Distribution of facilities in the top 30 sections 
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3.  CONCLUSION 

According to the Ministry of Land, Infrastructure and Transport’s Road Safety Facility Installation 
and Management Guidelines, the accident rate of cuts, sound barriers, and linear deformation 
sections classified as facilities without street lights is 39.7%. It was higher than the accident rate of 
32.7%. Considering that 43% of bridges do not have streetlights installed and that no streetlights are 
installed in the “no facilities” section classified as other facilities, the difference in traffic accident rates 
in places where streetlights are not installed at night increases. 
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Comparative Study On the Lighting Effect of Tunnel 
Interior Materials Conditions

Gi-Hoon, Kim1

1Korea Expressway Corporation Research Institute, Gyeonggi-do, Korea

ABSTRACT
In order to compare the reflection characteristics due to contamination by interior material 

conditions, the reflection characteristics before contamination using a specimen were compared, and 
the lighting effect was compared by reflecting the results. the specimen is contaminated step by step 
to find a change in its reflection characteristics, and the lighting effect is compared by reflecting the 
results.

Keywords: Lighting Effect, Tunnel, Interior Materials, Conditions

1. INTRODUCTION
The tunnel wall requires the same brightness as the road surface to provide a safe visual

environment and driving stability. In addition, the optical performance of the tunnel is a very important 
part for tunnel safety and energy saving. In this study, we try to find a safer and more economical 
tunnel interior material by finding the reflective characteristics of each type of interior material and 
comparing and analysing the lighting effect through computer simulation. However, the content of this 
study presupposes that the results may be limited because only the reflection characteristics of the 
specimens, not the site of the tunnel, were compared.

2. BODY
In order to compare the lighting effect according to the reflective characteristics of each type of

interior material installed in the tunnel, samples were provided from the manufacturer for each type of 
interior material, and first, the reflective characteristics of the type of tunnel interior material were 
measured, and second, the measured reflective characteristics were reflected to the interior material. I 
tried to compare and evaluate the lighting effects of each type with computer simulation.

2.1 Measurement and analysis of reflective characteristics by type of interior material
Reflection characteristics such as Reflect (total reflectance), Specularity (highlight of reflected light), 

and Roughness (surface roughness) of BRDF (bidirectional reflectance distribution function) were 
derived using the specimens provided by each interior material and manufacturer using LightTec's 
MiniDiff optical characteristics equipment.

Table 1. Measured values of reflection characteristics of interior material specimens

Division Paint Tile

Sample 1 2 3 4 5 6

Adhesive Surface Iron Plate Iron Plate Pseudo-
Concrete - - -

Total Reflectivity 72.1 74.2 75.6 64.3 55.1 59.8

Surface Finish
Specularity 0.18 0.19 0.16 0.14 0.23 0.21

Roughness 0.049 0.049 0.049 0.049 0.049 0.049
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Perhaps because it is a specimen, the initial reflection characteristic value of the paint is somewhat 
higher than that of the tile, and it is expected that there will be some differences from the actual site 
because the roughness of both the paint and the tile is the same, perhaps because of the limitations 
of the measurement by the specimen, not the field. . For the reflection characteristics of specimens by 
interior material condition, only the reflection characteristics of specimen No. 3 painted on a material 
similar to concrete are reflected as lighting effect data in the case of painting among a total of six 
specimens, and in the case of tiles, specimen No.4 with the highest reflection characteristics 
Reflection characteristics were reflected as data 

 
2.2 Computer simulation 

The evaluation program by computer simulation uses Relux 2016.1.1.0, and based on the Korea 
Expressway Corporation tunnel standard section, the reflection measurement result value of the 
provided specimen and the Korea Expressway Corporation standard lighting fixture light distribution 
are applied to illuminate the basic part of the tunnel The lighting effect was compared with the road 
surface luminance and wall luminance values. 

 
Table 2. Simulation results reflecting specimen measurement results 

Luminance(cd/ ) Luminance Standard Paint(Sample 3) Tile(Sample 4) 

Average Road Surface Luminance 9 10.28 10.25 

Wall Luminance Average Road Surface 
Luminance 100% or More 

Left Right Left Right 

20.02 22.09 17.27 19.07 

 

As shown in Table 2, in the lighting effect by computer simulation, the reflectance of the interior 
material affected the luminance of the wall, but did not significantly affect the luminance of the road 
surface. Since the wall luminance of the tunnel lighting is provided at 100% or more of the average 
road surface luminance, the reflective characteristics of the interior materials are expected to be 
helpful in energy saving of the tunnel lighting. 

 

3.  CONCLUSION 

In Korea, two types of interior materials, tile and paint, are used as interior materials for tunnel 
walls. Specimens were provided from the manufacturers of tunnel interior materials, and although 
there were some differences between manufacturers in terms of reflectance between tiles and 
painting, overall, the coating was slightly higher. As a result of comparing the lighting effects through 
computer simulation by reflecting the results, it was confirmed that the effect of the reflection 
characteristics of the interior materials on the road surface luminance was insignificant, and the wall 
luminance increased in proportion to the reflectance. However, since this study compared the 
reflection characteristics of the specimens, it is expected that there will be some differences from the 
actual field. 

Lighting accounts for 60% of maintenance costs in tunnels. Therefore, it is believed that research 
on interior materials that can increase the lighting effect should be continuously prepared. It is 
important to develop materials for tunnel interior materials that can increase the lighting effect, but it is 
also necessary to study tunnel maintenance for 2,742 tunnels currently installed in Korea (as of 2020 
by the Ministry of Land, Infrastructure and Transport) [2]. Therefore, in order to find out more about 
the characteristics of interior materials in the future, the reflection characteristics of interior materials 
in tunnels before construction or tunnels in operation are searched, and the trend of changes in 
lighting effects is studied to determine factors that can increase lighting effects. I think there should be 
an effort to find a way to find it. 
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Investigation of the Driving Environment in the Section 
with Frequent Accidents at Night on Highways
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ABSTRACT
In this paper, the driving environment was analyzed based on the survey on the risk section of night 

accidents shown through accident data analysis. As a result of analyzing highway traffic accident data 
in 2020, night traffic accidents on highways account for a low percentage of all traffic accidents (1.9%), 
but the ratio of fatalities to the number of accidents is very high (8%). In previous studies, road traffic 
accident data was analyzed to analyze the risk factors of nighttime traffic accidents. In this study, we 
tried to analyze the risk factors of the night driving environment through the fact-finding investigation 
of the risk zone of night accidents that appeared through the analysis of accident data

Keywords: Driving Environment, Frequent Accidents, Night, Highways

1. INTRODUCTION
As a result of analysing highway traffic accident data in 2020, night traffic accidents on highways

account for a low percentage of all traffic accidents (1.9%), but the ratio of fatalities to the number of 
accidents is very high (8%). In previous studies, road traffic accident data was analysed to analyse
the risk factors of night time traffic accidents. In this study, we tried to analyse the risk factors of the 
night driving environment through the fact-finding investigation of the risk zone of night accidents that 
appeared through the analysis of accident data.

2. BODY
2.1 Highway Night Accident Risk Factors and Night Accident Risk Zone

By analysing highway accident data for 3 years from 2019 to 2021, the rankings were derived: 
‘sections with a high number of night traffic accidents’, ‘sections with a high number of night traffic 
accidents compared to traffic volume’, and ‘sections with a high rate of night traffic accidents 
compared to daytime’. Among the sections, 22 locations were selected according to the classification 
of road facilities (mountain cuts, ICs, JCs, bridges, curves, uphill/downhill, soundproof walls) and 
presence or absence of street lights.

2.2 Investigation Method for Night Accident Risk Zone
The highway night fact-finding survey investigated the road surface and the surrounding 

environment that affect drivers while driving on the highway. Data were collected by installing a 
camera for recording the situation in front of the driver's field of vision and a video luminance meter for 
measuring the luminance of the road surface and surrounding lighting environment inside the vehicle.
Road surface recognition and high luminance generation factors (road structure, headlights of 
opposite vehicles, ambient luminance, etc.)

Fig. 1. Installation of a Camera Inside a Vehicle for a Survey
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2.3 Night Accident Risk Zone Investigation Characteristics Analysis 
Drivers are in a dark adaptation state in sections of the main road where no lighting is installed, 

and high luminance factors entering the field of vision while driving can act as risk factors that can 
cause an instantaneous increase in adaptation luminance and inability to glare. 

In the highway night driving environment, the measured luminance of the light emitting surface of 
street lights is distributed as high as 5,000cd/ , but the light emitting area is small, and considering 
the angle with the line of sight at the point of maximum luminance of the light emitting surface, the 
effect during driving is expected to be lower than the measured luminance value. judged The surface 
luminance of advertising lighting and decorative lighting can be significantly higher than the measured 
luminance value when considering the area occupied within the field of view. 

In most cases, the headlights of the opposite vehicle are not exposed to the driver's field of view 
due to the existence of the median divider. The luminance of the low-beam headlight of the opposite 
vehicle was measured at 6,791-8,886cd/m2, and the luminance of the high-beam headlamp was 
measured at 7,837-10,800cd/m2. This luminance distribution can be considered to be very high 
considering the general distribution (500 to 2,000 cd/m2) of luminance exposed to other environmental 
elements. 

 

Fig. 2. Luminance of the Luminous Surface During Night Driving on Highways 

3.  CONCLUSION 

Risk factors in the night driving environment were analysed through a fact-finding survey of 
highway night danger sections, and characteristics of sections with high traffic accidents at night were 
derived according to the classification of road facilities. It was found that various factors such as the 
darkness of the road surface and surroundings due to road facilities and the surrounding environment, 
and the occurrence of glare due to momentary high luminance in the dark adaptation state affect 
highway driving at night. 
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Through the analysis of the driving environment in sections with many traffic accidents at night, 
sections in which the installation of street lights should be reviewed and sections in which the 
brightness level of the existing street lights needs to be upgraded were derived in the ‘Standards for 
Installing and Operating Street Lights on Highways. 

 
Table 2. Analysis of Driving Environment on Sections with Highway Night Traffic Accidents 

Division Night Driving Environment Analysis 

mountain 
cut 

through 
Road 

Due to high terrain features (mountain slopes) on the left and right of the driving direction, there is 
little light entering the road and the road and surroundings are dark 

It is difficult to secure a stopping distance to prevent collision when obstacles such as road debris, 
potholes, and animal intrusion are found in low-beam driving conditions. 

IC JC TG 

It is a section with a lot of vehicle traffic, and most of the impact accidents are expected to be caused 
by traffic congestion. 

Despite the installation of streetlights, collisions with obstacles and poor road surfaces (potholes, 
road surface damage) continue to occur. 

Bridge 

Vulnerable to natural environment (fog and wind) compared to flat areas, and degraded driving 
environment (poor visibility and shaking of vehicles) 

Difficulty recognizing drivers at night due to lack of lights on road safety signs such as accidents and 
slow driving installed on the right side of the driving direction 

Curve 
Section 

Headlights of vehicles on the opposite side are recognized instantaneously in sections where uphills 
and downhills are mixed along hills while passing through mountainous areas. 

Uphill· 

Downhill 

Restriction of vision due to glare from headlights on the opposite side 

Occurrence of accident risk factors 

Sound 
Barrier High sound barriers block light, making roads and surroundings dark 
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RESEARCH ON KITCHEN WORKING SURFACE LIGHTING 
CONTROL BASED ON MOTION AMPLITUDE DETECTION 

Zhide Wang, Mingyu Zhang, Mengyuan Zhang, Shengdong Li 
School of Architecture, Tianjin University, Tianjin, China  

ABSTRACT  

In this paper, aiming at the problems of low sensitivity, low intelligence and inability to make 
control decisions independently of the existing mainstream lighting control methods, a new 
lighting control method is proposed, that is, to control lights by detecting the amplitude of human 
body movements. The paper begins with a review of research in related fields, including the 
development of body motion detection and light control techniques. Secondly, taking cooking 
activities in the kitchen as an example, the changing rules of body movements in different indoor 
light environments are obtained through experiments, and the body posture of people working 
under the recommended working face illuminance value is determined. Finally, the control system 
software was developed and designed to improve the intellectualization and humanization of 
lighting control. The user satisfaction of the new light control system increased by 23.72%. 

Keywords: Motion detection; Interior lighting; Working face illuminance; Lighting control 

1. INTRODUCTION
Humanized light environment design has gradually been attached importance [1], lighting

energy consumption should be saved, and lighting needs to provide sufficient comfort in the light 
environment [2]. Traditional artificial lighting control methods result in poor illuminance uniformity 
and high glare value [3], and common residential interior lighting design results in low indoor 
illuminance value [4]. This makes it difficult to meet the visual needs of modern complex home 
activities. Intelligent indoor light environment control can greatly improve traditional artificial 
lighting design [5]. Intelligence has become the development trend of control systems [6], such as 
intelligent building lighting energy consumption control system [7], and adaptive public lighting 
control management system [8]. The degree of intelligence in indoor lighting control is now low [9], 
and the way lighting interacts needs to become more intelligent. 

At present, the intelligent degree of indoor light environment control in the user's life and work 
is insufficient, and the intelligent control cannot judge the current light environment needs from the 
user's behaviours. To solve this problem and make the light environment can be adjusted properly 
without the user's perception, this paper will first study the mutual numerical relationship between 
different light environment and limb movement amplitude in the kitchen; Secondly, the motion 
amplitude detection system is developed using the obtained relationship, and the motion 
amplitude detection system is applied to lighting control. Finally, the accuracy of the lighting 
control system is verified, and the questionnaire evaluation is carried out. 

2. METHODS
2.1   Relationship between light environment and movement

The experiment site was an ordinary family kitchen, and the experiment time started at 20:00 
after sunset. The experimental measuring instrument is the T&D TR74-Ui air temperature and 
humidity illuminance ultraviolet intensity recorder. There are 4 measuring channels, each channel 
can record 8000 data, and the test accuracy of illuminance is 0.01lx. The lighting equipment is 
JZTL005M dimmable LED lamps, and the center illumination can reach 750 lx. 

The sample size of the experiment was 12 people. In the experiment, dimming LED table lamp 
was used to set the illuminance value on the operating table surface, and the illuminance meter 
was used to calibrate it, which was divided into five levels, 100 lx, 200 lx, 300 lx, 400 lx and 500 lx 
respectively. The subjects carried out fine operations under different illuminance, and the 
operation time was 10 minutes. The rest time between switching illuminance was 5 minutes. 
Human posture was measured in the experiment and recorded as the Angle value of the four 
angles A, B, C and D, as shown in Figure 1. 
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Figure 1. Human movement posture measurement 

The curves of the values of each Angle A, B, C and D under different illuminance are shown in 
Figure 2 

 
Figure 2. The curves of the values of each Angle A, B, C and D 

The relative ranges of the average values of the four angles are 0.21, 0.22, 1.31 and 0.74 
respectively, so the values of angles A and B have a smaller range of variation than angles C and 
D. To establish the numerical relationship between illuminance and action more clearly, the 
values of Angle C and D are finally selected to represent the amplitude of action. 

Thus, an automatic light environment control strategy based on motion changes is obtained: 
when the upper body tilt Angle is greater than 20°, the illuminance level can be improved, and the 
head tilt Angle is greater than 60°, the illuminance level needs to be greatly improved. At the 
same time, set the thresholds of the optical environment adjustment parameters, as shown in 
Table 1. 

Table 1. Parameter threshold of the light environment and scene modes. 

Action type Parameters Scene modes Illumination of 
the working face 

Lean forward C > 20° Working 300 lx 

Head down D > 60° Precision work 500 lx 

Squat C > 120° Finding or pick up 150 lx 

Upright C < 20° & D < 20° Normal 100 lx 

Stretch out hands Distance of hands Pick up 150 lx 
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2.2   Active intelligent lighting control system  
In this paper, the motion amplitude detection system is set up, and the motion data acquisition 

device uses the Kinect V2 motion sensor designed and manufactured by Microsoft. Kinect uses a 
depth camera to capture images with depth information. Exemplar artificial intelligence system 
was used to process these images and output data by frame. The output data set contains 25 
joint data of the human body. 

Operation process of motion recognition algorithm: Firstly, the human joint data is obtained 
through the depth image function of Kinect. Then the key joint Angle and the joint movement 
offset distance are calculated by the program. Finally, the current scene mode is selected 
according to the preset parameter range values of the action data table. 

The flow chart of action recognition and scene mode selection program is shown in Figure 3. 

 
Figure 3. The flow chart of action recognition and scene mode selection program 

 
2.3   Prototype lighting control test system 

The selected control platform is the Arduino Uno V3. Control program process: First,  set the 
Arduino motherboard LED pin numbers to 5 6 and 3(Corresponding to the RGB); Secondly, set 
the initial brightness of the LED lamp; Then send a signal to the LED light panel to increase the 
brightness value of the LED, when the brightness value of the LED light is detected below the 
target threshold, and the adjustment signal sent by the USB COM serial port is received. The flow 
chart of lighting control function is shown in Figure 4. 
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Figure 4. The flow chart of lighting control program 

 
2.4   Verified the prototype system 

Through the subjective evaluation experiment test, it is concluded that compared with the 
traditional intelligent lighting control equipment, the autonomous control accuracy of the lighting 
control system prototype equipment is increased by 82.5%. 

After the experiment, the subjects were asked to score and evaluate the ordinary lighting 
control means and the motion recognition lighting control system respectively. The scoring 
standard was the convenience of the two lighting control methods, and the scoring rule was 10 
points full score system. Compared with the traditional control method, the overall user 
satisfaction increased by 23.72%. The evaluation results were recorded and sorted by age 
interval, as shown in Figure 5. 

 
Figure 5. The curve of evaluation results 

3.  CONCLUSION 
Residential decoration design in the interior light environment design is usually not fine, the 

user does not pay attention to the light environment parameters and do not understand 
aggravated this phenomenon, resulting in the user in the actual living process, the light 
environment in the house is not ideal. In this paper, the application method of active light 
environment control strategy is explored, the corresponding algorithm is developed and designed, 
and an intelligent lighting control system which can replace the user's control decision is proposed. 
Improved the traditional lighting control must be judged by the user of the quality of the light 
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environment and control the shortcomings of related lighting equipment, reduce the learning cost 
of the elderly. 

Due to the limited workload and space, the indoor experiment scene of this paper chooses the 
kitchen where the action scene is more complex and the light environment is more demanding, 
and the research ideas and principles can be extended to other room scenes in the house. 
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