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Abstract: Distinguished from conventional lighting, the LED vertical surface light source (VSLS)
is directly exposed to human view, and the effects of which form it takes on visual perception are
non-negligible. In the current discomfort glare evaluation system, the solid angle and the position
index, which represent the relative relation between the glaring light source and human visual field,
are not completely applicable for large-area VSLS, and hence are awaiting supplementation and
modification. In this study, a physical experimental setup was established to conduct an evaluation
experiment on discomfort glare, employing an LED display and white translucent frosted film to
simulate vertical surface light sources (VSLS). The experiments were arranged with 21 VSLS shapes
(comprising 3 areas and 7 length-to-width ratios) and 11 mounting positions. Subjective ratings
and four eye-movement data parameters—namely, the change rate of pupil diameter (CRPD), mean
saccadic amplitude (SA), blinking frequency (BF), and saccadic speed (SS)—were collected from
24 participants under each working condition using the Boyce Evaluation Scale and eye tracking
techniques. The main results of this study are the following: (a) CRPD is the most appropriate
eye-movement index for characterizing VSLS glare perception; (b) The area of the VSLS is the primary
shape element influencing discomfort glare. Furthermore, with the same surface area, the lateral
view angle (LaVA) and the longitudinal view angle (LoVA) perceived by the human eye also impact
glare perception; (c) A functional equation between the VSLS area, LaVA, and LoVA to the borderline
luminance between comfort and discomfort (BCD luminance) is fitted; (d) Based on the eccentric
angle and the azimuthal angle, a modified position index P’ is proposed to represent the relative
position of the VSLS in the visual field, and the ratio function of BCD luminance of the VSLS at
non-central positions and the central position is fitted.

Keywords: vertical surface light source; discomfort glare; lateral /longitudinal view angle (LaVA /LoVA);
position index

1. Introduction

Through two development stages—the provision of uniform illumination over a
horizontal plane and the provision of illuminance suited to human needs—the third stage of
development aims at the lighting quality promotion target of enhancing the overall quality
of a visual environment and promoting people’s physiological and mental health [1,2].
LED VSLS refers to the surface light source form (Figure 1) installed over vertical structures
(walls, cylindrical surfaces, etc.), which has the attributes of both a light source and an
interface [3]. Typically, a human’s line of sight arrives at the vertical surface before the top
surface of space and, therefore, an LED VSLS not only illuminates the visual environment
but, as a spatial visual factor, has direct contact with human’s line of sight. In current
discomfort glare studies [4-6], light sources (installed at the ceiling of buildings) have
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been isolated beyond the visual field visible to direct sight for a long time. Therefore,
the effects of the VSLS on lighting quality involve not only the consideration that the
ambient light parameters provided by the VSLS should be “comfortable” (or called “non-
discomfortable”), but also consideration of the effects of apparent factors of light-emitting
surfaces on human vision [7]. In the case of the rectangular VSLS, for example, in the
apparent elements of the luminous surfaces, the main considerations in the design are their
dimensions, proportionality, and installation position.

Figure 1. Examples of light-emitting surfaces applied to vertical walls: (a) Stanley coffee, Hangzhou,
China; (b) ZIPLAB cross-border e-commerce offline experience store, Guangzhou, China; (c) OPPO
flag store, Shanghai, China; (image source: https:/ /www.gooood.cn, accessed on 10 January 2024).

Discomfort glare evaluation is the basics of indoor healthy illumination studies [8].
Current studies have reached a basic consensus on the evaluation of discomfort glare
perception. According to the universality of existing models, Boyce [9] generalized the
discomfort glare evaluation of single glaring light sources in Formula (1), where there
are two variables representing the light source and the variables relative to human visual
field—the solid angle w and the position index P. w denotes the relative size of the glaring
light source within the observer’s visual field, i.e., the functional relation between the
light source area and viewing distance, as shown in Figure 2a. The longer the distance
between the glaring light source and the line of sight, the lower the degree of discomfort
glare perception [10,11]. However, this leaves out of consideration the effect of the shape
of the light source within the observer’s visual field. P denotes the relative position
relation between the glaring light source and a human’s line of sight. This was derived by
M. Luckiesh and S. K. Guth [12], using their flicker-glare experiment in the upper visual
field (UVF) under specific settings (light source size 0.0011 sr and background luminance
343 cd/ m2), including the elevation angle (hereinafter referred to as the eccentric angle,
EA) from the line of sight, in the vertical plane, up to the source and the azimuthal
angle (AA) from the line of sight, in the horizontal plane, over to the source, as shown
in Figure 2b. Despite the modified research on light sources beneath the visual field by
multiple scholars [13-15], the size of light sources adopted in this experiment remains small
(0.0011 and 0.0038 sr). Compared to light sources isolated beyond the line of sight for long
distances, the LED VSLS is completely exposed within human'’s visual field due to the
characteristics of a large area and a short distance. Further studies have yet to be conducted
as to whether the solid angle w and the position index P parameters remain applicable to
quantifying the relative relation between the light source and the visual field.
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where: L is the luminance of the glare source(s) [cd/m?]; w is the solid angle subtending
each source [sr]; Ly is the background luminance [cd/ m?]; P is the Guth position index for
each source; Ap is apparent area of the glare source(s) [m?]; S is area of the glare source(s)
[m?]; 7 is the distance from the observation target to the eye [m]; a is the angle between the
light source and the horizontal line of sight.

InP = [35.2 — 0318897 — 1.22¢ 27/ 9] 1030 + [21 +0.26667T — 0.00296372} 10752 (2)
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Figure 2. (a) Diagram of solid angle coordinates with observer’s position as the Origin [16];
(b) Diagram for position index calculation [17], where T denotes the angle between the line of
sight and the light source contained vertical plane (AA); o denotes the angle between the line of sight
and the observer-to-light source line (EA).

Therefore, the research question of this paper is: What morphological and positional
elements influence the discomfort glare of the VSLS, and can they also be articulated
in terms of solid angle and Guth positional index? Based on this research question, we
conducted experiments to assess the discomfort glare, with the three primary visual form
elements—size, length-to-width ratio, and position of the VSLS—as independent variables.
What is crucial for measuring the perception of glare itself is the direct assessment by
observers. Presently, our primary reliance is on questionnaire feedback, which necessi-
tates observers to evaluate glare perception using rating scales [18]. We have opted for
the Boyce scale, as its semantic order aligns more closely with the evaluation tendencies of
Chinese observers.

With the development of science and technology, on the basis of subjective evalua-
tion, researchers have added objective measurements to establish the relationship between
discomfort glare and lighting conditions and physiological responses. One of the widely
employed methods is eye-tracking technology. Existing studies indicate that [8,19-22],
among eye-movement data, the pupil diameter (PD), blinking frequency (BF), and saccadic
speed (SS) have strong correlations with discomfort glare evaluation. Meanwhile, partici-
pants’ eye-movement indexes were collected to explore the correspondence between glare
perception and physiological reaction.

The object of this study is a uniform, single brightness VSLS. Combining the visual
characteristics of human eyes, the morphological and position factors characterizing the
relative relation between the VSLS and a human’s visual field are extracted, and the
law of effects of these indexes on glare perception are analyzed to provide a design ba-
sis for the application of a VSLS in an indoor illumination. The contributions of this
manuscript are therefore:

(1) extracting the parameters that can characterize the morphology and position of the VSLS;
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(2) obtaining the law of the influence of the morphology of the VSLS on the borderline
luminance between comfort and discomfort (BCD luminance);
(3) obtaining the law of the influence of the position of the VSLS on BCD luminance.

2. Experimental Settings
2.1. Experimental and Operating Conditions

The experimental space of dimensions—3.0 m x 5.0 m x 3.0 m—was set up at the
comprehensive laboratory bench for changeable architectural space of Tianjin University.
A wall with a length of 5 m and height of 3 m was installed and covered with a full-
color LED screen (4.8 m x 2.88 m), whose pixel pitch was 4 mm and resolution was
40,000 points per m2. The luminance in the white balance state could reach 5500 cd /m?, and
the adjustable range of the correlated color temperature was 3000-6500 K. The outer side
of the screen was installed with a white translucent frosted film, with light transmittance
of 41% and lambertian transmittance properties. Using LEDVISION 6.9 software, flexible
control was implemented on the position, size, luminance, correlated color temperature
and other conditions of the light-emitting units to meet the need of recurrence of the vertical
light-emitting surface, as shown in Figure 3.

white translucent frosted ﬁlm};o
| |

light-emitting unit light sources
r (luminance)

Q..li.n.e«, of sight L

—
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Figure 3. Diagram of the relationship between the experimental space and the control system.

Given that the independent variables in this study are the visual form of the VSLS,
referring to Iwata’s [14] experimental setup, the space was set in a darkroom environment
to preclude the interference of ambient luminance. The wall was paved with black velvet
cloth and the floor with black PVC plastic flooring, with the boundary reflectance smaller
than 0.01 and the vertical light-emitting surface being the only light source in the room.
Also, the correlated color temperature was set to 4000 K. In the glare calculation formula
for the unified glare rating (UGR), the solid angle and position of the glaring light source
are two mutually independent indexes, hence two separate experiments were carried out
on the VSLS form (area and ratio) and position.

The LED screen was used in this study to display neutral-color material pictures to set
the form, position, and luminance of VSLS. The form and position were adjusted by the
options “Window Size” and “Position” in LEDVISION, whereas luminance was controlled
by the brightness of the material pictures. Five luminance grades were set for each of
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the surface light sources in the experiment. The design luminance and corresponding
brightness values for each grade are shown in Table 1. To obtain different luminance levels,
we created achromatic images in Photoshop with a brightness range of 0-255. We used the
Konica Minolta handheld luminance meter LS-100 (Konica Minolta (China) Investment
Ltd., Shanghai, China) to measure the luminance value corresponding to each picture.
The relationship between the brightness of the picture and the measured luminance value
was well documented in our previous research [7]. In this study, we chose images corre-
sponding to the design values of luminance. According to the luminance perceptibility
threshold result [7] and the pre-experiment evaluation, the error between design lumi-
nance and actual luminance would not be perceived by participants if it fell below the
perceptibility threshold.

Table 1. Luminance settings.

Design Luminance (cd/m?)

achromatic images

Brightness values

20 40 80 160 320
18 36 66 95 127

Actual luminance (cd/mz) 19.75 40.20 79.97 161 320.6

Error

1.25% 0.50% 0.04% 0.63% 0.19%

Experimental group (EG)#1: VSLS form. Whether the shape of light sources located
in the induced human visual field makes a difference to discomfort glare evaluation
is another issue to explore in this study. Therefore, the length-to-width ratio of light
sources has been added to the solid angle related variables to research the effect of the
relative size of the glaring light source in the visual field on discomfort glare perception.
The experimental variables are shown in Table 2, including a total of 3 areas x 7 length-to-
width ratios = 21 VSLS forms. The forms of light-emitting surfaces are shown in Figure 4.
Five luminance values were set for each VSLS form, and the two viewing distances were
set to be 1.5 m and 3.0 m, respectively.

Table 2. Operating condition settings for EG#1.

NO. Area(m?) Ratio Size(m x m) NO. Area (m?) Ratio Size (m X m) NO. Area(m? Ratio Size (m x m)
1-1 1:1 0.300 x 0.300 2-1 1:1 0.600 x 0.600 3-1 1:1 1.200 x 1.200
1-2 1:2 0.215 x 0.420 2-2 1:2 0.420 x 0.840 3-2 1:2 0.850 x 1.700
1-3 1:3 0.173 x 0.519 2-3 1:3 0.350 x 1.050 3-3 1:3 0.695 x 2.080
1-4 0.09 1:4 0.150 x 0.600 2-4 0.36 1:4 0.300 x 1.200 3-4 1.44 1:4 0.600 x 2.400
1-5 2:1 0.420 x 0.215 2-5 2:1 0.840 x 0.420 3-5 2:1 0.170 x 0.850
1-6 3:1 0.519 x 0.173 2-6 3:1 1.050 x 0.350 3-6 3:1 2.080 x 0.695
1-7 4:1 0.600 x 0.150 2-7 4:1 1.200 x 0.300 3-7 4:1 2.400 x 0.600

Solid angle: 0.04/0.01 sr *

Solid angle: 0.15/0.04 sr

Solid angle: 0.55/0.15 sr

Notes: * denote the solid angles at viewing distances of 1.5 and 3.0 m, respectively.

Experimental group (EG)#2: VSLS position. The experiment was carried out by sifting

one VSLS form from the operating conditions of experiment #1. To ensure that a large
enough area of whatever light source was displayable at multiple positions, the square
VSLS with an area of 0.36 m? was selected. The operating condition settings are shown in
Table 3. Against the visual center (C), five orientations were set to be the upper visual field
(UVF), the right-upper visual field (RUVF), the right visual field (RVF), the right-lower
visual field (RLVF), and the lower visual field (LVF), for each of which two EAs were set,
hence 11 operating conditions in total, as shown in Figure 5. Likewise, in this experimental
group, two viewing distances and five luminance values of light sources were also set.
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1-1 1-2 1-3 1-4 1-5 1-6 1-7
2-1 2-2 2-3 2-4 2-5 2-6 2-7
3-1 3-2 3-3 3-4 3-5 3-6 3-7

Figure 4. Schematic of the VSLS forms.

Table 3. Operating condition settings for EG#2.

Viewing Distance AA C UVF RUVF RVF RLVF LVF
EA — 0°2 15° 90° 135° 180°

L5m T:22° ©,0)° ©,22) (22, 22) 22,0) (22, -22) ©, —22)

. 2: 39° — (0,39) ©, 39) (39, 0) (39, —39) (0, —39)

20m T 11° ©,0) (0,10 (11, 11) (11,0 11, —11) ©, —110)

: 2:22° — (0,22) (22, 22) (22, 0) (22, —22) 0, —22)

Notes: 2. It is specified that the AA right above C be 0° increases clockwise progressively; °. is the angular
coordinates of the geometrical center of VSLS, specified to be positive where the geometrical center deflects from
RVF and UVF of C and negative where it is located in LVF.

RUVEF-1 RVEF-1 RLVF-1 LVF-1
RUVE-2 RVF-2 RLVEF-2 LVF-2

Figure 5. Schematic of VSLS positions.

2.2. Participants
Participants were recruited as per the following requirements:

(1) that they be in good physical health, free of eye diseases, and without any history of
ophthalmic surgery;

(2) that they have an uncorrected visual acuity of 1.0 or above or a corrected visual
acuity up to the equivalent eyesight and keep their eyeglasses or contact lens removed
throughout the experiment;

(3) that, to ensure eye tracking in normal process, they not wear overly dense false
eyelashes or smear overly heavy mascara creams on the day of experiment, and not
have implanted eyelashes;

(4) that the complete irises be visible when their eyes are looking straight ahead, without
the palpebrae superior occluding the pupils.

Participants were recruited through social media and campus announcements and
contacted the research team to register for participation if they met the inclusion criteria.
This study has been approved by the Institutional Review Board of our institution, ensur-
ing the protection of participants’ rights throughout the research process, and obtaining
informed consent from all participants. Due to the particularity of the eye-movement
experiment, participants were informed prior to the experiment that the experimenters
would access their eye-movement data for data analysis and visualization. Finally, a total
of 24 participants aged 18~31 (mean = 24.27 and standard deviation = 3.78) were recruited
in the experiment, with a male-to-female ratio of 1:1.
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2.3. Experimental Method and Procedure
2.3.1. Experimental Method

Subjective scale evaluation: The participants were asked to score each light-emitting
surface according to their subjective feeling. At present, there exist multiple subjective
scales evaluating the discomfort glare, among which the scale proposed by de Boer [23]
and that by Boyce et al. [24] are the two most widely used for the moment. De Boer’s scale
has nine grades in total, and the higher the scores, the weaker the glare. Moreover, the
scale gives a semantic description of odd grades, with the glare perception of even grades
lying between the glare perception intensities described by two conjoining odd grades.
Boyce’s scale has seven grades in total, and the higher the scores—each of which has
been presented with a corresponding description—the stronger the corresponding glare
perception. It was found through interview that the semantic order of Boyce’s scale
conforms better to Chinese observers’ evaluation habits, hence being selected finally as
the scoring scale in this study (Table 4). Specific to the characteristics of this paper, the
description of the light source “overhead” is deleted from the explanation.

Table 4. Boyce’s glare evaluation scale.

Category 1

2 3 4 5 6 7

Name

Imperceptible

Just
perceptible

Just
intolerable

Just uncom-

fortable Intolerable

Noticeable Uncomfortable

Objective eye-movement data: This study adopted the eyeglass-type eye tracker
aSee Glasses and the program aSeeStudio of China 7INVENSUN Technology Co., Ltd.
(Beijing, China) to record the eye-movement indexes of the participants under each experi-
mental operating conditions, whose fixation state could be monitored anytime during the
experimental process.

2.3.2. Experimental Procedure

The experimental procedure is shown in Figure 6. To counteract possible practice
effects, the forms of light sources were presented to the participants in a random order.
To shorten the time of repeated dark and bright adaptations and visual recovery for the
participants, Subsequent luminance stimuli were rendered in the smallest-to-largest order,
and the interval between two stimuli was set to be 15 s to reduce the mutual interference
between the passing and upcoming light stimuli.

46min 15s 61min 15s 102min 30s R

Operating
condition 1

Start ——— sy |
N
Dark adaptation 12s 3s
of vision Perception

77| and evaluation

Operating
condition X
I\

38

Operating
condition 2

Changing Operating

of position condition 1
i‘lﬁ::‘

Rest/Activity

3s
15 min

Operating
condition X
N\

"

38

- = End
Eye 12s

closing

Eye
closing

3s 12s 12s

Perception
and evaluation [}

12s

Perception
and evaluation [}

Perception

Perception B
and evaluation !

and evaluation !
:

Luminance
switching in turn

\

Luminance
switching in turn

Luminance
switching in turn

J

Luminance
switching in turn

Luminance
switching in turn

Y

%

Viewing distance 1

\

Viewing distance 2

Figure 6. Diagram of the experimental procedure, where X represents the last experimental operating
condition, which is 21 for EG#1 and 11 for EG#2; the time marked in the time axis is the time spent by EG#1.
(i) Before entering the darkroom, let the participants read through the experimental
description and watch the pre-recorded experimental scenarios and voice prompts,
and familiarize themselves with the experimental procedure and cautions.
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(ii) After being seated at the first viewing position, let the participants adjust the seat
height independently and place their chin on a chinrest so that their point of sight
keeps consistent with what is being marked (the central position) on the LED screen
when their line of sight is horizontal.

(iii) Assist the participants in wearing the eye tracker and, via the display interface of
aSeeStudio, remind them to adjust the seat height to ensure that their point of sight
falls at the central position. After the adjustment is complete, perform binocular cali-
bration up to a degree of above 80 for both eyes to ensure the validity of collected data.

(iv) At the official start of the experiment, the participants first undergo a 5 min dark
adaptation, during which the baseline collection of pupil data and eye-movement
data is performed. Afterwards, the participants open and close their eyes and give
their subjective scoring according to the voice prompts. Throughout the experiment,
remind the participants all the time to keep their line of sight horizontal by observing
their point of fixation on the interface of aSeeStudio. Require the participants to
try their best to avoid squinting and active blinking behaviors unless having non-
opposing reactions.

(v) As has been set, display the VSLS for EG#1 and, for each VSLS form, render
five luminance states in turn, each maintained for 15 s. The participants rate the
glare grades of the light-emitting surfaces according to their subjective feeling. After
displaying the luminance of each VSLS form, let the participants take an eye-closed
rest for 1 min. It will 46 min 15 s in total until all 21 VSLS forms are completed.

(vi) The participants take a 15 min rest/activity and change their viewing position. Repeat
steps (ii) through (v), except for the calibration.

The experiment was over on the first day. The participants were involved in the second
group of experiment on the next day, following the same steps as above.

2.4. Data Analysis

First, the subjective evaluation scores and the eye-movement data normal distribution
hypothesis were tested. The eye-movement data used in this study include pupil diameter
(binocular mean data), saccade, and blink, which were processed by a mapping approach
and collected through AOI region assignment in aSeeStudio. In addition, to preclude the
effects of individual differences on the research results, the CRPD index has been added in
the follow-up analysis.

(baseline mean of PD — mean of PD under stimulus)
mean of PD under stimulus

CRPD(%) = x 100% 3)

The correlation between the VSLS discomfort glare and eye-movement indexes was
analyzed in SPSS 26. Then, the BCD luminance under each operating condition was calcu-
lated using the MATLAB R2023a spline interpolation method, and, in combination with
multifactor analysis of variance (ANOVA), correlation analyses (Pearson and Spearman),
nonlinear regression analysis, etc. of SPSS to sift the morphological and position factors
that can characterize the VSLS discomfort glare.

3. Experimental Results

Through the Shapiro-Wilk test, and by observing the normal P-P plot and the de-
trended normal P-P plot, it was found that the subjective evaluation scores, CRPD, SS,
mean saccadic amplitude (SA) and BF data all obey normal distribution.

3.1. Experimental Data Description
3.1.1. EG#1: VSLS Forms

The subjective evaluation results are shown in Figure 7, rendering similar regular-
ities under the two viewing distances. Under each operating condition, the subjective
scores on glare perception increase with the increase in luminance, complying with the
Weber-Fechner law. The Weber—Fechner law describes a nonlinear property in human
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perception, i.e., the ratio of the relative change in perception to the absolute change in
the stimulus is constant. As the luminance increases, the effect of the same luminance
change on subjective evaluation scores diminishes. This is because the nonlinear nature
of perception makes it more difficult to detect changes in luminance at high luminance
levels [25]. Aslight source area varies, the subjective evaluation scores exhibit significant dif-
ferences: the larger the area, the higher the subjective evaluation scores on glare perception.
This agrees with the conclusion in glare evaluation models that the greater the solid angle,
the higher the degree of glare. Given the same light source area, L.e., equal solid angles, as
the proportional relation of light sources varies, the subjective scores also exhibit certain
differences but no marked regularities.
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Figure 7. Relation between the light source form and subjective evaluation. (a) viewing distance = 1.5 m.
(b) viewing distance = 3.0 m.

The results of CRPD are shown in Figure 8. Under the two viewing distances, CRPD
takes on the same trend as subjective evaluation scores, constantly within the range of
20%~60%. CRPD increases gradually with the increase in luminance, though at a flattening
rate. Similarly, the larger the light source area, the greater the value of CRPD at an equal
luminance; given the same light source area with a varying length-to-width ratio, CRPD
also exhibits certain differences.

No significant regularity has been observed between SA, the mean SS, BF and lumi-
nance of light source. See Supplementary Materials, Figures S1-53 for relevant data.

3.1.2. EG#2: VSLS Position

The VSLS position versus the subjective evaluation scores results are shown in Figure 9.
The subjective evaluation scores exhibit no significant differences under each operating
condition at the two viewing distances, both rising with the increase in the luminance of
the light source and at relatively high rates in the low-luminance ranges, whereafter the
growth trends of the subjective scores flatten gradually. At an equal EA, the light source in
RLVF receives the highest subjective scores, that is, it causes the strongest glare perception
at equal luminance. Next, in LVF and at two distinct EAs, the subjective evaluation scores
are both higher than at the visual center. For the light-emitting surfaces deflecting from the
RVF and UVFE, the subjective evaluation scores are the lowest. The farther the light source
deflects from the visual center, the lower people’s subjective evaluation scores.
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Figure 9. Relation between the light source position and subjective evaluation. (a) viewing distance = 1.5 m;

(b) viewing distance = 3.0 m; (c) Boxplot of light source position versus subjective evaluation results.

The VSLS position versus the CRPD results are shown in Figure 10. At the two viewing
distances, CRPD increases with the increase in the luminance of light sources, and the
growth trend slows down gradually after 150 cd/m?. Different from the subjective evalua-
tion scores, CRPD is always greatest at all luminance values for the light-emitting surface
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at the central position, and the farther the visual center is deflected from, the smaller the
resultant change of pupil diameter. Given the same EA, CRPD is always the greatest as
a result of the light-emitting surface being located in RLVE. When the EA (11°, at 1.5 m
viewing distance and 22° EA /3.0 m viewing distance) of the light-emitting surface is small,
CRPD is the smallest as a result of the light-emitting surface being located in RVF; when the
EA (22°, at 1.5 m viewing distance and 39° EA /3.0 m viewing distance) of the light-emitting
surface is great, CRPD is the smallest as a result of the light-emitting surface being located
in UVE
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Figure 10. Relation between the light source position and CRPD. (a) viewing distance = 1.5 m;
(b) viewing distance = 3.0 m (c) Boxplot of light source position versus CRPD.

No significant regularity has been observed between SA, the mean SS, BF, and lumi-
nance of light sources. See Supplementary Materials, Figures 54-56 for relevant data.

3.2. Correlation between Subjective Evaluation Scores and Eye-Movement Indexes

From the above results, some eye-movement indexes show consistent trends with the
subjective evaluation scores on glare perception. In SPSS, Pearson correlation analysis was
performed with respect to the four items of eye-movement data—subjective evaluation
scores on discomfort glare, CRPD, SA, and mean SS—under the two sorts of experimental
variables. The results are shown in Table 5.
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Table 5. Correlation analysis results.

Subjective

. CRPD SA Mean SS BF
Evaluation

EG#1

Luminance

Coefficient of correlation 0.919 ** 0.703 ** —0.119 * —0.079 0.107

Significance <0.001 <0.001 0.033 0.214 0.091

Subjective
evaluation

Coefficient of correlation 1 0.874 ** 0.135 * 0.059 —0.030

Significance - <0.001 0.033 0.349 0.639

EG#2

Luminance

Coefficient of correlation 0.920 ** 0.407 ** —0.336 ** —0.091 —0.041

Significance <0.001 <0.001 <0.001 0.346 0.672

Subjective
evaluation

Coefficient of correlation 1 0.414 ** —0.430 ** —0.094 —0.040

Significance - <0.001 <0.001 0.329 0.676

Notes: ** and * indicate the correlation is significant at the 0.01 and 0.05 levels, respectively.

It can be concluded that the subjective evaluation scores on glare perception
(p < 0.001) and CRPD (p < 0.001) bear significant correlations to the luminance of light
sources, which are both strongly positive, as indicated by the coefficients of correlation
(0.70~0.99). By the same token, the correlation between SA (p = 0.033 < 0.05 and p < 0.001,
respectively) is weakly positive.

In the experiment on the relation between the VSLS shape and discomfort glare
perception, the correlation between CRPD (p < 0.001) and subjective evaluation is significant
and strongly positive (r = 0.874); the correlation between SA (p = 0.033 < 0.05) and subjective
evaluation is significant and weakly positive (r = 0.135). In the experiment on the relation
between the VSLS position and discomfort glare perception, the correlations between
CPRD (p < 0.001) and SA (p = 0.033 < 0.05) and subjective evaluation are significant and
moderately positive (r = 0.414 and 0.430, respectively). Therefore, in follow-up analyses of
the experimental results and the regularities of how the light source form affects discomfort
glare perception, this study is based on the subjective evaluation results and supplemented
with CRPD, i.e., subjective-objective combination.

3.3. Light Source form Factors Affecting BCD Luminance

Due to differences between personal preferences, observers have hardly concurred on
the definitions of different degrees of comfort and discomfort [26], which would trigger
certain disputes over the degree of discomfort glare. Therefore, in his study, Guth used a
single perception occurring on the borderline between comfort and discomfort, i.e., the
BCD perception, as the criterion. In reference to this criterion, denote the luminance value
corresponding to 3.5 points of scores (just uncomfortable) under each operating condition as
BCD luminance. The scores per operating condition were processed by spline interpolation
in MATLAB to obtain the BCD luminance values, as shown in Table 6.

Table 6. BCD luminance calculation results for different light source forms.

NO.

Area (m?)/Length-to-Width Ratio

BCD Luminance (cd/m?)

Viewing Distance = 1.5 m Viewing Distance = 3.0 m

1-1
1-2

1-4
1-5

1-7

0.09/1:1 181.89 177.96
0.09/1:2 218.82 219.14
0.09/1:3 175.25 185.32
0.09/1:4 149.78 216.27
0.09/2:1 239.64 224.36
0.09/3:1 175.72 223.03
0.09/4:1 157.25 194.63
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Table 6. Cont.
BCD Luminance (cd/m?)
NO. Area (m?)/Length-to-Width Ratio — : — :
Viewing Distance = 1.5m Viewing Distance = 3.0 m

2-1 0.36/1:1 146.36 134.70

2-2 0.36/1:2 106.92 123.94

2-3 0.36/1:3 115.16 130.90

2-4 0.36/1:4 136.48 115.08

2-5 0.36/2:1 135.37 160.00

2-6 0.36/3:1 123.94 148.19

2-7 0.36/4:1 133.34 148.51

3-1 1.44/1:1 94.88 100.28

3-2 1.44/1:2 76.20 93.61

3-3 1.44/1:3 82.94 83.84

3-4 1.44/1:4 88.11 88.76

3-5 1.44/2:1 89.85 101.39

3-6 1.44/3:1 74.38 86.06

3-7 1.44/4:1 80.00 83.56

The Shapiro-Wilk normality test indicates p = 0.107 > 0.05. Combined with the Q-Q
plot, it can be concluded that the BCD luminance obeys normal distribution. The results of
the Pearson correlation analysis are shown in Table 7. BCD luminance bears a significant
correlation to the light source area (p < 0.001) but insignificant correlations to viewing
distance (p = 0.128 > 0.05) and length-to-width ratio of light sources (p = 0.857 > 0.05).

Table 7. Correlation analysis results.

Viewing Distance Area Length-to-Width Ratio
BCD lumi Coefficient of correlation 0.128 —0.843 ** —0.029
umimance Significance 0.420 <0.001 0.857

Note: ** indicates the correlation is significant at the 0.01 level.

A variance analysis into the light source area was performed, and a homogeneity test
of variance indicated heteroscedasticity. Hence, a corrected F-test was adopted, and it
turned out that p < 0.001 and F = 143.797, showing that the between-group differences are
statistically significant and that the overall difference is significant. In the follow-up step,
the Games-Howell test was taken for multiple comparisons. It turned out that the p values
are all smaller than 0.05, suggesting that the difference in BCD luminance is significant
at the three levels of the vertical surface, and the greater the area, the lower the BCD
luminance, as shown in Figure 11. Furthermore, CRPD also differs by VSLS area, as shown
in Figure 12. Given the same luminance, the greater the VSLS area, the greater the CRPD.
At the BCD value of luminance, CRPD = 41.9% when VSLS area = 0.09 m?; CRPD = 50.3%
when VSLS area = 1.44 m?.

The results of the correlation analysis on the length-to-width ratio of light sources
disagrees with the feedback provided by the participants in the experiment. A paired t-test
was performed on the BCD luminance under different light source shapes. The results
are shown in Table 8. When the light source area is 0.36 m?, the viewing distance is 3.0 m,
and the light source ratio is 1:4 and 4:1, there is a significant difference in BCD luminance;
when the light source area is 1.44 m?2, the viewing distance is 1.5 m, and the light source
ratio is 1:2 and 2:1, there is a significant difference in BCD luminance. In other words, the
same solid angle and different shapes of light sources will actually lead to differences in
discomfort glare.
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Figure 12. Relation between the VSLS area and CRPD.

Table 8. Results of paired t-test for BCD luminance.

BCD Luminance—Viewing Distance: 1.5m  BCD Luminance—Viewing Distance: 1.5 m

t 14 t p
s1 1:2-2:1 —0.326 0.751 0.581 0.574
0.09 m2 1:3-3:1 0.716 0.491 —-0.124 0.904
L7 m 1:4-4:1 —0.953 0.363 —0.417 0.686
0 1:2-2:1 —1.698 0.103 —1.663 0.110
0.36 m2 1:3-3:1 0.093 0.926 —1.245 0.226
2o m 1:4-4:1 0.037 0.971 —2.397 0.025 **
s3 1:2-2:1 —2.081 0.049 ** —0.530 0.601
144 m?2 1:3-3:1 0.602 0.553 -0.215 0.832
Axm 1:4-4:1 0.286 0.778 1.791 0.087

Note: ** indicates the correlation is significant at the 0.01 level.

Despite the fact that light-emitting surfaces with the same area make the same solid
angle in human eyes, the visual field of human eyes differs in horizontal and vertical
directions. Therefore, it is guessed that the degree of sensitivity to glare perception differs
as the light source makes distinct angles with respect to lateral and longitudinal visual
fields. The relationship between the light source and human visual field is represented in
terms of LaVA and LoVA (Figure 13). Through correlation analysis, it can be concluded
that the BCD luminance is significantly correlated to LaVA (r = —0.588, p < 0.001) and LoVA
r=—0.633, p <0.001).
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Figure 13. Schematic of LaVA and LoVA.

From the scatterplots about LaVA /LoVA-BCD luminance relations, one can find that
light source area, LaVA, and LoVA all bear nonlinear correlations to BCD luminance.
The results of the curve estimation in SPSS show that the power function form between
each variable and the dependent variable yields the highest degree of fitting compared to
the quadratic and logarithmic functions., with the adjusted values of R? being 0.892, 0.489,
and 0.519, respectively, hence selected for nonlinear regression analysis. Set the model
expression as

LBCD =axX Abc X IXd X ‘BE (4)

where Lpcp is BCD luminance, Ay is light source area, « is LaVA, 8 is LoVA, and 4, ¢, d and
e are constants.

The optimal solution was found with R? = 0.882, showing that this model can explain
88.2% of the change in the dependent variable with satisfactory fitting results. Therefore, the
final regression equation is given in Formula (5). It can be concluded that BCD luminance is
most significantly affected by the light source area, followed by LoVA, and least significantly
affected by LaVA.

Lacp = 151.72 x A};o.zzz x 0042 5 g=0.092 )

where Lpcp is BCD luminance, Ay is the light source area, « is LaVA, 8 is LoVA.

Based on this, we propose the effective area (A.) to characterize the shape of the
vertical glare light source. The purpose is to convert a certain light source into a square
VSLS with the same BCD luminance. The following equation is obtained:

—0.134

) (6)

A
Lpcp = 151.72 x A, %22 % (2 x tan™ ! 21e

where, Lpcp is BCD luminance (cd/m?), A, is effective area of VSLS (m?), I is the horizontal
distance between observer and VSLS (m).

3.4. The Light Source Position Factors Affecting BCD Luminance

In the formula for discomfort glare evaluation, the position index acts the role of con-
verting the light source luminance in peripheral visual field into the light source luminance
in central line of sight with the same effect. At the BCD level, it represents the ratio of BCD
luminance in the peripheral visual field to BCD luminance in the central line of sight [27].
Based on the subjective evaluation scores results, the scores per operating condition were
processed by spline interpolation in MATLAB R2023a to obtain the BCD luminance values
under different installation positions, as shown in Table 9.
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Table 9. BCD luminance calculation results at different positions.

Operating
\'%
Condition SLS

Ratio of BCD Luminance at Light Source Position to

: 2
BCD Luminance (cd/m”) That at Central Position

Position
NO. Viewing Distance =1.5m  Viewing Distance =3.0m  Viewing Distance =1.5m  Viewing Distance = 3.0 m
1 C 106.50 118.53 1.00 1.00
2 UVEF-1 108.05 138.70 1.01 1.17
3 UVE-2 231.34 233.30 217 1.97
4 LVE-1 85.97 87.77 0.81 0.74
5 LVE-2 73.68 84.86 0.69 0.72
6 RVEF-1 93.01 99.36 0.87 0.84
7 RVE-2 164.30 207.73 1.54 1.75
8 RUVEF-1 114.87 134.19 1.08 1.13
9 RUVE-2 208.86 206.46 1.96 1.74
10 RLVE-1 66.80 82.69 0.63 0.70
11 RLVEF-2 137.18 108.46 1.29 0.92
Looking up the table in reference [16], one can find: when the viewing distance = 1.5 m,
PUVF-l = 235, PUVF-Z = 500, PRVF-l = 132, and PRVF-Z = 182, when the Viewing
distance = 3.0 m, PUVF—] =1.53, PUVF—Z =2.35, PRVF—l =1.12, and PRVF—Z =1.32. A com-
parative analysis against the BCD luminance obtained from the experiment was conducted,
as shown in Table 10. The results show that the BCD luminance calculated according to
the current position index P is higher than the measured value. Note that the position
index is defined only in UVF and cannot be used to evaluate the discomfort glare in LVE.
Studies show that the luminance perceptibility threshold value differs between the point
and surface light sources [7]. Moreover, a large-area VSLS may occupy both UVF and LVF
regions at the same time, and different parts are endowed with different weights via the
position factor, so the glare perception differs between the UVF and LVF [14]. The current
position index value does not apply to the glare evaluation of the VSLS and, therefore, this
paper corrects the original position index relation to accurately express the relative relation
between the VSLS and human visual field.
Table 10. Comparison between measured BCD luminance and theoretical BCD luminance.
Viewing Distance 1: BCD Luminance (cd/m?) Viewing Distance 2: BCD Luminance (cd/m?)
Measured Theoretical Measured Theoretical
C 106.50 106.50 118.53 118.53
UVE-1 108.05 250.28 138.70 181.35
UVE-2 231.34 532.50 233.30 278.54
RVEF-1 93.01 140.58 99.36 132.75
RVE-2 164.30 193.83 207.73 156.50

First, a Shapiro-Wilk normality test on BCD luminance was conducted under the
position variables, indicating p < 0.001. Combined with the Q-Q plot, it can be concluded
that the BCD luminance does not obey normal distribution, so Spearman’s method was
adopted for correlation analysis, with the results shown in Table 11. The BCD luminance
of the VSLS is significantly correlated to both EA and AA (p < 0.001); therefore, the
two key parameters expressing positions remain useful, but their weighting relation should
be reconsidered when it comes to the large-area VSLS, relative to the center of visual field.

Table 11. Correlation analysis results.

EA AA View Distance
BCD lumi Coefficient of correlation 0.703 ** —0.653 ** 0.107
umimance Significance <0.001 <0.001 0.6423

Note: ** indicates the correlation is significant at the 0.01 level.
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According to the connotation of the position index, based on the BCD luminance at the
central position of vision, the position index P” of VSLS in this experiment was calculated
to obtain the relations between P’ and EA and AA of VSLS, as shown in Figure 14. When
VSLS is located in UVF and RUVF, the greater the EA, the greater the BCD luminance,
and the BCD luminance is always higher than at the visual center; when VSLS is located
in RLVF and LVF, the BCD luminance varies little by EA and is always lower than at the
visual center. In other words, given the same luminance, the vertical light-emitting surface
in LVF is more likely to cause the discomfort glare.

° 1.5m
® 30m

Position index

A4 (- 150 2 4s

Figure 14. Relation between P’ and VSLS position.

Because the independent variables were the same as their basic laws, we refitted the
original formula. So based on Formula (2), nonlinear regression was performed in SPSS,
with the model expression set as:

lnP/:[a+b><T+c><ed”}><c7+[f+g><r+h><12 X o2 7)

where P’ is the position index of VSLS, T denotes the AA at the geometrical center of VSLS
relative to the visual center, o denotes the angle between the line of sight and the line from
the observer to the geometrical center of VSLS, i.e., EA, and a~h are constants. Through
multiple iterations, the optimal solutions of a~h were obtained with R? = 0.671, indicating
a satisfactory fitting degree. See Formula (9) for the final model.

InP/ = [—0.009 —831x 10711 x eO~48T] X o+ [0.001 — 831 x107°7+1.98 x 107 872| x 2 8)

4. Discussion

Hamedani et al. [8] overviewed the physiological reactions measuring visual dis-
comforts objectively in illumination research. In visual perception experiments, PD is a
key evaluation parameter. Consistent with their study, in this experiment, the correlation
between CRPD and subjective evaluation scores on discomfort glare perception is strong,
with PD shrinking with the increase in luminance [28]. However, in the experimental
results of VSLS position, the result orientations of subjective evaluation and CRPD are
slightly different (Figures 9c and 10c). CRPD is the highest when the light source is located
at the visual center, while the subjective evaluation scores are the highest when the light
source is located in LVF/ULVE, according to the subjective evaluation scores results. Such
a discrepancy may stem from the reason that the subjective evaluation scores are based on
participants’ intuitive perception of light sources and subjective feedbacks on the current
ambience, which may be subject to personal preferences, physiological and psychological
states, environmental, and other factors [29]. Affective state and empirical cognition could
make the participants more susceptible to the light source [30,31], while these factors are not
directly correlated with PD and other physiological indexes. SA, mean SS, and BF are com-
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mon parameters evaluating visual fatigue [8], among which SA bears a weak correlation to
subjective evaluation, but vague correlations to luminance, area, and position in this study.
The causes of saccadic amplitude are complex. In addition to visual stimulus characteristics,
it can be influenced by auditory stimuli, cognitive factors, and physiological states [32].
This probably has something to do with the degree of participants’ tolerance to operating
condition switchover, the ambience, and other factors in the experimental process.

The combination of subjective evaluation with objective measurement of physiological
indexes is a more mainstream approach in the current glare studies [8,33]. However, the
interaction of multiple factors has led to some differences between subjective evaluation
and objective measurement. At present, the physiological influence mechanisms remain
under active exploration in all disciplines. Therefore, studies on discomfort glare at the
current stage remain based on subjective evaluation to sift shape and position parameters
suited for the VSLS discomfort glare in combination with CRPD.

The solid angle is a physical quantity in current evaluation models which is used
to characterize the relative size of glaring sources within the line of sight. Through field
investigation, it turns out that an indoor VSLS is typically at a close distance from th
observer. At such a near distance, the discomfort glare perception of the VSLS is highly
correlated to area (r = 0.87), while distance is no longer a main influential factor. Relative
to point and line light sources, surface light sources have differences in shape and ratio.
For the same solid angle, there were differences in subjective ratings when the light source
length-to-width ratio was 1:4 and 4:1. Therefore, when the light-emitting surface is large
and located on the wall, the apparent size of the light source cannot be characterized by the
solid angle alone. Considering observer’s visual characteristics, this study also discusses
how discomfort glare perception differs by the length-to-width ratio of light sources.
The results show that, with respect to LaVA and LoVA of human eyes, the VSLS has
affected the discomfort glare perception, agreeing with the theory that the sensitivity of
human eyes exhibits difference in horizontal and vertical kens and central and peripheral
visual fields [34].

Observer’s perception difference (slight or appreciable) in different visual fields is
related to the direction of stimuli, and is called the anisotropy of VF [30,31]. Due to the
difference between low- and high-order cognition, luminance perception differs somewhat
in the peripheral visual field, with people showing higher sensitivity and tolerance to
light changes in UVF [35,36]. Therefore, the discomfort glare perception is stronger when
the VSLS is located in LVE. Additionally, it turns out through verification that the current
position index does not apply to the VSLS. According to Figure 14. and the correlation
results, BCD luminance is still affected mainly by EA and AA. Thus, refitting has given the
expression of the new position index P’. In the DGI calculation formula, () is the corrected
solid angle, which involves weighting coefficients windowing different regions, depending
on the direction of the line of sight relative to the observer. We attempted to add into the
position relation the parameters of view angles made by a large-area VSLS with respect
to human eyes. However, the correlation analysis results indicate the correlation between
LaVA/LoVA and the BCD luminance due to position is insignificant (p > 0.05).

Since the VSLS was played randomly, interference with the post-image did occur in
some of the working conditions. This is a weakness in the experiment. In the follow-up
research, we will give the participants enough time to relieve themselves by increasing
the rest duration, rationalizing the sequence of working conditions, or other methods. In
addition, the random playback of different luminance will cause the pupil diameter to
contract and dilate back and forth, which will bring about visual fatigue, and since the
human eye undergoes the process of bright adaptation faster than dark adaptation, the
luminance stimuli of the present experiment were presented sequentially from small to
large. This may bring about an anchoring bias caused by the initial luminance, but the
results based on the rate of change of pupil diameter do not affect the elements and the
law of influence in the results of this experiment. In the next glare threshold study, we
will refine the evaluation process to reduce or avoid the impact of anchoring bias. In the
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research by Takase et al. [27], the effects of the solid angle and EA of light sources on BCD
luminance were explored to validate the necessity of interpreting visual characteristics
from both perspectives of light source size and the effect of position on discomfort glare.
Considering the field angle made by the large-area VSLS with respect to human eyes, in
future studies, we will make further exploration on the interaction between the VSLS shape
and position and discomfort glare.

5. Conclusions

With the area, length-to-width ratio, and position of a rectangular VSLS, the three key
factors of visual form and as the independent variables in the study, a subjective evaluation
experiment on glare and an objective measurement of eye-movement data was conducted
to acquire the key morphological and position factors characterizing the relative relation
between the VSLS and human visual field. The main conclusions are drawn below:

(1) The subjective evaluation scores on the correlation between CRPD and discomfort
glare are the highest and can be regarded as an objective characterization index;
as the light source area augments from 0.09 m? to 1.44 m?, the BCD luminance is
195.64, 132.78, and 87.42 cd/m? in turn, corresponding to CRPD of 41.9%, 46.1%,
and 50.3%, respectively.

(2) The area of the rectangular VSLS and the LaVA and LoVA made by its length and
width dimensions with respect to human eyes are the main morphological factors
affecting glare perception.

(38) A functional equation is fitted between BCD luminance and the VSLS area, LaVA
and LoVA; the VSLS area has the greatest bearing on BCD luminance (r = —0.871),
LoVA has the second greatest (r = —0.633), and LaVA has the least bearing on BCD
luminance (r = —0.588).

(4) EA and AA at the geometrical center of the vertical surface are essential position
factors affecting glare perception. Guth position index has been corrected as P’,
which has been proposed to indicate the relative position of VSLS in the visual field,
according to the experimental results.

The position index represents the ratio of BCD luminance at non-central positions
to BCD luminance at the center, while the BCD luminance at the center can be deter-
mined by the equation fitted in Section 3.3. Therefore, the conclusion of this paper can
preliminarily estimate the BCD luminance of arbitrarily positioned and shaped VSLS. Nev-
ertheless, this study has separated the discussion of shape and position, the two essential
factors. In the future, we will try to introduce the field angle made by the large-area
VSLS with respect to human eyes to explore how the interaction between the shape and
position of VSLS affects discomfort glare perception and continue to consummate the VSLS
glare evaluation methodology.
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Abbreviations

AA azimuthal angle

BF blinking frequency

CRPD  change rate of pupil diameter
EA elevation angle

SA mean saccadic amplitude

SS saccadic speed

LaVA lateral view angle

LoVA  longitudinal view angle
LVF the lower visual field

RLVF  the right-lower visual field
RVF the right visual field

RUVF  the right-upper visual field
UVF  the upper visual field
VSLS  vertical surface light source
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