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ABSTRACT 

LED lighting is being applied and increases market share for sports facilities all over the world. Since LED lighting has 

a combination of high luminances and small luminous surfaces, the probability for glare is higher than for conventional 

lighting. Despite this, it is unknown how to quantify glare in an indoor sports environment or whether lighting can 

impact sports performance. Contradictory statements exist on whether glare decreases task performance, and if this is 

due to discomfort or disability glare. Objective performance measurements were done in a volleyball setting with 

amateur and professional volleyball players from the Dutch competition. An eye tracker was used to see if gaze data 

contributes to the understanding of performance or the subjective experience of glare. Results show that sports 

performance was not decreased due to glare, although the subjective experiences, measured on discomfort and non-

acceptance, were increased significantly. The existing Unified Glare Rating (UGR) glare model correlates well with the 

discomfort results, although the combination of source luminance and background luminance alone predicts discomfort 

and non-acceptance even better. Therefore, it can be said that existing glare models perform well for indoor sports 

environments. 

 

KEYWORDS 

Sports lighting, glare, eye tracking, discomfort, disability 

  



3 

 

1. INTRODUCTION 

LEDs have made their entrance into sports lighting, and some say it is expected that its market share will grow (1,2). 

This development has major benefits, such as a reduction in energy consumption and maintenance costs (3). However, 

LED lighting can be visually uncomfortable due to small luminous areas, which are known to cause glare (4–6).  

It is already proven on a large scale that glare has a negative influence on task performance in an office setting (7). 

While LEDs are applied increasingly all over the world over the past years, it remains unknown if any negative effects 

of these luminaires, such as glare, have an influence on sports performance. 

Glare is defined as the “Condition of vision in which there is discomfort or a reduction in the ability to see details or 

objects, caused by an unsuitable distribution or range of luminance, or by extreme contrasts” (CIE, 2014). In general, 

glare is subdivided in disability glare and discomfort glare, which can be further subdivided in a total of eight categories, 

such as dazzling glare or flash blindness (8). Although high illuminances may yield discomfort, they may increase 

performance in tasks such as object recognition, reaction times and speed and accuracy in sports (2,7,9). The second 

type of glare, disability glare, impairs visual performance and will decrease sports performance (10). Disability glare is 

a matter of physiological effects, and discomfort glare of psychological effects (9). It remains unknown which of the 

two is dominant in the impact of task performance. The existing Glare Rating (GR) for outdoor sports venues “will 

make no further distinction between discomfort and disability glare”, but the UGR only demonstrates the level of 

discomfort (11). 

In general, the properties of lighting that influence the amount of glare are the luminance of the light source and the 

luminance reflected from the background surfaces, the solid angle of the light source and the glare angle (7,12). The 

last aspect is also defined as the position index in some glare models and presents the angle between viewing direction 

and light source. 

Up until now, no glare model has been designed for indoor sports. CIE recommends using the GR for outdoor sports 

venues, and the UGR for indoor office work. (11,13). Although, it shows from practice that there is the drive to test 

UGR for sports also. Research shows that the GR is also applicable for the indoor sports situation (14). But, in recent 

research this was disproved for the case where the glare source has high luminances, such as for LED lighting (5). Next 

to that, the GR was designed in an outdoor football environment with a dark background (15). While the ceiling and 

walls in a sports hall have considerable higher luminances than a sky at nighttime. 

High performance in sports has a close relation to visual performance, such as the time to recognize objects, focus on 

objects, and depth judgments. And while performing complex movements, athletes need a constant supply of accurate 

and reliable visual information from the environment. Therefore visual performance is crucial in a sports environment 

(16). It only seems natural that an athlete needs visual information to perform. Just how much is needed to perform at 

the same level at jump shooting in basketball has been studied by Oudejans in 2002 by using Plato Crystal goggles that 

blind the participant for a short period. Having no vision at all resulted in significant worse performance compared to 

full vision (t(7) = 9.98, p < 0.001). But late-vision (last 400 ms of shooting phase) and full-vision did not differ in 

performance (t(7) = 0.28, p = 1) (17). While this was initiated by goggles, disability glare by bright light sources could 

have the same effect by disabling vision for a period of time. 

The same conclusion of a decrease in task performance due to disability glare was also found in different studies on the 

performance of general tasks for indoor workplaces (18), “detecting or processing peripheral information” (19), driving 

(20,21) and sports (10). The main factor for decreased performance seems to be an increased reaction time. In the case 

of driving, this resulted in negative TTC-TRT (time to collision minus time to complete turn) values. 

In the case of sports, recent research has shown the effects of disability glare on catching performance in baseball (10). 

By placing a spotlight of 1000 lm, which is approximately 1,000,000 cd calculated from the spot of measurement, on 

12°, 15° and 18° from the catcher’s eye, a luminance veil was created and contrast decreased. A number of successful 

catches, movement RT, the number of temporal errors, spatial errors and step direction errors were all significantly 

impaired by the lowest glare angle of 12°. Although discomfort glare was not analyzed, it is interesting to see the 

magnitude of the decrease in catching performance, even when the luminance of the glare source was not matched with 

typical stadium lighting. 

While GR is used for outdoor sports venues, there is no glare requirement set for indoor sports, since there are “currently 

no specific quantifiable recommendations” (22). But, zooming into requirements for different popular indoor sports, 

such as basketball (FIBA) it states that: “reduce glare and shadows by the correct positioning of the lighting equipment” 

and for volleyball (FIVB): “lamps must not dazzle the players in any way, be too bright nor be placed over the center 

line of the court” are found (23,24). 

One of the elements that reoccurs in every discomfort glare model is the position index of the glaring luminaire. In some 

formulae, the position index is expressed as a glare angle, in others as a rather complex equation, such as the Guth’s 

Position Index (25). Nevertheless, all formulae have one thing in common: this position index suits only one static 

situation. 
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In many sports, athletes have to adjust their gaze constantly and quickly, thus changing the position index of the 

luminaire in their field of view. Especially in highly dynamic environments, such as futsal or volleyball, the amount of 

glare can change drastically in short periods of time. 

No differences are seen in the visual performance of amateur and professional athletes, but only in the perceptual-motor 

skills (26,27). Therefore, this paper describes the research on whether the skills level influences the performance impact 

due to glare. 

The type of sports analyzed in this study was chosen to be volleyball. Volleyball is one of the few popular worldwide 

indoor sports for which the players look in all different directions during a match. Also, volleyball requires non-static 

visual demands, contrast judgments, and significant directional localization demands, while being highly dynamic (28). 

To be able to judge ball spin, a player relies on visual resolution ability, dynamic visual acuity, contrast sensitivity, and 

oculomotor function, which are eye movements. This makes it a worst-case scenario considering glare since glare 

impairs most of these aspects of visual performance (20,29,30). 

In this paper, multiple viewpoints are used to analyze the data. Glare was calculated with the existing glare models. 

Additionally, subjective measurements were done on discomfort and acceptance of the light scenes. Objective 

measurements were done on task performance and gaze behavior. 

The key question for this research is: to what extent is it possible to use task performance as an indicator to quantify 

glare for indoor sports? And as a sub question: what is the best method to do quantify glare for indoor sports? Literature 

reveals that increasing discomfort does not necessarily mean a decrease in performance (7). Although, disability glare 

can decrease the amount of information one retrieves visually, and discomfort glare can distract one from a task at hand. 

Therefore, it was hypothesized that an increase in glare will cause a decrease in sports performance for tasks depending 

on visual input. The second research question is if existing glare models, other indicators, can predict the subjective 

experience of glare. 

The second research question is: is eye tracking a reliable method to contribute to quantifying glare for indoor sports? 

Volleyball professionals usually require less visual information to execute their task successfully. In other words: they 

“do not need to track the entire ball trajectory” (31,32). Additionally, professionals can retrieve a greater amount of 

information from peripheral vision (33). Therefore, it is hypothesized that a professional can look away from the 

luminaire, whilst performing at the same level, undermining the negative effects of glare, and having a greater glare 

angle during the exercises. 

For volleyball, it is proven that professional players have a significantly higher skill level than amateurs, for measures 

such as prediction of game situation and estimation of speed and direction of a moving object (27). Therefore, it is 

hypothesized that, under the influence of glare, professionals will show a different decrease in task performance than 

amateurs. 

For this study, two experiments have been carried out: the first experiment is carried out to determine whether if a 

decrease in performance would be predominantly caused by the psychological effects or physiological effects. Or in 

other words, the experiment aims at showing whether discomfort glare or disability glare is the main reason for this 

performance decrease. The second experiment is carried out to show in what manner glare will affect the sports 

performance. In addition, it is designed to identify the subjective experience of the lighting and the applicable glare 

angle. 

 

2. METHODOLOGY 

By selecting the participants, it was important that the amateurs had a certain volleyball level so that the task at hand 

was easily executable. But on the other hand, the difference in level between amateurs and professionals had to be big 

enough to see clear differences. It was chosen to include 26 volleyball players in the amateur group and 10 in the 

professional group. All participants received an oral explanation of experimental procedures, gave their written 

informed consent before participating in the study and received a compensation afterwards. All participants were Dutch 

native speakers. 

Two experiments were conducted in this study. The first was an explorative study with six participants. The second 

experiment had a larger sample size and analyzed differences between amateur and professional volleyball players. 

Both experiments had the same setup, although the light scenes were made different, as can be seen in Table 1 and 

Table 2. As a supporting methodology for experiment 2, an eye tracker was used to get better insights into what players 

experience during play. This has been done before to evaluate pupil size and viewing direction, but will be used here to 

incorporate an average glare angle (34–36). 

Participants were asked to do a set of attempts per three positions on the court (as can be seen in Figure 1), in the order 

1, 2, 3. Per position on the court, the observed lighting properties did not change much, although the glare angle did. 

For position 1, the ball came from the direction of the glare source and had to be targeted away from the luminaire. For 

position 2, the ball came from the direction of the glare source, although it had to be targeted almost in the same 
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direction. For position 3, the ball came from a direction without glare, but it had to be targeted towards the luminaire. 

These attempts per three positions were done for three different light scenes ‘B’, ‘BG’ and ‘GG’. 

Scores were converted to radial errors, which is based on the distance from the center of the target in meters. Each ring 

of the circular target is slightly larger than an official FIVB volleyball (21 cm) and has a width of 0.27 m and the center 

ring has a radius of 0.35 m. The radial error represents the midpoint of each ring (mid = 0.485 m, 1st ring = 0.755 m, 2nd 

ring = 1.025 m, …). Attempts that landed on the border of two rings were counted for the highest radial error. 

 

2.1 Experiment 1 Demographics 
For this experiment (N=6) one female and five male players were selected, all playing in the first, second or third class 

of the Dutch Volleyball Federation (NeVoBo) competition. One participant was between 18 and 20 years old, four were 

between 21 and 25 years old, and one was between 26 and 35 years old. 

 

2.2 Experiment 1 Setup 

 
Figure 1 Top View Measurement Setup for Experiment 1 

 

2.3 Experiment 1 Materials 
All existing lighting was switched off during this experiment, and only LED luminaires for which the exact properties 

are known were used, as can be seen in Figure 1. One Philips CoreLine High-Bay luminaire was used to create a 

background luminance, and two of the same luminaires were used to create object luminance. A Philips GentleSpace 

luminaire was mounted on a mast with a height of 7 m, positioned under an angle of 23.43° to the horizontal; pointing 

at the participant to create glare. For position 2 this angle is 30.41°, and for position 3 this is 41.55°. The luminous 

intensity distribution diagrams are shown in Figure 2, the properties of the luminaires are summarized in Appendix A 

  
Figure 2 Luminous Intensity Distributions of the GentleSpace (left) and the Coreline (right) luminaires
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For the A league competition, the NeVoBo requires a minimal horizontal illuminance of 750 lx at a height of 1 m above 

the playing court (37). The illuminance values in this study were lower (all values were below 100 lx). In order to rule 

out the influence of these lower values, a baseline light scene ‘B’ was created, in which only the background was 

illuminated, without glare. 

Three light scenes were designed to draw conclusions on the dominant type of glare impacting performance decrease. 

Disability glare creates a veil over the field of vision, lowering the contrast between the object (L0) and its background 

(Lb). The contrast (C0 or Ceff in the case of a glare source) is calculated with Equation 1 and 2 (38,39). 

 

�� = |�����|
��             (1) 

 

�	

 = |�����|
�����             (2) 

 

The veiling luminance (Lv) is an indicator for the luminance of the stray light that is superimposed by the glare source 

on the retina of the observer’s eye, which is calculated with Equation 3. 

 

� = � ∑ ����
��             (3) 

 

Light scenes B (background) and BG (background combined with glare) were designed to create the same contrast 

between the object and the background with and without the influence of a veiling luminance due to the glare source. 

The third light scene GG (very high glare) has a completely different contrast. 

As can be seen in Table 1, the object contrast in light scene B and BG differs on average not much, while light scene 

BG and GG differ quite a lot and the luminous intensity of the luminaire is kept the same for light scene BG and GG. 

This difference is created to see whether a decrease in sports performance can be attributed to a difference in contrast 

or to discomfort from the luminance of the source. 

 
Table 1 Lighting Conditions per Light Scene and Position on the Court for Experiment 1 

Light 

Scene 

Background 

Luminance 

(Lb) [cd/m2] 

Source 

Luminance 

(Ls) [cd/m2] 

Source 

Luminous 

Intensity 

(Is) [cd] 

Object 

Luminance 

(Lo) [cd/m2] 

Illuminance 

at the 

Observer’s 

Eye (Eeye) 

[lx] 

Veiling 

Luminance 

(Lvl) [cd/m2] 

Contrast 

(C) [%] 

B_1 

9.429 

- - 

3.469 

16.26 - 63.2 

B_2 - - 19.33 - 63.2 

B_3 - - 19.59 - 63.2 

BG_1 

5.241 

5423 1455.3 

19.8 

2.215 22.151 53.2 

BG_2 6480 1622.2 2.348 23.477 50.7 

BG_3 4628 997.7 1.271 12.713 81.1 

GG_1 

2.225 

5390 14574.6 

3.564 

22.184 221.836 0.6 

GG_2 6417 13674.1 19.790 197.890 0.7 

GG_3 4619 11262.2 14.350 143.505 0.9 

 

2.4 Experiment 1 Procedure 

Up front, the participants were asked to fill in a questionnaire containing questions about demographics and volleyball 

experience. Then, for each of these three light scenes, a setting exercise (overhand playing) was carried out. Participants 

had to play in pairs of two. For each position, 1, 2 and 3, ten balls were played from participant 1 to participant 2. Then, 

participant 2 had to aim for a target on the ground, and the score was documented. After completing the exercises for 

all three positions, participant 2 filled in a questionnaire about the lighting. This routine was carried out three times for 

the three light scenes. Then, the participant roles were switched. Order of the light scenes was randomized in such a 

way that every order was offered just as often to take learning effects into account. The questionnaires are provided in 

Appendix B. 

Results from the questionnaires that were conducted before and during the experiments are used to test for an 

unambiguous explanation of seen effects. In this way, effects attributable to characteristics such as age or gender can 

be excluded. 

After each light scene, the dependent variables are gathered via the questionnaires, performance of the volleyball 

exercises, and the eye tracker data. The questionnaire contains questions about discomfort and non-acceptance of glare 

in the light scene. Sports performance is analyzed by the accuracy the setting exercise (i.e., defined in relation to the 

radial error per attempt position on the court and light scene).  
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2.5 Experiment 2 Demographics 
For this experiment (N=30), twenty amateurs and ten professional volleyball players were selected. The group of 

amateur players consisted of thirteen females and seven males, playing in the third division, promotion class or first, 

second and third class. Eight participants were between 18 and 20 years old, ten between 21 and 25 years and two 

players were between 26 and 35 years. 

The group of ten professional players consisted of six females and four males, of which seven were between 18 and 20 

years old, and three between 21 and 25. The professionals played in the A league, B league, first division and second 

division. 

Next to the settings of the lighting system, the independent variables in this study came from a demographic 

questionnaire that has been filled in prior to the measurements. This questionnaire contains variables that could have an 

impact on the perception of glare, such as age, gender, skill level and eye color. People with glasses were excluded from 

this study since glasses can cause additional stray light before light entering the eye, and it was impossible to wear the 

eye tracker. People wearing lenses were not excluded, but additional analyses were done to determine whether lenses 

affected the results. 

 

2.6 Experiment 2 Setup 

The same setup was used as for the pilot experiment, although different light scenes were created. The same light scene 

‘B’ was used as a baseline measurement to compare scores from the other light scenes to. Properties for light scenes 

‘BG’ (background, object and glare), ‘G’ (object and glare) and ‘GG’ (glare) are documented in Table 2. 

 
Table 2 Lighting Conditions per Light Scene and Position on the Court for Experiment 2 

Light Scene Lb [cd/m2] Ls [cd/m2] Ls / Lb [-] Is [cd] Eeye [lx] C [%] 

B_1 5.30 0 0.00 0.0 16.26 61.3 

B_2 5.30 0 0.00 0.0 19.33 51.1 

B_3 5.30 0 0.00 0.0 19.59 54.1 

BG_1 6.38 5423 850.00 1464.2 18.87 1.5 

BG_2 4.57 6480 1417.94 1638.2 16.56 0.7 

BG_3 4.32 4628 1071.30 999.7 13.27 0.6 

G_1 2.00 5390 2695.00 1455.3 12.53 1.2 

G_2 1.02 6417 6291.18 1622.2 8.96 2.8 

G_3 0.85 4619 5434.12 997.7 4.88 5.4 

GG_1 4.24 53980 12731.13 14574.6 126.3 0.1 

GG_2 3.48 54090 15543.10 13674.1 9.38 2.0 

GG_3 3.12 52140 16711.54 11262.2 4.24 1.0 

 

2.7 Experiment 2 Procedure 
For this experiment, the number of attempts was lowered to six. Using a lower number was important to prevent fatigue 

effects. Since performance data was normally distributed, a Paired Sample Test was conducted, as shown in Figure 3. 

Six attempts has been found to be the lowest number possible before saturation in the two sided significance (p < 0.05) 

of the mean radial errors occurs. A paired-samples t-test was conducted for six attempts (M = 0.467, SD = 0.210), 

compared to ten attempts (M = 0.454, SD = 0.162, t(53) = -0.876, p = 0.385).  

 
Figure 3 Results of a Paired-samples T-test for the Radial Errors per Number of Attempts 

 

During this experiment, the participant wore a Pupil Labs Eye Tracker (40). This eye tracker records the gaze position 

of the participant and a video recording showed what the participant saw. This allows for determining the exact time 

frame the participant was looking at the luminaire and the glare angle for each attempt. 
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Since all variables considering glare were known for each light scene and each position on the court, disability and 

discomfort glare can be calculated for all well-known existing glare rating models, as is shown in the section Results. 

Results are structured both within-subject as well as between-subjects since glare was increased throughout the light 

scenes per participant, but also differences in search strategies, sports levels and glare susceptibility for each participant 

could make the perception different between subjects. Therefore, results are shown for amateur and professional 

volleyball players, per light scene. 

Statistical tests that are used to analyze the results are paired-samples and independent-samples t-tests for differences 

in radial error. Pearson product-moment correlations, for parametric data, and Spearman’s rank-order correlations, for 

non-parametric data, to analyze correlations in radial errors and subjective experiences. And  a two-way ANOVA to 

analyze the effects of characteristics of the participants on the radial error. 

 

3. RESULTS 

Before presenting the results that answer the research questions, it has been analyzed whether characteristics such as 

gender or age can be excluded from affecting the results. Variables tested for between-subjects main effects are age, 

gender, handedness, eye color, wearing contact lenses, skills level, the number of training sessions per week, hours of 

volleyball practice per week and years of volleyball experience. 

A two-way ANOVA was conducted and a significant effect was found on the effect of eye color and radial error in light 

scene ‘G’ (F(4, 14) = 9.994, p = 0.000) and on the effect of trainings sessions per week on radial error in light scene 

‘G’ (F(1, 14) = 5.428, p = 0.035). These two effects are explainable by the lack of normal distribution of the independent 

variables eye color and the number of training sessions per week. All three participants with ‘mixed’ eye color belonged 

to the amateur group and scored relatively lower for all light scenes. The number of training hours is closely related to 

the skill level of the volleyball player, and thus related to the performance level. Professional players are significantly 

more skilled, as shown by in the introduction chapter and in the results of Figure 11. 

 

3.1 Experiment 1 

The scores of experiment 1 are presented in Appendix C. A paired-samples t-test was conducted and the lowest 

performance is seen for light scene ‘BG’ (M = 0.486, SD = 0.400), but does not differ significantly from light scene 

‘GG’ (M = 0.440, SD = 0.432, t(179) = 1.141, p = 0.255). While the radial error in ‘B’ (M = 0.435, SD = 0.373) and 

‘GG’ is almost the same (t(179) = -0.123, p = 0.902). To rule out the influence of the low Eh (average horizontal 

illuminance on the court) during the experiments, it has been analyzed whether there is a relation between the average 

radial error and horizontal illuminance values in Figure 4. 

 
Figure 4 Relation between the Distribution of Average Radial Error and Horizontal Illuminance per Light Scene 
 

A Spearman’s rank-order correlation was run, and as can be seen in Figure 4, the average radial error does not correlate 

significantly with the horizontal illuminance (rs(3) = 0.500, p = 0.667). Since the luminous intensity of the luminaire 

was the same for light scene BG and GG, yet the contrast of the object differed remarkably, this could explain this 

difference. 

 

3.2 Experiment 2 
For the light scenes used in experiment 2, the companioning glare values were calculated for the existing indoor glare 

rating models; CIE Glare Index (CGI), UGR and Visual Comfort Probability (VCP) (41). These models were 

supplemented with the British Glare Index (BGI) since the UGR and GR have parts taken from it. Formulae and 

preconditions for each glare model can be found in Appendix D, and the input parameters used to calculate below glare 

quantities in Table 3. 

Next to the glare models, subjective experiences of the light scene and position are added. ‘Discomfort’ and ‘non-

acceptance’ are measured on a 6-point scale from neutral to uncomfortable and from unacceptable to acceptable. The 

scores are shown relative to the scores given by each participant in light scene ‘B’. 
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Table 3 Glare Quantities per Light Scene per Position 

Light 

Scene 

CGI 

[-] 

UGR 

[-] 

VCP 

[%] 

BGI 

[-] 

GR 

[-] 

Percentage Dissatisfied 

[%] 

Relative Average 

Discomfort 

Relative Average 

Non-acceptance 

B_1 - - - - - 20 

0 0 B_2 - - - - - 13 

B_3 - - - - - 23 

BG_1 29.8 26.2 50 26.2 38.0 40 

0.8 0 BG_2 30.8 28.0 40 28.3 30.5 20 

BG_3 27.7 24.3 52 24.6 20.3 23 

G_1 31.1 30.2 36 31.2 38.0 57 

1.1 0.6 G_2 32.9 33.1 24 34.7 36.1 57 

G_3 31.1 29.9 33 31.7 29.6 17 

GG_1 39.8 43.6 5.0 44.0 40.4 87 

3 2.7 GG_2 47.5 43.7 5.0 44.2 57.9 93 

GG_3 48.5 42.3 5.0 42.9 56.2 40 

  
Figure 5 Individual Data for Relative Non-acceptance set against Relative Discomfort for Amateur (white 
markers) and Professionals (black markers) 
 

The results from Figure 5 show that there is a strong linear relationship between the two, especially for the light scenes 

with predominant direct light, such as G-B and GG-B, which is also found in other studies (42). The results of this study 

show that amateurs accept more discomfort. Data from the professionals shows less deviation from the linear trend line 

and thus accept less discomfort. 

Taking the most used glare models, UGR and GR, as examples, it becomes apparent that the indoor glare model with 

position index UGR has a higher correlation with subjective experience, than the outdoor sports model GR. A 

Spearman’s rank-order correlation revealed a stronger correlation between UGR and discomfort (rs(9) = 0.949, p 

=0.000) and non-acceptance (rs(9) = 0.949, p = 0.000) compared to GR and discomfort (rs(9) = 0.767, p = 0.016) and 

non-acceptance (rs(9) = 0.767, p = 0.016). Therefore, the UGR values are plotted against the percentages of dissatisfied 

players in Figure 6. 

 
Figure 6 Fraction Dissatisfied plotted against the UGR Values for Light Scene ‘BG’, ‘G’ and ‘GG’ 

 

Figure 6 shows that the trend line for amateurs crosses the 50% dissatisfied threshold at a UGR value of 32.8 and the 

trend line for professionals at 37.3. This supports the statement that professionals are more satisfied with higher UGR 
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values than amateurs, which is also displayed in Figure 7  ̧ from which one can see that professionals are more 

susceptible for discomfort. 

 
Figure 7 Boxplots of the Distribution of Relative Subjective Experience for Amateurs (white boxes) and 
Professionals (black boxes) 
 

Another difference between amateurs and professionals is shown in Figure 7. Here it can be seen that the subjective 

experience of amateurs increases linearly with increasing glare, while discomfort and non-acceptance for light scene 

‘BG’ and ‘G’ is rated more or less the same by professionals. 

Because discomfort and non-acceptance are strongly related, yet discomfort shows more deviation from a linear trend 

line, non-acceptance is chosen to analyze with existing glare models. The following figures show the log-linear 

probability of causing non-acceptance for the participants. This is then related to the existing scales to show if these 

glare models can be used for indoor sports evaluation. The 95% confidence intervals are shown and do exceed the 100% 

chance of non-acceptance in some cases. These values are assumed to be highly uncertain, since this is not possible in 

reality. 

  
Figure 8 S-curves for Population Mean for Existing Glare Models Relative to Probability of Non-acceptance 
 

Figure 8, only shows S-curves for glare models that have significant differences with a hypothetical horizontal line. The 

50% chance of non-acceptance threshold is found with UGR = 30.5, BGI = 32 and GR = 37. For UGR (22) and BGI 

(19), these are above the thresholds found in literature, but for GR (50) this is below this threshold (11,43). 

Existing glare models were not designed to be applicable for an indoor sports environment. Nevertheless, they have 

been tested for this situation in order to check the consistency of results. As mentioned before, research from 1999 

showed that, for non-LED lighting, the GR glare measure is applicable for indoor sports, although this was refuted in 

2016 for LED lighting (14,44). Static position indices in glare models, as can be seen in Appendix D, have the 

disadvantage of being valid for only that situation, while in sports glare angles continuously change. 

Therefore, it is proposed to use, besides the existing glare models, lighting conditions without position indices to find 

correlations, such as the fraction source and background luminance (Ls and Lb), veiling luminance (Lvl) and Lb, source 

luminous intensity (Is) and illuminance at the observer’s eye (Eeye), as can be seen in Table 2. 

Next to the existing glare models, other indicators are tested as well. Figure 9 displays the results for the fraction of 

source luminance and background luminance, veiling luminance and background luminance, the luminous intensity of 

the glare source and vertical illuminance at the observer’s eye. 
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Figure 9 S-curves for Population Mean for Indicators for Glare Relative to Probability of Non-acceptance 
 

The 50% non-acceptance probability threshold is found at 5192 for the fraction of Ls and Lb, 11 for the fraction of Lvl 

and Lb, 2700 cd for luminous intensity and 12.5 lx for Eeye. No threshold exists for these values, therefore the correlation 

with discomfort and non-acceptance from the measurements was calculated. The highest significant correlations were 

found with a Spearman’s rank-order correlation between the fraction Ls and Lb and discomfort (rs(12) = 0.978, p =0.000) 

and non-acceptance (rs(12) = 0.928, p = 0.000). 

The fraction Ls and Lb can be expressed as luminance contrast, which is known to result in discomfort, but also in 

disability, if this contrast is increased (7,45). It is calculated what the experienced Visual Discomfort Glare (VDG) 

would be per light scene, and the following correlation was found with the discomfort in this research and the VDG, as 

is shown in Figure 10. 

 
Figure 10 The Experienced Visual Discomfort Glare compared to the Discomfort Results for Amateurs and 
Professionals 

 

A Pearson product-moment correlation was run between VDG for the different positions and discomfort mean. 

Correlations were significant for position 1 (r = 0.984, n = 4, p = 0.160) and 2 (r = 0.970, n = 4, p 0.030). Position 3 

does not correlate significantly, which could be due to the fact that illuminances on the eye were lower and the position 

was rated less uncomfortable. In literature it is found that greater weight is given to a negative entity (46). Position 1 

has the highest illuminance at the observer’s eye, which is the most uncomfortable position on the court, and thus 

weights more in the judgment of that light scene. This also explains why the VDG from position 1 has the highest 

correlation. 

0.0

0.2

0.4

0.6

0.8

1.0

1.2
P

re
d

ic
te

d
 P

o
p

u
la

ti
o

n
 M

e
a

n

Fraction of Ls and Lb [-]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Fraction of Lvl and Lb [-]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

P
re

d
ic

te
d

 P
o

p
u

la
ti

o
n

 M
e

a
n

Luminous Intensity [cd]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

9 10 11 12 13 14 15 16 17 18 19

Eeye [lx]

-1.00E-06

-5.00E-07

0.00E+00

5.00E-07

1.00E-06

1.50E-06

2.00E-06

2.50E-06

3.00E-06

1

2

3

4

5

6

B BG G GG

V
D

G
 [

-]

6
-p

o
in

t 
S

ca
le

 D
is

co
m

fo
rt

Light Scene

Mean

Discomfort

VDG1

VDG2



12 

 

The subjective experience for indoor sports can quite well be used to quantify glare, but the main research question is 

if task performance is a reliable indicator for glare. Below, in Figure 11, the average radial error is shown per light 

scene. 

 
Figure 11 The Average Radial Error per Light Scene for Amateurs, Professionals and the Total 

 
Table 4 Standard Deviations of the Radial Error per Light Scene for Amateurs, Professionals and the Total 

Standard Deviation [m] B BG G GG 

Total 0.393 0.390 0.370 0.385 

Professionals 0.368 0.385 0.360 0.352 

Amateurs 0.406 0.392 0.374 0.401 

 

Labels a, b and c are given to indicate if data is significantly different or not. Label ‘a’ is significantly different from 

labels without an ‘a’. First, it can be seen that professionals have on average smaller radial errors than amateurs, as was 

hypothesized in the introduction section. As tested with a paired-samples t-test, the performance differences were 

significant (t(9) = 3.788, p = 0.004) within subjects for professionals in light scenes ‘B’ (M = 0.503, SD = 0.118) and 

‘G’ (M = 0.369, SD = 0.057). Also, tested with an independent-samples t-test, significant differences are seen between 

subjects on radial errors of professionals (M = 0.369, SD = 0.057) and amateurs (M = 0.489, SD = 0.131) in light scene 

‘G’ (t(27.753) = 3.479, p = 0.002). 

Since only significant differences were found for light scene ‘G’, and not for ‘GG’, which was the light scene with the 

most glare, glare seems to have no influence on radial error for either group, nor for all test subjects, and thus on task 

performance. 

Important to note is that professionals and amateurs perform more or less the same for the baseline condition ‘B’. But, 

as tested with an independent-samples t-test between subjects, professionals (M = 0.418, SD =0.052) perform better on 

average than amateurs (M = 0.504, SD = 0.110, t(28) = 2.329, p = 0.027) for the light scenes ‘BG’, ‘G’ and ‘GG’, which 

are with the glare source switched on, as shown in Figure 11. This confirms the hypothesis that professionals show a 

difference in task performance, although this was not caused by the amount of glare. 

When looking at the standard deviation of the radial error, it must be noted that these are larger than the differences 

between amateurs and professionals within and between groups. 

To answer the research question about whether eye tracking can be used to evaluate an average glare angle to quantify 

glare, it is analyzed which part of the total duration of a single attempt, the glare source is located within 25° of the 

subjects’ optical axis. This threshold between near-peripheral and peripheral vision is important since the borderline 

between comfort and discomfort (BCD) luminance is higher in the periphery than in the center of the visual field (9,25). 

From this point onwards this fraction will be referred to as glare angle fraction. 

First, it has been analyzed if there are differences between the gaze data of amateurs and the gaze data of professional 

players. The results in Figure 12 shows the effect that professionals (M = 0.921, SD = 0.024) are having the luminaire 

in their foveal and near-peripheral vision for a longer time than amateurs (M = 0.755, SD = 0.028). A paired samples 

T-Test shows that this difference is significant (t(4) = -8.603, p = .003). A second effect is an increase in glare angle 

fraction when glare is increased. 
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Figure 12 Glare Angle Fraction for Amateurs (white boxes) and Professionals (black boxes) for Different Light 
Scenes 

 

To see if this fraction has an influence on task performance, the radial error and eye tracking results are plotted per 

attempt, in Figure 13. 

 
Figure 13 Per Attempt Results for Radial Error related to The Glare Angle Fraction 

 

Results from Figure 13 clearly show higher glare angle fractions for professional players. A Pearson product-moment 

correlation shows however no significant relation between the task performance and glare angle for both amateurs (r = 

-0.009, n = 70, p = 0.941) and professionals (r = -0.087, n = 36, p = 0.612). 

Since both subjective experience and factor of glare angle change throughout the light scenes, this is shown in Figure 

14. No significant correlation was found. 

 
Figure 14 Average Subjective Experience related to the Average Glare Angle Factor 
 

4. DISCUSSION 

In experiment 1, the differences in performance were smaller when contrast of the object was smaller, than when 

contrast stayed the same. This implies that contrast of the ball is no dominating factor for performance decrease. Another 

contrast factor, the luminous contrast, was analyzed in experiment 2. 

An implication could be the effect of looking away from a glare source. This will decrease discomfort, but could worsen 

detection performance. This phenomena is called ‘strategic adaptation’ (21). Another remarkable conclusion from this 
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same paper is the apparent independence of discomfort from the actual task performance, because “when drivers report 

hardly any discomfort, their actual driving behavior might be affected dramatically”. 

On the contrary, different studies found the presence of a bright luminaire yields to be an improvement in visual 

performance. This is based mainly on a small amount of stray light, since “straylight and disability must be assessed 

separately” (47). It is measured that the amount of straylight in this study exceeded this threshold. 

Higher illuminance levels on the object or target tend to improve performance, therefore it is hard to determine what 

the effects of higher illuminances on the observer’s eye will be (48). In experiment 2, performance was presented 

relative to the baseline light scene ‘B’, so effects of low illumination levels are ruled out, which does not mean that each 

participant was able to keep focus during the entire experiment. A volleyball match requires a lot of mental effort, in 

order to predict movements, to be aware of what teammates and opponents are doing and to apply tactics. The exercises 

performed in this study required a low mental effort, which could cause a less apparent psychological effect of glare on 

the performance. Additionally, other volleyball exercises could show different effects of glare.  

The unexpected lack of effects of glare on task performance could also be sought in an early study of Much & Bodmann 

(1961). One of the implications of this study is that discomfort does not necessarily lead to a decrease in task 

performance (49). The level of motivation to succeed at a certain task is known to be able to dominate the effects of 

glare. 

In addition, the negative effects of discomfort glare on the short term are different from effects on the longer term. 

Headaches, tension and even mental and physical fatigue can be the result of prolonged exposure to both disability and 

discomfort glare (50,51). It is understood that these symptoms are not conducive to task performance. Previously 

mentioned studies measured effects over time spans of three to four hours of continuous glare exposure, therefore it 

was analyzed if effects were also seen in this study. The randomized light scenes are ordered chronically and presented 

relative to the first light scene (‘B’), as shown in Figure 15. 

 
Figure 15 Relative Subjective Experience for Discomfort and Non-acceptance per Chronically Ordered Light 
Scene 
 

Figure 15 shows that time plays no significant role in the subjective grading of the light scenes (t(1) = 2.493, p = 0.243). 

The measurements took 20 minutes per participants, thus it is assumed that the long-term effects of glare become more 

apparent for full training sessions or matches, which usually lasts no less than 90 minutes (52). 

 

5. CONCLUSIONS 

5.1 Experiment 1 
Results from the first experiment, which was designed to analyze the difference in effects of disability glare and 

discomfort glare, show that there is a greater performance decrease between light scene B and BG, in comparison to B 

and GG. Moreover, the dominating factor influencing performance was not found in contrast differences; implying 

veiling luminance had a minor effect. Explaining the remaining effect only by discomfort glare would be a conclusion 

drawn too early since there were no significant results found on performance decrease in experiment 2. 

Multiple other factors must be analyzed in further research in order to find what precisely causes a decrease in task 

performance. A couple of these factors is analyzed in experiment 2. 

 

5.2 Experiment 2 
Looking into task performance, the largest increase in average radial error due to glare is seen between light scene ‘G’ 

and ‘GG’ for amateurs and professionals combined. 

As can be seen in Figure 11 and Table 4, the differences in average radial error for light scene ‘G’ are 3.0 cm for 

amateurs and 7.1 for professionals. The standard deviations for the same light scene are 37.4 and 36.0 cm respectively. 

These are larger than one ring (27 cm) on the target where participants had to aim for. Taking into account that a 

volleyball court is 9 m wide and 18 m long, the differences in average radial error and standard deviation are in fact 

quite small, which add to the conclusion that the differences in radial error are insignificant (53). 

It was analyzed if the within-subject differences of radial error were able to be explained by eye tracking data, but no 

significant correlation was found. Despite that, the eye-tracking data showed smaller glare angles if glare was increased. 
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Apparently, glare changes gaze behavior, but further research must show in what manner visual search strategies are 

impacted, such as the number of fixations and what objects the observer looked at. 

Although high UGR, VCP, CGI, BGI and GR values were measured, both amateur and professional players, were able 

to keep their average task performance within small ranges. Despite the fact that the influence of glare was not reflected 

in performance, it becomes clear that glare does have an influence on subjective experience. Discomfort and acceptance 

were measured and do have strong correlations with existing glare models. 

The fact that there is no validated indoor glare model for sports yet, shows the lack of attention for visual comfort for 

athletes in general. It was analyzed if GR for outdoor sports facilities is a reliable method to quantify glare for indoor 

sports facilities, but existing indoor discomfort glare models, such as UGR, seem to have a higher correlation with the 

subjective experience of the players within the range of this experiment. 

Just a subset of discomfort equations, the fraction of Ls and Lb, correlates just as well with the subjective experiences 

(rs(12) = 0.978, p = 0.000) as the whole discomfort equation of UGR (rs(12) = 0.978, p = 0.000). Implying that the 

elements solid angle of the luminaire and glare angle do not contribute to the results. This is no surprise since discomfort 

glare models use a static glare angle, while an abundance in glare angles fits the dynamic situation of volleyball better. 

This conclusion was tested by looking into how the glare angle factor relates to the subjective experience results. As 

can be seen in Figure 14, there is a slight increase for light scene ‘GG’, but hardly any correlation between these 

variables. 

The fraction Ls and Lb is a measure of contrast, which can result in psychological and physiological effects (45). It was 

calculated what the experienced Visual Discomfort Glare would be per light scene, and a strong correlation was found 

with the measured discomfort in this research and the VDG for position 1 and 2 on the court. Position 3 shows large 

deviations, which can be due to the larger angle between horizontal line of sight and luminaire, which can cause steep 

drops in discomfort and disability glare. Glare Angles were the highest in position 1 and 2, which gives a strong 

indication that the worst experienced glare, is the one that causes overall discomfort. This gives strong reasons to test 

the VDG in future research. 

The conclusions drawn from this study are applicable to a simple volleyball exercise under rather low illuminances. 

Whether these conclusions can be extrapolated to other volleyball exercises or even other sports is still to be proven. It 

is assumed that for higher horizontal illuminance values, the performance impact due to glare would be even less 

apparent, because light would be distributed more evenly in the sports hall. For different volleyball exercises, with a 

higher mental effort, it is assumed that the effects of discomfort glare on performance will be more apparent. Although, 

sports with different characteristics may show different results. Therefore, it is recommended to test performance 

decrease due to lighting on multiple sports types, to quantify the effects of lighting and glare on sports performance. 
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APPENDIX A 

Properties Luminaire for Background and Object 
Philips Coreline High-Bay 

BY121P G2 205S/840 PSU MB GR 

 

Number of Light Sources: 1 piece 

Initial Luminous Flux:  20500 lm 

Color Light Source:  840 Neutral White 

Optical Type:   Medium Beam 

Luminaire Light Beam Spread: 100°   

Material Lens:   Glass 

Optical Cover/Lens Finish: Clear 

Color:    Light Grey 

 
Table 5 Table with Luminance Distribution of the Coreline Luminaire [cd/m2] 

Plane Cone 0° 45° 90° 

45° 177,796 167,886 160,823 

50° 131,512 126,468 143,516 

55° 63,748 74,146 69,662 

60° 48,156 50,244 38,615 

65° 14,993 36,954 15,258 

70° 11,334 20,924 11,879 

75° 9,793 10,513 10,225 

80° 9,015 7,298 9,874 

85° 7,270 7,270 8,553 

90° - - - 

 

 

Properties Luminaire for Glare 

Philips GentleSpace 2 

BY471P 1 X PRO250S 840 PSD MB GC SI XT 

 

Number of Light Sources 16 pieces 

Initial Luminous Flux:  25000 lm 

Color Light Source:  840 Neutral White 

Optical Type:   Medium Beam 

Luminaire Light Beam Spread: 40° x 40° 

Material Lens:   Glass 

Optical Cover/Lens Finish: Clear 

Color:    Silver 

 
Table 6 Table with Luminance Distribution of the GentleSpace Luminaire [cd/m2] 

Plane Cone 0° 45° 90° 

45° 30,292 42,637 22,594 

50° 11,160 16,145 13,329 

55° 7,784 9,035 7,656 

60° 5,578 7,187 7,884 

65° 4,553 5,679 7,884 

70° 3,920 4,156 8,037 

75° 3,341 3,419 3,756 

80° 2,316 2,471 2,548 

85° 1,077 1,308 1,385 

90° - - - 
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APPENDIX B 

Questionnaire Demographics 

 

Wat is uw leeftijd (in jaren)? 0 16-17 

0 18-20 

0 21-25 

0 26-35 

0 36-45 

0 45+ 

  

Wat is uw geslacht? 0  Man        0  Vrouw 

  

Bent u links- of rechtshandig? 0  Links      0   Rechts 

  

Welke oogkleur heeft u? 

(Als u twijfelt, vraag dan uw projectleider) 

0  Donkerbruin 

0  Bruin 

0  Blauw 

0  Groen 

 

0  Mix:………………. 

  

Draagt u lenzen? 0   Lenzen    0 Geen bril/lenzen 

  

Bent u kleurenblind?  0  Nee          0  Ja 

  

Hoe veel training sessies heeft u per week? 
 

………………………………………………………………. 

  

Hoe veel uren volleybalt u per week? 
 

………………………………………………………………. 

  

In welke divisie of klasse speelt u volleybal? 

(Speelt u geen NeVoBo competitie? Vul dan het 

equivalente niveau in) 

Nationale Competitie 

 

0    Eredivisie of  

      Topdivisie 

0    Eerste of Tweede  

      Divisie 

Regionale Competitie 

 

0    Derde Divisie of  

      Promotieklasse 

0    1e, 2e of 3e klasse 

0    4e, 5e of 6e klasse 

  

Hoe veel jaren volleybal ervaring heeft u?  

………………………………………………………………. 

  

Welke van de volgende aspecten beschouwt u 

als belangrijk voor het kunnen uitvoeren van 

taken gerelateerd aan volleybal? 

(rank van 1 naar 4, waarin 1 = meest 

belangrijk en 4= minst belangrijk) 

                    … Kleur van het licht 

                    …. De omgeving/context 

                    … Intensiteit van het licht 

                    …. Plaats van het licht (design) 

  

Zijn er nog andere aspecten die u belangrijk 

vindt (met betrekking tot de verlichting)? 
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Questionnaire Light Scene 
 

Ik vond de plek waarop ik stond toen 

de bal werd aangespeeld prettig. 

Positie 1:             0  Ja                      0 Nee 

Positie 2:             0  Ja                      0 Nee 

Positie 3:             0  Ja                      0 Nee 

  

Ik vond de intensiteit van het licht ... 0  Te fel   0  Precies goed   0  Te zacht 

  

Ik heb, aan de hand van de taak die ik moest 

uitvoeren, de verlichting als prettig ervaren. 
0   Ja                        0  Nee 

  

Ik was alert. 0   Ja                        0  Nee 

  

Vond u de oefening goed gaan? 

(1 = slecht, 10 = goed) 
1       2       3       4       5      6      7      8      9      10 

  

Heeft u last ervaren van weerkaatsend licht 

(op de bal bijvoorbeeld)? 
0  Ja                         0  Nee 

  

Hoe oncomfortabel vond u de verlichting? 
0              0              0              0              0              0 

Niet                                                                           Erg 

  

Hoe acceptabel vond u de verlichting? 
0              0              0              0              0              0 

Acceptabel                                                    Onacceptabel 

 

 

Scores Positie 1       

Scores Positie 2       

Scores Positie 3       
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APPENDIX C 

Results Experiment 1 

Results are presented per position on the court, showing the average radial error for 10 attempts. 

 
Table 7 Average Radial Errors in Meters per Participant for every Light Scene and Position on the Court 

Participant 1 2 3 4 5 6 

Radial Error B_1 0.24 0.45 0.66 0.63 0.39 0.33 

Radial Error B_2 0.57 0.54 0.42 0.30 0.24 0.33 

Radial Error B_3 0.33 0.39 0.39 0.15 0.30 0.45 

Radial Error BG_1 0.72 0.51 0.72 0.27 0.60 0.57 

Radial Error BG_2 0.63 0.15 0.33 0.33 0.24 0.36 

Radial Error BG_3 0.30 0.33 0.69 0.36 0.57 0.33 

Radial Error GG_1 0.45 0.33 0.84 0.18 0.48 0.39 

Radial Error GG_2 0.66 0.36 0.87 0.27 0.30 0.24 

Radial Error GG_3 0.36 0.60 0.39 0.36 0.24 0.57 

 
Table 8 Relative Radial Errors for each Light Scene per Participant 

Participant 1 2 3 4 5 6 Average 

Radial Error BG-B 0.17 -0.13 0.09 -0.04 0.16 0.05 0.05 

Radial Error GG-B 0.11 -0.03 0.21 -0.09 0.03 0.03 0.04 

Radial Error GG-BG -0.06 0.10 0.12 -0.05 -0.13 -0.02 -0.01 

  



22 

 

APPENDIX D 

Indoor Discomfort Glare Models 

 

��� = 8 ∙ log �2 ∙ �� !"#$$%
�& ∙ ∑ �',)* ∙+',)

,)*- .         (4) 

Applicable for larger glare sources due to the direct and indirect illuminance components. 

 

/�� =  10 ∙ log 30.478 ∙ ∑ 3�',)7.8∙+',)$.9
�:∙,)7.8 ;- ;         (5) 

 

<�= = 8 ∙ log 3�.>?
�: ∙ ∑ �',)* ∙+',)

,)*- ;          (6) 

Because BGI and UGR incorporate the source and background luminance, they are both limited to small sources. For 

BGI, ω < 0.027, and for UGR 0.003 < ω < 0.1 (54,55). 

 

@�A = ���
√>C D 	EF*

* GH8.IJKE7.I**J∙LMNOPQR
ES

         (7) 

 

T�= = U∑ V-W-X� YWE$.$Z7K
         (8) 

 

V = 0.50 ∙ \- ∙ ]
,) ∙ ^�.__         (9) 

 lnNAR = Na + / ∙ c + � ∙ de∙fR ∙ g + Nh + ^ ∙ c + � ∙ c>Rg>     (10) 

 i = 20.4 ∙ j\- + 1.52 ∙ j\-�.> − 0.075         (11) 

 

^ = �l+l��m+m��n+n�∑ �')+')�)o7
?          (12) 

This formula is usually split into 5 parts, all based on luminance values assuming that the field of view is 5 steradians, 

which comes down to 128.1°. Constant A = 0.0352, B = -0.00031889, C = -0.00122, D = -2/9, E = 2.1x10-4, F = 

2.6667x10-6, G = -2.963x10-8. 

 

Outdoor Glare Models 
 

�= = 27 + 24 ∙ log  �&p
�&�$.Z%         (13) 

The GR is calculated by doing illuminance measurements in multiple directions. Since the angle θ must be higher than 

1.5°, it is recommended to calculate for viewing directions of 2° or more downward from the horizontal. There is no 

limit for the size of the glare source since illuminance is converted to luminance. 

 

E stands for illuminance [lx], L for luminance [cd/m2], ω for solid angle [sr], P for position index [-], τ for the vertical 

angle between source and line of sight, σ for the angle between source and line of sight, k for an age factor from the 

Stiles-Holladay formulae which is taken as 10 because all participants were below 35 years old (56) and θ is the angle 

between source and line of sight [deg]. 

Subscript d stands for direct, v for veiling, ve for veiling environment, vl for veiling luminance, si for source number i, 

b for background, w for wall, f for floor, c for ceiling, wi for window and n for the number of light sources. 

 


