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Abstract 

Most of the discomfort glare studies in the past on pedestrians have not included temporal 

changes that arise when pedestrians walk along a path, so not much is known about how 

temporal changes affect the perceived discomfort glare. Therefore, the intent of this study was 

to examine the effects of rate of change in vertical illuminance and source position on 

discomfort glare experienced by pedestrians. For this a 4 (vertical illuminance pattern) x 2 

(source position) within-subject experiment was conducted in a controlled laboratory 

environment with twenty participants. Two different methods were used to collect data namely, 

paired comparison and rating scale method. The results show that both rate of change in vertical 

illuminance and source position have significant influence on discomfort glare. Also, a 

significant linear trend was also observed in the data such that discomfort glare increases with 

rate of change in vertical illuminance, and discomfort glare decreases with an increase in source 

position. 
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Chapter 1 

Introduction 

Quality of street lighting is judged by the ability of the lighting to provide visibility, a feel of 

personal security and facial recognition (Raynham, 2004). It is essential to balance the lighting 

quality against financial costs, energy consumption, light pollution and glare. LED luminaires 

have become very popular for road lighting application because it provides sustainable and low 

energy alternative for traditional light sources. Even though LEDs allow for a precise control 

of light distribution resulting in energy-savings, the current design can result in a light 

distribution with a very sharp beam shape cut-off causing discomfort glare. Discomfort glare 

is a type of glare that does not necessarily hinder visibility but rather causes a sensation of 

irritation in presence of extreme contrasts or unsuitable luminance distribution in the field of 

view. With the increase in use of LED luminaires for pedestrian lighting, discomfort glare 

perceived by pedestrians have become a research topic. 

To assist the lighting community to provide comfortable lighting various discomfort glare 

models have been developed. These models have been mostly developed in controlled indoor 

environment and do not make a differentiation between discomfort experienced by pedestrians 

and drivers. Also, these models were developed from the point of view of a static observer. 

Miller and McGowan (2015) investigated pedestrian friendly outdoor lighting, and to avoid 

glare they recommended using diffusing optics. They also suggested the need for further 

investigation into discomfort glare associated with temporal changes that arise in pedestrians 

walk along a path. When pedestrians walk along a path, vertical illuminance and source 

position changes with time and this change might influence discomfort glare. 

A recent study by Villa, Bremond and Saint-Jacques (2017) explored pedestrian discomfort 

glare in both static and dynamic conditions. In the static condition participants rated discomfort 

glare standing at a fixed point, and in the dynamic condition they rated discomfort after walking 

along a path. Their results showed that discomfort glare experienced by pedestrians in dynamic 

condition is lower than the static condition. They also found that vertical illuminance showed 

the largest correlation to discomfort glare. This was also confirmed with their analysis of 

existing glare models. Their analysis of recent glare models revealed that discomfort glare 
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models based on vertical illuminance (Bullough et al., 2008; Lin et al., 2015) performed the 

best compared to other models. Since from the study they observed that dynamic changes that 

occur as pedestrians walk along a path also influences discomfort glare, the researchers 

concluded that new research is required in the direction of the influence of temporal change in 

vertical illuminance on discomfort glare. 

Contrary to the pedestrian discomfort glare research, various researches have already explored 

the effect of temporal changes on discomfort glare for drivers. For example, Zhu, Demirdes, 

Gong, Lai and Heynderickx (2013) explored the effect of different dynamic patterns of vertical 

illuminance on discomfort glare. They found that the smaller the change in vertical illuminance 

the lower the discomfort glare perceived. This finding cannot be generalised to pedestrians 

because discomfort glare experienced by pedestrians differs from drivers (Miller & McGowan, 

2015). 

To date very few efforts have been made to understand the effect of temporal changes that arise 

when pedestrian walk on discomfort glare. To fill this gap a psychophysical experiment is 

proposed in this study. The main aim of the study is to explore the influence of temporal 

changes in vertical illuminance at the eye and the position of street light in the field of view on 

discomfort glare for pedestrians. The following research question is formulated accordingly: 

1.1 Research Question 

“How does the dynamic change of vertical eye illuminance and position of LED street lighting 

influence discomfort glare experienced by pedestrians?” 

1.2 Hypothesis 

To answer the above research question, the following hypotheses are defined, 

 

1. When a person moves from lower illuminance to higher illuminance, light adaptation 

happens. When the illuminance changes slowly, the adaptation can follow (Schreuder, 

1983) and hence discomfort glare threshold also increases. However, when illuminance 

changes rapidly, the adaptation lags, causing discomfort for pedestrians. Therefore, it 

is hypothesized that, as the rate of change of vertical illuminance at the eye increases, 

discomfort glare perceived by pedestrians also increases. 
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2. Findings from earlier studies by Guth (1966) suggest that for light sources in indoor 

condition, sensation of discomfort glare reduces as angle from line of sight to the source 

becomes larger. Three psychophysical phenomena – increase in the size of receptive 

field, reduction in cone density and the increase of neural convergence (ratio of 

receptors to retinal ganglion cells) happens as the light source moves away from fovea 

to periphery. These three phenomena combine to reduce the sensitivity of visual system 

to discomfort glare when the light source moves away from the fovea (Waters, Mistrick, 

& Bernecker, 1995). Therefore, it is hypothesized that perceived discomfort glare 

decreases for LED street lighting at constant maximum vertical illuminance, with the 

increase in source position with respect to the line of sight. 
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Chapter 2 

Background Information 

This chapter provides background information for the current study. Initially, glare and its types 

are described. Then, existing discomfort glare models related to outdoor lighting is described. 

This is followed by the description of subjective and objective measures of discomfort glare. 

Finally, the chapter ends by summarizing research gaps. 

2.1 Discomfort Glare 

Street lighting has been in use for many centuries. One of the early forms of street lighting used 

candles. In 1881 electrical street lighting was introduced in England followed by the 

introduction in The Netherlands in 1886. These lamps had to be switched on and off manually. 

Nowadays, street lights are automatically turned on and off as soon as surrounding luminance 

goes below a certain threshold (Wikipedia, Street Light, 2018). These street lights in dark 

appear as bright spots in the visual field of pedestrians. These bright spots, if sufficiently bright, 

causes hinderance to pedestrians by creating glare. 

The Illuminating Engineering Society of North America (IESNA) defines glare as “the 

sensation produced by luminance within the visual field that is sufficiently greater than the 

luminance to which the eyes are adapted to cause annoyance, discomfort or loss in visual 

performance and visibility” (Rea, 1993, p.921). In simple term, glare is hindrance to vision 

caused by a bright light source in the field of view. Glare, based on the impact on observers 

can be majorly divided into two: disability glare and discomfort glare. Disability glare also 

known as physiological glare is defined as the glare that reduces visibility with or without 

causing discomfort, and discomfort glare also known as psychological glare is the type of glare 

causing a feeling of annoyance without necessarily reducing visibility (CIE, 1987). Within the 

lighting community large number of research has been done in relation to both disability and 

discomfort glare. The phenomenon of disability glare is well established. It has been 

understood that the disability glare occurs because of light scattering in the eye. On the other 

hand, very little is known about the physiological underpinnings of discomfort glare. Therefore, 

quantification of discomfort glare is much more difficult than that of disability glare. 

Nevertheless, to support lighting community various models have been developed to quantify 

level of discomfort glare perceived by observers. Depending on the area of application these 

glare models differ. For example, glare models for outdoor lighting is different from the models 
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for indoor lighting. The following section describes various glare models developed for street 

lighting. 

2.2 Discomfort Glare Models  

Most of the glare models developed are based on the following photometric characteristics, the 

source luminance, the background luminance, the vertical illuminance at the eye, the position 

of the light source in the field of view and the solid angle of the source from observer’s point 

of view. These models predict the level of discomfort based on subjective rating scale such as 

the de Boer scale (de Boer, 1967). Since the current study is in the direction of discomfort glare 

experienced by pedestrians, the overview below only focuses on discomfort glare models 

developed for road lighting. 

One of the first glare evaluation models for outdoor lighting was developed by Bommel (1983). 

The study investigated the relation between glare and lighting parameters for outdoor sports 

ground. In their study, participants made judgements on a nine-point scale (see Figure 2.1) for 

140 different lighting conditions.  

 

Figure 2.1. Nine-point rating scale used by Bommel (1983) 

Through regression analysis of all the data, the study came up with a glare index called glare 

rating (Equation 1).  

𝐺𝑅 = 7.3 − 2.4 log (
𝐿𝑣𝑙

𝐿𝑣𝑒
0.9) 

            (1) 

Where, 

      𝐿𝑣𝑙  is the veiling luminance produced by the luminaire in cd/m2  

𝐿𝑣𝑒is the veiling luminance produced by the environment in cd/m2 
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This index is valid for viewing directions below the eye level and veiling luminance produced 

by the luminaire in the range of 0.02 to 20 cd/m2.  

Of all the various lighting parameters explored in the study, equivalent veiling luminance 

produced by the luminaire and the equivalent veiling luminance produced by the environment 

were found to correlate best with the glare evaluations. Equivalent veiling luminance is defined 

as “the luminance of a uniform patch of light that changes the contrast threshold by the same 

amount as the glare sources” (Aslam, Haider, & Murray,1993, p. 355). Since veiling luminance 

is used to describe disability glare, the author did not distinguish between the two known types 

of glare, instead referred to glare in general (CIE, 1989). 

To determine the level of discomfort for road lighting De Boer and Schreuder (1967) 

introduced the Glare Control Mark (GCM) index, see Equation 2. GCM was developed based 

on data collected from participants who rated discomfort on de Boer scale from a driver’s point 

of view. GCM was accepted by CIE in 1995. 

 

𝐺 = 13.84 − 3.3 log 𝐼80 + 1.3 (log
𝐼80

𝐼88
)

0.5

− 0.08 log
𝐼80

𝐼88
+ 1.29 𝑙𝑜𝑔𝐹 + 0.97 log 𝐿𝑏

+ 4.41 log ℎ′ − 1.45 log 𝑝  

            (2) 

Where, 

 𝐼80 𝑎𝑛𝑑 𝐼88  are the luminous intensities (cd) of a luminaire along an angle of  

 800 and 880 with respect to the vertical; 

F is the apparent light emitting area ( 𝑚2) of the luminaire as seen at an angle of 760 

to the vertical; 

C is the colour factor for the lamp used. C=0.4 for low pressure sodium lamp, C=0 for 

other light sources; 

𝐿𝑎𝑣  is the average road surface luminance (𝑐𝑑/𝑚2); 

h' is the mounting height (m)of the luminaire;     

p is the number of luminaires per km;                                         
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Recent CIE documentation (CIE, 2010) concluded that although GCM was quite satisfactory 

for traditional light sources, the model resulted in anomalous discomfort glare measurement 

for LED light sources.         

Schmidt-Clausen and Bindels (1974) came up with a glare model that predicts discomfort on 

de Boer scale caused by oncoming headlamps. Their model used the vertical illuminance at the 

observer’s eye, the background luminance, and the solid angle between line of sight and glare 

source to predict the extent of discomfort glare, see Equation 3.  

                                             𝑊 = 5.0 − 2.0 log10 (∑
𝐸𝑙𝑖

0.003∗(1+√
𝐿𝑎
0.04

)𝜃𝑖
0.46

𝑖 )   

            (3) 

Where, 

 W is the discomfort glare rating on a nine-point scale; 

𝐸𝑙𝑖 is the glare illuminance (lx) at the eyes due to the glare source; 

La is the adaptation luminance (𝑐𝑑/𝑚2); 

θ is the angle between the light source and the line of sight 

The authors indicated that this model can predict discomfort glare for off-axis targets, and 

therefore is suitable for street lightings for pedestrians also. However, observing headlamps 

while driving is very different compared to the observation of street lights while walking. 

Therefore, it is questionable to what extend the model can predict discomfort glare from LED 

based street lighting (Boyce, 2009).   

Bullough, Brons, Qi and Rea (2008) developed another discomfort glare model using metal 

halide lamps, see Equation 4. This model was developed using data collected from a series of 

indoor laboratory studies and field studies and is based on the three vertical illuminances at an 

observer’s eye. The three vertical illuminances are illuminance from the source, surrounding 

illuminance and the ambient illuminance. The vertical illuminance from the source is the 

illuminance from the light source, that is the direct component. Ambient illuminance is the 

illuminance measured when the light source under consideration is turned off. And surrounding 

illuminance is the indirect component from the glare source resulting from reflection of light 

by the environment. These three illuminances sum up to the total vertical illuminance at eye. 
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The researchers collected subjective data using de Boer scale, and used this data to translate 

the model predictions to the rating scale values, see Equation 5. 

𝐷𝐺 = log(𝐸𝐿 + 𝐸𝑆) + 0.6 log (
𝐸𝐿

𝐸𝑆
) − 0.5 log(𝐸𝐴) 

             (4) 

𝐷𝐵 = 6.6 − 6.4 log𝐷𝐺 

             (5) 

Where, 

               𝐸𝑆 is the surround illuminance (lx) at eye; 

        𝐸𝐿 is the vertical illuminance (lx) at eye from the glare source; 

 𝐸𝐴 is the ambient vertical illuminance (lx) at eye; 

 DG is the discomfort glare calculated; 

 DB is the corresponding de Boer scale rating for the DG calculated  

Lin et al. (2014) proposed another discomfort glare model for LED light sources based on 

source illuminance, background illuminance and position of glare source with respect to line 

of sight. In their experiment participants rated perceived glare on de Boer scale. They found 

that illuminance at eye as the most dominance factor contributing to perceived discomfort 

glare. They developed a model that maps glare rating predicted based on illuminance and 

source position to de Boer rating scale, see Equation 6. 

𝑑𝑒 𝐵𝑜𝑒𝑟 𝑅𝑎𝑡𝑖𝑛𝑔 = 7.09 − log (
𝐸𝑙

2.21

𝐸𝑏
1.02 ∗ 𝜃1.6

) 

 (6) 

Where, 

          𝐸𝑙 is the vertical illuminance (lx) at eye from the glare source; 

           𝐸𝑏 is the vertical illuminance (lx) at eye provided by the background; 

 𝜃 is the angle between the line of sight and glare source (source position). 

This model has been developed very recently and is yet to be validated. 
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2.3 Measurement of Discomfort Glare 

Researches have used various methods ranging from subjective rating to objective 

measurements to assess discomfort glare. It is very important for the present study to choose 

the right method to maximise the reliability of the output. Therefore, in this section various 

discomfort glare measures are discussed. 

In discomfort glare research four subjective assessment methods are used (Xia et al.,2011). 

They are: (1) a semantic differential scale; (2) a paired comparison method; (3) a single-label 

method, more commonly known as the method of adjustment; and (4) categorization. 

Semantic differential scale is the most commonly used subjective glare assessment method. In 

semantic differential scaling, participants are shown a stimulus and they have to rate it on a 

particular scale. The second technique used to obtain subjective ratings of discomfort is paired 

comparison. Paired comparison has been in use only for a few years in glare research. In this 

method participants are shown two stimuli simultaneously and they are asked to pick which of 

the two stimuli caused more discomfort. The resulting outcome from paired comparison is the 

ranking of various stimuli. One of the major drawbacks with the paired comparison method is 

that the number of presented stimuli pair grows quadratically with the number of conditions. 

The third method is the single-label method. This method was used during the early research 

conducted to quantify discomfort glare. In this method, participants adjust a level of the 

independent variable until it reaches a specific predefined condition. For example, Luckiesh 

and Guth (1949) used this method and asked participants to adjust the luminance of light source 

until a borderline perception between discomfort and comfort was created. The difficulty with 

the single-label method is that the subject have to manipulate the glare stimulus themselves 

resulting in a large between subject variations (De Boer and Schreuder 1967). 

The least used subjective method is the categorization of discomfort. In this method, subjects 

answer yes/no question indicating whether the lighting condition is comfortable or not (Boyce 

2003). This method only indicates the presence of discomfort. 

Due to the difference among individuals, subjective measures are found to have limited 

accuracy. To improve reliability of discomfort glare predictions, it is desirable to have an 

objective measure of discomfort glare. Many studies investigated pupil response as a predictor 

for discomfort glare. The diameter of the pupil is controlled by the sphincter muscles and dilator 

muscles. Sphincter muscles contracts the pupil and the dilator muscles dilates the pupil to 
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modulate the amount of light that reaches retina. Hopkinson (1956) hypothesised that 

discomfort glare in part is related to the opposing actions of dilator and sphincter muscles. But 

Hopkinson (1956) could not find any relation between pupil diameter and discomfort. 

Contrary to the study by Hopkinson (1956), in the study by Lin et al. (2015), the authors found 

a negative correlation between relative pupil diameter and subjective glare response (r= -0.61, 

p<0.001). That is, the greater the discomfort, the greater the constriction of the pupil. This 

difference arose because, in the study by Hopkinson (1956) the absolute pupil size was used, 

and Lin et al. (2015) also took into account the change in pupil size caused by background 

illumination. 

Berman, Bullimore, Jacobs, Bailey and Gandhi (1993), hypothesised that discomfort glare 

causes involuntary contraction of facial muscles around the eyes, and therefore can be a good 

measure of discomfort glare. They measured the EMG activity of the facial muscles around the 

eye and found a correlation with subjective perception of glare. In a related study by Lin et al. 

(2015), the authors tested the relation between subjective discomfort glare evaluation and the 

average eyeball movement speed (AEMS). They found that, the glarier the condition, the 

higher was the AEMS and this was more pronounced for older people. Although multiple 

objective measures were evaluated in recent years, no clearly identifiable measure has been 

established. Therefore, objective measures were not considered for this study. 

2.4 Research Gap 

LEDs with their high efficiency and low costs are finding widespread use in outdoor lighting. 

However, LED based light sources with higher luminance compared to traditional light 

sources, have been found to be causing more discomfort glare than the traditional sources for 

pedestrians (Tyukhova, 2015). The existing discomfort glare models for outdoor lighting such 

as, Bullough et al. (2008), were not developed for LED based light systems. The study by 

Tyukhova (2015) showed that these models most often underestimate the perceived discomfort.  

Another drawback of the existing discomfort glare models used for pedestrian lighting is that 

they were not developed from pedestrian’s point of view, for example glare control mark. Some 

of the current glare models are based on data collected from driver’s perspective. Although 

drivers and pedestrians share the same visual system, pedestrians are subjected to glare from 

different viewing angles, and for a longer period than drivers because drivers view is shielded 

by the opaque roof of the car (Figure 2.2). Also, the visual tasks performed by them are 
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different. This difference in visual task has been found to impact the perceived discomfort glare 

between drivers and pedestrians.  

Finally, none of the above-mentioned glare models investigated the effect of temporal changes 

occurring as pedestrians walk along a path. Recent study by Zhu et al. (2013) explored the 

effect of dynamic change in vertical illuminance at driver’s eye on perceived discomfort glare 

and they found a significant effect of rate of change in vertical illuminance on perceived 

discomfort. Since the level of glare perceived by pedestrians and drivers are different, further 

studies on the influence of temporal changes occurring while pedestrian walk along a path on 

perceived discomfort glare can provide valuable information for lighting community to build 

pedestrian friendly lighting. 

 

Figure 2.2: Approximate angles that contribute to discomfort glare for pedestrians and drivers 

(Miller, Koltai & McGowan,2013). 

2.5 Current Study 

Although various physiological measures were examined to replace subjective measures, no 

clear objective measure has been established that can assess discomfort glare. Of the existing 

subjective measures, we decided to use both paired comparison and semantic differential 

scaling methods. Since paired comparison data are more reliable than any other subjective 

method (Eble-Hankins & Waters,2009), paired comparison was the only choice initially. Paired 

comparison used in this study differs from traditional approach. Rather than showing the pair 

of stimuli simultaneously, in this study each stimuli of the pair is shown one after the other. 

Each stimulus for this study lasts 20 seconds long and each paired comparison trial lasts 40 

seconds. This means that participants have to recall the experience they had with the first 

stimuli, 20 seconds after they have seen the first stimuli and then choose one or the other. A 

pilot study revealed that there is difficulty in making a proper judgement between a pair of 

stimuli because participants have to recall the first stimuli they saw 20 seconds ago and 

compare with the second stimuli they saw recently. Since it is not clear how big of an effect 
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the memory recall has on paired comparison, it was also decided to include the rating scale 

method. The rating scale method provides absolute data related to the perceived discomfort 

glare for various stimuli. 
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Chapter 3 

Method 

 

3.1 Design 

This experiment used a four (vertical illuminance pattern) by two (position of light source in 

the visual field: 10° and 20°) within-subject study design. The four different vertical 

illuminance patterns (Figure 3.1) represent real life change in vertical illuminance experienced 

by pedestrians walking at a speed of 1.25 m/sec under different light distributions. To measure 

discomfort glare, a paired comparison method was chosen. All the participants were shown 36 

pairs of light stimuli. In a complete paired comparison study each of the 8 stimuli (4 light 

pattern x 2 source position) must be compared to the rest 7. That results in 28 pairs. Plus, to 

evaluate for potential first or second choice bias, each stimulus was compared to itself, resulting 

in an additional 8 pairs, for a total of 36 pairs. During each trial participants had to choose 

which of the stimuli of the pair caused more discomfort and how much more discomforting the 

stimulus was. Participants rated the difference on a 5-point scale.  

Furthermore, besides the paired comparison, perceived discomfort was also measured by rating 

scale method. During the rating scale experiment all the participants were shown all the eight 

different light conditions and were asked to rate perceived discomfort on Fischer’s 7-point 

rating scale. 
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Figure 3.1: The four graphs above represent four different vertical illuminance patterns 

experienced by pedestrians. Graph are arranged in an increasing order of rate of change in 

vertical illuminance (S1< S2< S3< S4). 

3.2 Stimuli 

Table 3.1 shows the rate of change of vertical illuminance for each of the light patterns. The 

rate of change in vertical illuminance values used in this study corresponds to the values that 

are found in real life. These values were measured by Huaman, Certain & Noirot (2015). The 

details on how these light patterns were implemented can be found in Appendix C. 
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Table 3.1: Average of rate of change in vertical illuminance for each light pattern 

Light Pattern Rate of Change in vertical illuminance 

(lux/sec) 

S1 4.16 

S2 7.5 

S3 10.7 

S4 15.7 

 

3.3 Participants 

Twenty participants took part in the study. The participants included twelve men and eight 

women with a mean age of 24.85 years and a standard deviation of 1.6 years. The youngest 

participant was 22 years old and the oldest participant was 28 years old.  Some of them were 

students and the rest were employed in different parts of Eindhoven. Overall the experiment 

took about 60 minutes to complete and the participants were compensated with €30.  

3.4 Setup 

The experiment was conducted in an indoor environment with no natural light entering. A 

luminaire (Appendix A) was mounted at a height of 4.00m. Participants sat on a chair at a 

distance of 7m from the luminaire. The chair height was adjusted such that the participant’s 

eye was at 150cm from the ground. To simulate change in source position as pedestrian walks, 

participant looked at two different points marked A and B during the experiment. To make sure 

that the participants do not look away when the lights were shown, fixation circles were 

projected with the help of a beamer. Background luminance of the setup was measured to be 

0.5 cd/m2. Figure 3.2 shows a schematic representation of the experiment setup and figure 3.3 

shows an example of the test setting. 
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Figure 3.2: Schematic of the experiment setup 

 

Figure 3.3: Experiment setup with luminaire switched on and the fixation point projected 

using a beamer kept beside the participant.  

3.5 Measures 

For the paired comparison study two measures were used. The first one was the choice made 

by the participant on which one of the pair of stimulus was perceived to be causing more 

discomfort. And the second measure was the magnitude of difference in discomfort measure. 

For the magnitude measure participants rated how much more discomfort the stimulus was on 

a scale from 1 (not much discomforting) through 5 (much, much more discomforting). Also, to 

get insight into what extend participants rated the individual stimulus as causing discomfort, 

Fischer’s scale (Fischer 1991) (see Table 3.2) was used for the rating scale study.  
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Table 3.2: Rating scale used in this study (Fischer 1991) 

0 No discomfort glare 

1 Glare between non-existent and noticeable 

2 Glare Noticeable 

3 Glare between noticeable and disagreeable 

4 Glare Disagreeable 

5 Glare between disagreeable and intolerable 

6 Glare Intolerable 

 

3.6 Procedure 

Once the participants arrived, they were briefed about the experiment and the procedure. They 

were informed about the purpose of the experiment and were told that the experiment is divided 

into two phases: the first a paired comparison study, and the second a rating scale study. After 

the briefing, participants read and signed the informed consent form. Before beginning the 

experiment, participants were given a demonstration of visual discomfort experienced by 

pedestrians. 

Next, participants were given the instruction for the paired comparison study. Participants were 

told that two light stimuli, each lasting 20 seconds will be shown one after the other and they 

have to pick the stimulus that was causing more discomfort and also rate how much more 

discomforting the stimulus was.  They were also informed that during the paired comparison 

session, they will be shown a total of 36 light pairs 

Once they understood the procedure, a few warm up trials were conducted to make the 

participant comfortable. Once the participant was comfortable the experiment began. For each 

trial the two stimuli were shown in a random manner. In between the trials participants were 

exposed to a light level of 0.5 cd/m2, and were also reminded that they should only be looking 

at the fixation points and not anywhere else. The experimenter recorded the response and then 

moved to the next trial. A break from experiment was taken whenever the participant desired 

or half-way through the experiment.  
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Before beginning the rating scale experiment, the participants were told that only one stimulus 

will be shown to them and they have to rate the discomfort level on a scale from 0 through 6. 

Once the participant understood the procedure the 8 trials began. The experimenter recorded 

the response and then moved on to the next trial. No breaks were taken during the rating scale 

experiment. At the end of the experiment, participants were asked about their experience and 

any questions regarding the experiment was answered. 
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Chapter 4 

Results 

The pair-wise comparison and rating scale experiments generated three different types of data. 

The first one of the three is the data obtained from the rating scale experiment. This is an 

assessment of discomfort glare for all the eight conditions on a rating scale for each of the 20 

subjects (see Table 4.1). Each light condition is labelled as vertical illuminance pattern-source 

position. For example, S1-10 means vertical illuminance pattern S1 with the source position 

being 10 degrees from the line of light. 

Table 4.1: Results of rating scale experiment for participant 1 

S1-10 S2-10 S3-10 S4-10 S1-20 S2-20 S3-20 S4-20 

2 3 2 3 1 5 5 3 

 

The second and third type of data are the ones collected from paired comparison. The first of 

these two is a choice data that shows which stimulus participants choose as causing more 

discomfort. For each participant, a matrix of 1’s and 0’ were generated (see Table 4.2), were a 

“1” in the cell means that the participant considered row stimulus more discomforting than the 

column stimulus.  Also, cells along the diagonal are filled with alphabets. An “S” in the cell 

means that when identical stimuli are compared, the participant choose the stimuli shown 

second as more discomforting. An “F” in the cell means that the stimuli shown first was more 

discomforting. 
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Table 4.2: Paired comparison choice data for participant 1 

Stimulus S1-10 S2-10 S3-10 S4-10 S1-20 S2-20 S3-20 S4-20 

S1-10 S 1 0 0 0 0 0 0 

S2-10 0 S 0 1 1 1 0 1 

S3-10 1 1 F 1 1 1 1 1 

S4-10 1 0 0 S 1 1 0 0 

S1-20 1 0 0 0 S 0 0 0 

S2-20 1 0 0 0 1 F 0 1 

S3-20 1 1 0 1 1 1 S 1 

S4-20 1 0 0 1 1 0 0 F 

 

The second set of data collected from paired comparison is the magnitude data. After 

participants choose which stimulus was more discomforting they were also asked how much 

more discomforting the stimulus was on a scale from 1 through 5. For each participant, a matrix 

having values between 1 and 5 was generated. A value in the cell means that the row stimulus 

was more discomforting than the column stimulus and the number is the magnitude of 

difference given by the participant (see Table 4.3). Also, not every cell of the matrix has data 

in it because every comparison was made only once. 

Table 4.3: Paired Comparison magnitude data for participant 1 

Stimulus S1-10 S2-10 S3-10 S4-10 S1-20 S2-20 S3-20 S4-20 

S1-10  2       

S2-10    3 2 2  2 

S3-10 3 3  2 2 1 2 3 

S4-10 3    2 3   

S1-20 2        

S2-20 2    2   2 

S3-20 2 2  2 3 3  2 

S4-20 3   2 2    
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4.1 Rating Scale Data Analysis 

The rating scale data was analysed by repeated-measures analysis of variance (ANOVA). 

Before performing repeated-measures ANOVA, descriptive statistics were calculated for the 

rating scale data. The discomfort glare ratings from the 20 participants were averaged to 

determine an average rating for each of the 8 stimuli. These values are plotted in Figure 4.1 

which shows 95% confidence interval as error bars. From the graph, a significant effect of both 

source position and rate of change of vertical illuminance is expected. It can also be seen that 

within each source position, there is no significant difference between the lighting condition 

S3 and S4. 

 

 

Figure 4.1: Graph of discomfort glare rating averaged across the 20 participants obtained 

from the rating scale experiment. 

Further, repeated measures ANOVA was used to analyse the data. Overall, the effect of source 

position (F(1,19) =18.201, p<0.001) on discomfort glare was significant. A significant linear 

trend is observed in the data for source position, with higher source position causing lower 

discomfort (F(1,19) =18.201, p<0.001). This is in line with the previous glare studies (Lukiesh 

& Guth,1949; Guth, 1951).  
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Also, the effect of rate of change in vertical illuminance on discomfort glare was significant 

(F(3,57) =46.358, p<0.001). There was a significant linear trend in the data (F(1,19) =67.479, 

p<0.001), with higher rate of change in vertical illuminance showing higher discomfort glare. 

Tukey’s post-hoc analysis was also done to determine where the differences lie within the four 

vertical illuminance patters (see Table 4.4). Post-hoc analysis revealed that except for the 

illuminance pattern pair S3 and S4, significant difference exists between every other vertical 

illuminance pattern pairs.  

Table 4.4: Pairwise post-hoc comparison of vertical illuminance patterns 

Light Pattern S1 S2 S3 S4 

S1     

S2 Different    

S3 Different Different   

S4 Different Different Same  

 

Another observation that can be made from the rating scale experiment is that light patterns S1 

and S2 were considered acceptable for both the visual angles (Figure 4.2). The dotted line is 

the cut-off line below which participants rated the glare source as agreeable. From the graph it 

can be seen that an illuminance gradients less than 10 lux/sec are agreeable to pedestrians. 

 

Figure 4.2: Graph of discomfort glare rating averaged across the 20 participants plotted 

against rate of change in vertical illuminance obtained from the rating scale experiment. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 2 4 6 8 10 12 14 16 18

A
ve

ra
ge

 D
is

co
m

fo
rt

 R
at

in
g

Rate of change in vertical illuminance (lux/sec)

10 Degrees 20 Degrees



23 
 

 

4.2 Paired Comparison Data Analysis 

4.2.1 Choice Data 

Before performing statistical analysis, the descriptive statistics were calculated for the choice 

data. For each participant, the number of times each stimulus was considered more 

discomforting than the stimuli it was compared to was calculated. This data was averaged 

across all participants and is plotted in Figure 4.3. The 95% confidence interval is plotted as 

error bars. This graph suggests that there is significant influence of source position and rate of 

change in vertical illuminance on discomfort glare. 

 

Figure 4.3: Graph plotted from the choice data showing the number of times each stimulus 

was considered more discomforting than the stimulus it was compared against, averaged 

across all the 20 participants 

 

The choice data was analysed using Thurstone’s case V method. Individual participant data 

was combined together to form a frequency response matrix (see Table 4.5). The number in 

the cell indicate how many of the 20 participants rated the row stimulus as causing more 

discomfort than column stimulus. The result of the Thurstone case V analysis is shown in 
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Figure 4.4. Y-axis contains the z-score values obtained from the analysis of paired comparison 

choice data using Thurstone analysis method. 

Table 4.5: Frequency response matrix for paired comparison choice data.  

Stimulus S1-10 S2-10 S3-10 S4-10 S1-20 S2-20 S3-20 S4-20 

S1-10  10 6 5 11 12 9 10 

S2-10 10  4 6 18 17 10 10 

S3-10 14 16  9 18 17 18 16 

S4-10 15 14 11  14 18 8 18 

S1-20 9 2 2 6  5 3 4 

S2-20 8 3 3 2 15  7 6 

S3-20 11 10 2 12 17 13  8 

S4-20 10 10 4 2 16 14 12  

 

 

 

Figure 4.4: Results of the analysis of the paired comparison choice data for the 8 stimuli 

condition ranked from least discomforting to most discomforting. The alphanumeric values on 

the x-axis indicates the vertical illuminance pattern.  

Several trends can be observed with respect to different light patterns within each source 

position. Firstly, S1 light pattern having the smallest rate of change in vertical illuminance is 
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position, S1 is followed by S2 with S2 causing more discomfort than S1.  Another interesting 

trend that can be observed is that S3 and not S4, was found to be most discomforting within 

each source position, even though S4 is having the highest rate of change in vertical 

illuminance. This is discussed further in the next chapter.  

The choice data was further analysed using repeated measures ANOVA. A significant effect 

of source position on discomfort glare was found (F(1,19) =33.778, p<0.001). The data also 

showed a significant linear trend for the effect of source position with higher the source 

position, lower the discomfort glare rating.  

The effect of rate of change in vertical illuminance on discomfort glare was also found to be 

significant (F(3,57) =20.448, p<0.001). There is also a significant liner trend in the data 

(F(1,19) =40.703, p<0.001). This implies that higher the rate of change in vertical illuminance 

higher the discomfort glare. Tukey’s post hoc analysis revealed no significant difference 

between the light pattern pair S1 and S2, the patterns with the slowest rate of change in vertical 

illuminance. Post hoc analysis also did not find any significant difference between the light 

patterns S3 and S4, the patterns with the fastest rate of change in vertical illuminance. For all 

the other pairs of light patterns there was a significant difference (see Table 4.6). 

Table 4.6: Pairwise post-hoc comparison of vertical illuminance patterns 

Light Pattern S1 S2 S3 S4 

S1     

S2 Same    

S3 Different Different   

S4 Different Different Same  

 

4.2.2 Magnitude Data 

The magnitude data obtained from paired comparison was analysed using repeated measures 

ANOVA. Since magnitude data is a difference between stimuli data, it had to be transformed 

to a form suitable to perform ANOVA. The data was transformed based on the procedure 

developed by Eble-Hankins and Waters (2009) (refer Appendix B). The transformation 

provides an estimate of how discomforting a stimulus is for each participant. This data is 

averaged across all the participants and is plotted in Figure 4.5 with 95% confidence interval 

as the error bars. 
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Figure 4.5: Graph of discomfort glare rating averaged across the 20 participants obtained 

from the magnitude data 

Results of the analysis showed a significant effect of both source position (F(1,19) =30.244, 

p<0.001) and rate of change in vertical illuminance (F(3,57) =17.701, p<0.001) on discomfort 

glare. Also, both the source position (F(1,19) =30.244, p<0.001) and the rate of change in 

vertical illuminance (F(1,19) =27.216, p<0.001) exhibited a linear trend in the data. To find 

where the differences are between the different vertical illuminance patterns, post hoc analysis 

was done (see Table 4.7). Post hoc analysis revealed similar results as the results of choice 

data. That is, there is no significant difference between the pairs S1 and S2, and between the 

pairs S3 and S4. And all the other pairs had a significant difference. 

Table 4.7: Pairwise post-hoc comparison of vertical illuminance patterns 

Light Pattern S1 S2 S3 S4 

S1     

S2 Same    

S3 Different Different   

S4 Different Different Same  

 

The analysis of pairwise magnitude data produced results very similar to that of the pairwise 

choice data. 
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Chapter 5  

Discussion and Conclusion 

5.1 Findings on Pedestrian Discomfort Glare 

The present study investigated the effect of rate of change in vertical illuminance on perceived 

discomfort glare. Results from both the rating scale experiment and the paired comparison 

experiment found a significant effect of rate of change in vertical illuminance on perceived 

discomfort glare. The data also showed a significant linear trend confirming the hypothesis that 

as the rate of change in vertical illuminance at eye increases, perceived discomfort glare also 

increases. A possible explanation for this is that when the rate of change in vertical illuminance 

is small, visual adaptation can follow resulting in lower rating of perceived discomfort glare. 

This corroborates with the research done by Wang, Zhu and Lai (2013) on the influence of 

temporal change in vertical illuminance on discomfort glare for drivers. They also found that 

smaller the rate of change in vertical illuminance, smaller the glare perceived. 

The present study also investigated the influence of source position on perceived discomfort 

glare. Both paired comparison and rating scale study found a significant effect of source 

position on perceived discomfort glare (as position increases glare decreases). This is in line 

with the previous glare studies (Lukiesh & Guth,1949; Guth, 1951).  

An interesting pattern seems to occur from the paired comparison data. Notice that for each 

source position, the light source with the second largest rate of change in vertical illuminance 

(S3) was ranked as causing the higher discomfort than the light source with the largest gradient 

(S4) (see Figure 4.3). A possible reason for this is the difference in exposure duration to these 

two light conditions. S4 is based on a special type of light distribution with absence of light for 

the first 17 seconds and a sharp rise in vertical illuminance in the next 3 seconds, resulting in 

a total exposure duration of 3 seconds. Whereas for S3 a small amount of light (less than 10lux) 

is present for the first 15 seconds followed by a sharp rise in vertical illuminance for the next 

5 seconds. This results in a much longer exposure time of 20 seconds to a high eye illuminance 

source and resulting in choosing S3 light condition as more discomforting of the two. Also, 

remarks made by participants when comparing these two light conditions such as: “It is difficult 

to pick between these two light conditions because they both are causing very strong but similar 

level of discomfort. Since one light stimuli was shown for longer time, I choose the light with 

the longer exposure duration as causing more discomfort”, supports this finding. When the 
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perceived discomfort was almost similar, participants considered duration as a parameter to 

choose the light condition that was more uncomfortable. This was also observed in the study 

by Sivak, Flannangan, Traube and Kojima (1999) where participants based their discomfort 

glare rating on exposure duration for similar transience in illuminance.  

5.2 Future Work 

In this study, to investigate pedestrian discomfort glare a controlled laboratory experiment was 

conducted. This controlled environment is quite different from a real-world scenario where 

glare can be influenced by the presence of vehicle headlamps, multiple light sources etc. These 

additional parameters can increase or decrease perceived discomfort glare. Therefore, further 

studies are needed to investigate the potential difference between discomfort glare rating in a 

controlled and field environment.  

The demographics of participants covered in this study is not representative of the population. 

The study consisted of only young adults between the age of 22 and 28. Since discomfort glare 

perception is influenced by the age, the findings of this study cannot be generalized. Therefore, 

a study with participants covering a wide range of age group is required before generalizing 

the findings of the study. 

In this study the position of light source and pedestrians were kept along the same line. This is 

not the case in real life where light sources are kept at a distance away from the pedestrian 

walkway (offset distance). Further study should explore the effect of offset distance of light 

source on discomfort glare experienced by pedestrians. 

Pedestrians walking along a road can engage in different tasks such as using mobile phone, 

talking to a fellow pedestrian etc. The influence of task difficulty on discomfort glare have not 

been explored till now. Since glare can be influenced by task, it will be worthwhile to study 

the influence of different tasks on discomfort glare. 

One of the major advantage of using LED luminaire is that it allows for a precise control over 

light distribution. It was observed from the study that even when the pedestrian is far away 

from the light source having illuminance at eye greatly reduced perceived discomfort. Further 

study should explore what light intensity value is acceptable at each of the beam angle. 
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5.3 Conclusion 

In the present study an attempt was made to find out how temporal changes that occur while 

pedestrian walk influences perceived discomfort glare. Although previous studies have been 

done to understand discomfort glare for pedestrians, very few studies have included temporal 

changes as a parameter for discomfort glare studies. The current study was conducted in an 

indoor laboratory environment. Twenty participants evaluated discomfort glare using both 

rating scale and two-alternative forced choice method. A significant influence of both rate of 

change in vertical illuminance (as rate of change increases, discomfort increases) and source 

position (as position increases, discomfort decreases) on discomfort glare was found. This was 

confirmed by both rating scale and paired comparison methods used in the study. 

This study scratched the surface in gaining some insights into pedestrian discomfort glare and 

did not tackle all the questions related to pedestrian discomfort glare. Despite the research 

questions that were not addressed by the current study, a successful attempt was made to get 

more insight into discomfort glare. The author hopes that the findings of this study can 

stimulate discussions between lighting researchers on the importance of including temporal 

changes when evaluating discomfort glare for pedestrians. 
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Chapter 7 

Appendices 

Appendix A. Datasheet Luminaire 

Luminaire Item Number Philips 12NC 

PureStyle IntelliHue Powercore 10° x 60°, 1219 mm 

(48 in), Narrow Beam Angle 

123-000025-05 912400133453 

 

Table A.1: Output Luminaire 

Beam Angle 10° x 60° 

LED 2700 K 

Lumens 2700 K 3056 

Efficacy (lm/W) 2700 K 60 

 

 

Figure A.1: Polar Candela Distribution  
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Appendix B: Procedure for calculating absolute discomfort for each stimulus from 

paired comparison magnitude data. 

The procedure below was developed by Dr Kent Eskridge and Dr Daryl Travnicek (Eble-

Hankins & Waters, 2009).  and have been used in previous discomfort glare studies involving 

paired comparisons. Paired comparison magnitude data is a type of proximity data. That is, the 

data collected is a set of differences between two stimuli represented by yi – yj for each 

participant. The absolute value of discomfort glare for ith stimuli denoted by yi is calculated 

from the magnitude data by matrix manipulation and is explained below. From the Table 4.3, 

a complete upper-half matrix was generated for each participant. Without touching the values 

above the diagonal, values below the diagonal were mirrored to above the diagonal and a 

negative sign was added. A negative value means that the column was more discomforting than 

row. See Table B.1. 

Table B.1: Paired comparison magnitude data for participant 1 after transformation to an upper-

half matrix. 

Stimulus S1-10 S2-10 S3-10 S4-10 S1-20 S2-20 S3-20 S4-20 

S1-10  2 -3 -3 -2 -2 -2 -3 

S2-10   -3 3 2 2 -2 2 

S3-10    2 2 1 2 3 

S4-10     2 3 -2 -2 

S1-20      -2 -3 -2 

S2-20       -3 2 

S3-20        2 

S4-20         

 

 

After generating the upper-half matrix, the data was reorganised into a 64x1 by matrix. The 

matrix was equated to the product of two matrix, first a 64x8 matrix of 1’s, 0’s and -1’s; and 

the second an 8x1 matrix of yi’ s.  
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[
 
 
 
 
 
 
 
 
 
 
 
 
𝑦1 − 𝑦2

𝑦1 − 𝑦3

𝑦1 − 𝑦4 
 
…
 

𝑦1 − 𝑦8

𝑦2 − 𝑦3

𝑦2 − 𝑦4

 
…
 

𝑦7 − 𝑦8 ]
 
 
 
 
 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
 
 
1 −1 0 0 0 0 0 0
1 0 −1 0 0 0 0 0
1 0 0 −1 0 0 0 0
         
   …     
        
1 0 0 0 0 0 0 −1
0 1 −1 0 0 0 0 0
0 1 0 −1 0 0 0 0
        
   …     
        
0 0 0  0 0 0 1 −1]

 
 
 
 
 
 
 
 
 
 
 
 

×

[
 
 
 
 
 
 
 
𝑦1

𝑦2

𝑦3

𝑦4

𝑦5

𝑦6

𝑦7

𝑦8]
 
 
 
 
 
 
 

 

The value of (yi – yj)’s matrix is known and the value of -1, 0, and 1 matrix is also known, 

hence the value of yi can be calculated. 
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Appendix C: Generation of the light pattern 

Figure C.1 shows the change in vertical illuminance as a pedestrian walk towards a lamp post. 

The lamp post was of 4m high and the measurements were taken at a height of 1.5m. The 

measurements were taken for a person who is walking along a straight line looking straight 

ahead towards the lamp post. To generate different light patterns required a cumulative 

distribution function was fitted to this curve. 

 

Figure C.1: Change in vertical illuminance as pedestrians walk away from a lamp post  

Following cumulative distribution function was used to fit the curve, 

𝑓(𝑥) = 𝐿 ∗ (1 − 𝑒−(
𝑥
𝜆
)
𝑘

) 

Where, L is the curve’s maximum value, 

 k is the shape parameter, 

 𝜆 is the scale parameter  

The following k and 𝜆 were used for generating the light patterns. 

Table C.1: Range of parameters  
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S1 7 14.8 

S2 9 15.2 
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S3 15 17.8 

S4 23 21.5 


