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Abstract 

Discomfort glare research has long relied on measuring discomfort glare through rating scales (such 

as De Boer-scale) or measures of adjustment (BCD measurements). Using these methods, researchers 

have not been able to establish a thorough understanding of the mechanisms that cause discomfort 

glare. This research tested whether employing haploscopic forced choice paired comparison can 

overcome common errors caused by traditional methods, and lead to a more accurate and reliable 

measurement of discomfort glare. An experimental setup was designed in which two light conditions 

can be presented separately and simultaneously to both eyes. For each trial, participants (n = 30) 

indicated the conditions that caused most discomfort, and the relative difference in magnitude of 

perceived discomfort. Models predicting which of two given conditions causes most discomfort, and 

with what perceived magnitude of difference as a function of glare source illuminance, background 

luminance and vertical eccentricity of the glare source were established. Analysis of the experimental 

results reveal that similar effects are found using this method as with traditional methods, that the 

measurements are reliable, and that interocular transfer is minimal in the haploscopic setup. When 

testing theory-based physiological models for discomfort glare, the improved reliability and accuracy 

of the presented methodology over traditional measurements will allow researchers to more accurately 

validate the performance of these models.  
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Introduction 

The quality of light has been defined as the ability of light to provide the necessary brightness 

to produce the most satisfactory seeing conditions (Lukiesch and Guth, 1949). This means that, next 

to the visibility that light conditions provide, quality of light is concerned with the comfort or 

discomfort caused by certain lighting conditions.  

  The expected qualities of light differ strongly per application. One can easily imagine that the 

lighting requirements for night-time road workers differ strongly from the expectations one has for a 

nightstand lamp. In the first case, lighting should illuminate as much surface area as possible, should 

provide clear sight for the road workers and perhaps should be bearable to work by for prolonged 

periods of time. For the second case, on the other hand, the light should be dim enough so that it does 

not disturb night time fatigue, but bright enough so that one can still read a book; it should be 

directional, so that only one side of the bed is illuminated, and perhaps it should bring about a cosy 

ambiance. In other words: defining the requirements for comfortable lighting is complex. Discomfort 

from light has been theorized to be related to the degree of brightness homogeneity between glare 

source and background (Sivak, Flannagan, Ensing, and Simmons, 1989). Discomfort glare is a type of 

glare that occurs when a light source causes discomfort to a person without necessarily impairing 

vision (CIE, 2016). This subjective phenomenon manifests itself through an urge to look away from a 

light source when it becomes ‘glary’.  

  When designing new lighting solutions, the comfort of light is an important objective. 

Consequently, a wide range of models for discomfort glare have been developed. Clear (2012) has 

pointed out, however, that current models for discomfort glare perform poorly. Two reasons can be 

provided for the insufficient performance of discomfort glare models. First, methods for measuring 

discomfort glare have been prone to many biases (Fotios, 2015). Second, a lack of theoretical 

understanding of the underlying factors that cause discomfort glare has resulted in models being 

created by empirically fitting experimental data, instead of developing models from theoretical 

knowledge of the visual system (Clear, 2013).  

  Next to that, with the recent widespread usage of LED lighting, new types of armatures have 

emerged. As such, new uniformities, sizes, layouts, and brightnesses have been introduced in 
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everyday lighting. Consequently, models that had been designed in the pre-LED era fail to model 

discomfort glare from LED lighting sufficiently (Kasahara et al., 2006; Iacomussi, Radis, Rossi & 

Rossi, 2015). 

  Despite the inaccuracy of discomfort glare models, many years of research has resulted in a 

reliable set of factors that influence the level of discomfort glare (Pierson, Wienold & Bodart, 2018). 

Four consistent and significant factors have come forward during the development of these now 

widely accepted models: the luminance of the glare source, the light level that a person is adapted to, 

the size of the glare source, and the position of the glare source in the field of view. 

  The recent discussion about the performance of discomfort glare models has led to some new 

approaches in glare research. Donners, Vissenberg, Geerdinck, Van Den Broek-Cools, and 

Buddemeijer-Lock (2015), Bargary, Jia, and Bardur (2015b) and Scheir et al (2018) accomplished an 

increase in accuracy by modelling psychophysical processes of the human visual system. 

Furthermore, both studies employed forced choice paired comparison, instead of the conventional 

subjective evaluations, for establishing a ranking of discomfort from a set of lighting conditions, 

resulting in a reliable dataset. Scheir et al. (2018) focussed on accurately modelling the influence of 

non-uniform glare sources. Elaborating on the work of Scheir et al. (2018), this research will employ 

forced choice paired comparison for modelling the influence of glare source illuminance, position, 

and background luminance (i.e. light level a person is adapted to). In discomfort glare research, when 

forced choice paired comparison has been used, participants were shown one light condition, kept 

their glare sensation in memory, were shown a second light conditions, and then evaluated which of 

the two light conditions caused more discomfort. This approach introduces two problems. First, 

participants must rely on memory to evaluate which light condition caused more discomfort. Second, 

comparison between different levels of background luminance are impractical, because the process of 

adaptation of the visual system is slow: adapting to light levels differing 2 log units from the mean 

light level can take several minutes (Shapley & Enroth-Cugell, 1984). In an attempt to improve the 

method of forced choice paired comparison for discomfort glare, this research will introduce a 

haploscopic experimental setup, in which two light conditions are presented simultaneously to each 

eye separately. First, paired comparison overcomes the problem of reliance on memory. Second, 
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Shapley and Enroth-Cugell (1984) argue that there is no interocular transfer of steady light adaptation. 

As such, the eyes can be separately adapted to different background luminances so that it’s influence 

on discomfort glare could be evaluated.  

Research Question 

  Can haploscopic forced choice paired comparison be used for accurately and reliably 

measuring the influence of source illuminance, background luminance, and position on discomfort 

glare? 

Hypotheses 

  If haploscopic forced choice paired comparison is suitable for testing factors in discomfort 

glare, similar directions of discomfort glare factors, as has been proven in earlier research, will be 

detectable.  

H1a: The side (i.e. left or right eye) that gets presented a higher source illuminance will be evaluated 

as causing more discomfort than the side that gets presented a lower source illuminance. 

H1b: The side (i.e. left or right eye) that gets presented a lower background luminance will be 

evaluated as causing more discomfort than the side that gets presented a higher background 

luminance, when presented with the same source illuminance. 

H1c: The side (i.e. left or right) that gets presented a glare source (with illuminance equal to the 

other side) closer to the line of sight will be evaluated as causing more discomfort than the side that 

gets presented a glare source further from the line of sight. 

  In employing haploscopy, it is assumed that individuals can make a fair judgement between 

light conditions presented to the eyes separately. The variables that will be tested in the experiment 

are known to be significant and strong predictors of discomfort glare. If modelling discomfort glare 

will result in accuracy close to randomness (50% guessing rate), while knowing the variables should 

be able to predict to some extent, the method of measuring discomfort glare is inaccurate. We expect 

that this method will result in a model accuracy better than random. We decide that if accuracy > 

75%, randomness is ruled out.  
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H2: In predicting discomfort glare, accuracy will be greater than 75%. 

  The assumption in using the haploscopic approach is that adaptation takes place in the 

individual eyes. If this were not the case, the effect of background would some sort of average 

between the background presented to the right and the background presented to the left eye. 

H3: The effect of background luminance on discomfort glare is determined only by the background 

presented to the individual eye, and no interocular transfer of adaptation takes place. 
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Theoretical Background 

  In this chapter, background information on the relevant topics will be provided. First, 

commonly used discomfort glare measures will be discussed. Then, commonly used discomfort glare 

models will be discussed. Next, theoretical background on the physiological and neural mechanisms 

in the human visual system will be discussed. The chapter ends with an overview of the research gap 

and how this study fits in. 

Discomfort glare 

  An important design goal for artificial lighting is visual comfort or preventing discomfort. 

The impact of bright light sources or strong brightness contrasts on visual discomfort is called glare. 

Roughly, glare research has been divided into two research fields: disability glare and discomfort 

glare.  

  Disability glare, also known as physiological glare, is caused by the scattering of light in the 

eye, consequently impairing vision. This type of glare can be explained exclusively in physical terms 

(CIE, 1999).  

  Discomfort glare, or psychological glare, is a subjective impression of discomfort or 

annoyance from a bright light source that does not necessarily hinder vision (Sivak et al., 1989). 

Disability glare always occurs in combination with discomfort glare, but discomfort glare can also be 

experienced in absence of disability glare (Schmidt, 1967). In other words: discomfort glare is not 

exclusively caused by the scattering of light from a bright source but can originate from other 

properties of lighting conditions or the environment. Two causes of discomfort glare have been 

identified: absolute or saturation glare and relative or contrast glare. Absolute glare concerns the 

discomfort experienced when the total amount of light entering the eye is too large. Even if the 

contrast between source and background is proper, the eye is unable to adapt to the light intensity. 

Relative glare concerns the discomfort experienced when the contrast between source and background 

is too large. In this case, the eye is adapted to a relatively low background, and the brightness of the 

source is too large. (Pierson et al., 2018). Coming forth from these two causes, the IESNA Lighting 

Handbook, 9th Edition (Rea, 2000) presents a rule of thumb for preventing discomfort glare: luminaire 

luminances should be less than 10,000 cd/m2, or should not be more than 100 times the luminance of 
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the direct background.  

  Because discomfort glare is a subjective experience, both physiological and psychological 

conditions and processes play a role in the experience of this phenomenon. The degree of discomfort 

is often captured through psychometric methods. Various methods of measuring this subjective 

experience will be discussed. 

  Discomfort glare models generally are established in three steps: 1) a subjective evaluation of 

the degree of discomfort, 2) the measurement of photometric characteristics in the visual field, and 3) 

the development of an equation that predicts the degree of discomfort as a function of the photometric 

characteristics. Some influential and commonly used models for discomfort glare from artificial light 

will be discussed. In the next section, the measurement of discomfort glare will be discussed. Then, 

various discomfort glare models will be described.  

Measuring discomfort glare 

Different methods. In order to investigate discomfort glare, the magnitude of discomfort 

glare should be measurable. Because discomfort glare is a psychological sensation, the degree of 

discomfort is a quantitative subjective assessment (Fotios, 2015). Throughout the years, multiple 

measures have been proposed and used to research different facets of discomfort glare. Broadly 

speaking, the psychometric methods can be classified into four categories: matching level to glare 

source, matching glare source to level, borderline measurements, and paired comparison 

measurements.  

  Multiple criterion methods. In his 1926 paper, Holladay introduced an absolute method for 

quantifying discomfort glare. Participants were presented with a light source that could be varied in 

size and brightness. They were then asked to adjust the glare source brightness such that they would 

appraise it according to a certain subjective norm. Holladay (1926) used 11 levels to be matched in 

the range from “scarcely noticeable glare” (lowest level), through “still comfortable” (middle level), 

to “boundary between objectionable and intolerable” (highest level). In a similar fashion, Petherbridge 

and Hopkinson (1950) precisely described four degrees of discomfort to their participants, after which 

the participants were adjust the lighting conditions such that they would match the description of 



EMPLOYING HAPLOSCOPIC FORCED CHOICE PAIRED COMPARISON FOR DISCOMFORT GLARE RESEARCH 11 
 

 
 

discomfort. In later studies using this methodology, participants are typically asked to adjust glare 

sources to the four different levels: “just imperceptible” “just acceptable”, “just uncomfortable”, and 

“just intolerable” (Kent, Fotios & Altomonte, 2018).  

  Rating scales. A similar method of measuring discomfort glare was introduced by De Boer 

and Schreuder (1967) that was used in research on discomfort glare in road lighting. Instead of 

matching light conditions to a subjective descriptor, a subjective descriptor was to be matched to the 

light conditions. They proposed a 9-level rating scale, reaching from 1 (unbearable) through 5 (just 

admissible) to 9 (just noticeable). With this scale, an increase in discomfort corresponds to a lower De 

Boer-scale score, whereas a high score indicates little glare. De Boer and Schreuder (1967) reported 

great variability in people’s evaluation of glare. Based on the appraisals of different light conditions 

for road lighting, De Boer and Schreuder (1967) suggest recommendations for limiting glare for 

different road lighting scenarios (e.g. secondary rural roads or throughway urban roads), where the 

degree of admissible discomfort glare is expressed using the De Boer-scale.  

  Methods of adjustment. Luckiesh and Guth (1949) emphasized the importance of a practical 

measure of discomfort where discomfort glare would not be expressed as a value on a scale, but rather 

as a threshold at which an individual would experience discomfort, taking into account variance 

between people’s thresholds. Consequently, they introduced the measure of sensation at the 

borderline between comfort and discomfort, termed “BCD Sensation” for ease of use. In their 

experiment the influence of different factors on discomfort glare were tested using a BCD sensation 

calibration. Before presenting the participants with manipulations, participants were to indicate their 

BCD sensation. For a fixed lighting condition (size, position, distance, and adaptation brightness), the 

glare source brightness was to be adjusted such that the participant evaluated the source as 

uncomfortable. In further trials, the participants were asked to adjust the different influential factors 

separately to match the subjectively established BCD sensation as was calibrated. By doing this, the 

influence of the factors could be reviewed separately, showing the magnitude of influence each factor 

has on the glare experience. Luckiesh and Guth (1949) emphasized that the conditions that lead to a 

BCD sensation should be considered both personal and relative. An average of BCD sensations of all 
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participants for a specific condition can be interpreted as the circumstances at which 50% of 

participants deem the conditions still comfortable, while the other 50% of participants will deem it 

uncomfortable. By using this measure of discomfort glare, the use of ordinal rating scales could be 

evaded. Luckiesh and Guth (1949) found that the BCD sensations of their participants approximated a 

normal distribution, but also that the BCD sensations showed great variations due to the physiological 

and psychological differences between individuals. Next to that, by defining discomfort glare in terms 

of a border between comfort and discomfort, people’s standards of comfort are of influence on the 

scores. Comparison between the BCD sensation method of Luckiesh and Guth (1949) and the 

matching method introduced by Holladay (1926) yield approximately similar circumstances for the 

border between comfort and discomfort. 

  Paired comparison. In paired comparison experiments, participants are presented with two 

scenes from which they have to indicate which of the scenes causes more discomfort.  Usually this is 

done in a forced-choice manner, whereby the option of equal discomfort cannot be chosen. Collins 

(1962) was one of the first to apply this method in glare research. In the experiment, participants 

viewed a lighting condition for 1 to 3 minutes, were asked to memorize their mental estimate of glare, 

then, the researchers set up the second light conditions, and again the participants viewed this for 1-3 

minutes. After this, the participants were asked to make a judgement about what condition caused 

them more discomfort. The method of paired comparison has only been employed sporadically in 

discomfort glare research, although it is a more accurate tool (i.e. less variability) than rating scales 

(Eble-Hankins & Waters, 2009a). More recently, Eble-Hankins and Waters (2009b) presented an 

apparatus that allows for convenient paired comparison tasks, in which 2 stimuli can be presented 

simultaneously to a participant. However, in this setup, the background luminance could not be varied 

within one trial. By using the approach presented by Eble-Hankins and Waters (2009b), the appraisal 

of glare by the participant does not have to rely on memory, as was the case in Collins (1962).  
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Confounds in methods. Of these four types of measurements, the de Boer-scale and BCD 

sensation have been most broadly employed in discomfort glare research; however, some comments 

can be made about their validity. In recent literature, arguments on how the use of both types of 

measurements can lead to common errors in discomfort glare research have been described. A 

synopsis of the confounds is described below, with the method to which it is applicable between 

brackets: 

  Confound 1: minimum level of glare (rating scales). In studies that use de Boer-like scales, 

the minimum level of glare provided is “Just noticeable”. From rating discomfort glare on a scale 

from mild to extreme, researchers exclude the option for absence of discomfort from glare sources 

(Fotios, 2015). Through this, a general overestimation of discomfort glare may have been established. 

  Confound 2: comfort versus acceptance (rating scales, methods of adjustment, paired 

comparison). An ambiguity that occurs in both types of measurements is that it is often unclear 

whether judgements are made about comfort or acceptance. Geerdinck (2012) shows that rating 

discomfort glare according to these two dimensions results in a significant difference between comfort 

and acceptance. 

 Confound 3: learning effects (all methods). Fotios (2015) points out that the use of repeated 

ratings or adjustment procedures can bring about a change in response over time because of learning 

effects. Through this effect, discomfort evaluation of lighting conditions at the beginning may differ 

from evaluations further on. De Boer and Schreuder (1967) suggested using trained observers for 

discomfort glare evaluation to overcome this confound.   

  Confound 4: stimulus range bias and centring (rating scales, methods of adjustment, 

multiple criterion). In studies that use methods of adjustment (i.e. BCD sensitivity-type measures), 

other problems arise. In a review of multiple studies, Fotios and Cheal (2010) shows that when 

participants are asked to adjust lighting conditions to their preference, the preferred lighting 

conditions often lie in the middle of the range of presented lighting conditions, which indicates the 

occurrence of a stimulus range bias and centring bias. Fotios (2018) adds to this that similar effects of 

stimulus range bias occur when rating scales are used; the conditions are evaluated in the range of 
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available responses. As such, estimated means for preferred illuminances have little value (Fotios, 

Logadóttir, Cheal, & Christoffersen, 2012).  

  Confound 5: anchoring bias (methods of adjustment). When studies employ the method of 

adjustment, an initial brightness is used as a starting point (i.e. an anchor). Kent, Fotios, and 

Altomonte (2019) provide evidence that in a wide range of studies that used adjustment-type 

measurements, significant effects of anchoring bias are visible; mean values for discomfort are 

consistently biased towards the initial lighting conditions. The presence of anchoring was 

experimentally tested by Kent et al. (2018) and confirms the results of their 2019 review.  

  Confound 6: order effect (rating scales, methods of adjustment, multiple criterion). Next to 

an anchoring bias, Kent et al. (2018) found evidence for order effects when studies presented stimuli 

ascending in glare. This effect of the order in which stimuli were presented showed to be greater at 

lower levels of glare sensation. In comparison to an ascending and descending order, the randomized 

order proved to be most robust. 

  Confound 7: reliance on memory (paired comparison). In the experiment described in 

Collins (1962), participants had to memorize a lighting scene, so that they could later compare it to a 

more recently displayed lighting scene. This approach introduces a potential bias in which the 

memory of the appraisal of the lighting scene that was presented first has deterred, resulting in an 

unfair comparison.  

  Confound 8: procedural factors (rating scales, methods of adjustment, multiple criterion, 

paired comparison). Eble-Hankins and Waters (2005) points out that the way in which the participant 

is instructed, significantly influences the outcome in discomfort glare responses. Also, the difficulty 

of the task influences individual’s appraisal of glare (Flannagan, Weintraub, & Sivak, 1990; Sivak et 

al., 1989).  

  Considerations in measuring discomfort glare. Although using the measures for discomfort 

glare discussed above is not optimal, there are good reasons to use them, nonetheless; compared to the 

methods suggested by Fotios (2018) (e.g. electromyography, gaze direction, pupil size), the use of 
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rating scales, adjustments and paired comparisons are both simple to conduct and cheap (Fotios, 

2019). Also, although physiological measures correlate to some extent to the sensation of discomfort 

(Hamedani et al., 2019), these relations are not sufficient in predicting discomfort glare accurately 

(Eble-Hankins & Waters, 2005; Bargary et al., 2015b). Of the described methods, paired comparison 

produces the most accurate results, and is least prone to biases. The reliance on memory in paired 

comparison can be overcome by presenting two stimuli simultaneously. The challenge then is to 

separate vision in such a way that two background luminances can be tested simultaneously. By 

separating vision in a haploscopic manner, however, this challenge can be overcome. Onley (1961) 

employed this approach in his research on brightness perception as a function of state of adaptation. 

Because there is little interocular transfer of steady light adaptation (Shapley & Enroth-Cugell, 1984), 

the two eyes can be in different states of adaptation simultaneously. As such, the influence of 

background luminance can be taken into account in a forced choice paired comparison experiment if 

stimuli are presented in a haploscopic manner. 

  Recommendations for measuring discomfort glare. The coming about and effects of the 

biases and errors should be considered thoroughly in future research. Some recommendations can be 

made to help improve the validity and accuracy of discomfort glare metrics. First, researchers should 

provide participants with clear explanations of the meaning of response scale labels (Fotios, 2018; 

Allan, Garcia-Hansen, Isoardi, & Smith, 2019). Second, Fotios et al. (2012) argues that multiple 

stimulus ranges should be offered, so that any effects of stimulus range bias can be noticed, and that 

the limits of the ranges (and anchors in case of methods of adjustments) should be reported. Third, 

Allan et al. (2019) argue that comparability between studies can be improved by clearly reporting the 

definitions of lighting quality and its component parts and how psychometric scales were established 

methodologically. Fourth, Fotios (2018) suggests avoiding subjective evaluations altogether, but 

instead to use behavioural or physiological responses to measure discomfort glare instead (i.e. 

revealed preferences rather than stated preferences). Finally, Fotios (2018) emphasizes that models 

should not aim to find absolute thresholds for discomfort glare, but rather should aim to inform about 

relative effects (e.g. one scene causes more discomfort than the other). To conclude, using paired 
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comparison eliminates most of the biases mentioned before. The method as described in Eble-Hankins 

and Waters (2009a) shows to yield more accurate results than rating scales do. Of the pitfalls 

described above, the comfort versus acceptance argument and the reliance on memory argument, in 

the case of Collins (1962), are applicable. A downside of using paired comparison is that, compared to 

the other discussed methods, many measurements are needed to establish a reliable ranking of 

conditions. By presenting stimuli in a haploscopic manner, these biases might be overcome. This 

approach should be tested experimentally, to find out if results obtained through this approach are 

reliable for discomfort glare research.  

Discomfort glare models  

  Holladay (1926) presents the first extensive investigation on discomfort glare (referred to as 

dazzle glare in the paper). In this investigation, the sensation of discomfort glare was evaluated as a 

result of the following factors: source brightness, form, size, distance, reflection-factor, background 

brightness, adaptation, pupillary aperture, accommodation, contrast sensitivity, and variance between 

individuals. As described earlier, Holladay (1926) measured discomfort using a multiple criterion 

method. The results of each of the influential factors were presented separately in graphs where the 

relation between the criteria and factors were displayed. The resulting curves were then approximated 

by empirical equations to describe the effect of each of the separate factors. Although his research did 

not result in a general model in which discomfort glare would be presented as a function of the 

investigated factors, Holladay (1926) did show the relation between the factors and discomfort glare 

in a detailed way.  

  The first influential model for discomfort glare was published by Lukiesh and Guth (1949). In 

their paper, they made the important observation that the appraisal of discomfort glare varies between 

individuals. By studying generalizable trends between multiple participants, discomfort glare was 

modelled as a function of multiple factors. Lukiesch and Guth (1949) defined three fundamental 

factors in determining a person’s glare appraisal: the source brightness, size, and adaptation brightness 

(i.e. background brightness in the work of Holladay [1926]). Next to these main factors, they 

identified three secondary factors that modify the influence of the beforementioned factors: source 
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position in the field of view, number of sources, and their configuration. In order to quantify the 

sensation of discomfort glare, Luckiesh and Guth (1949) introduced the measure sensation at the 

borderline between comfort and discomfort, abbreviated to BCD sensation. In their experiments, the 

participants defined the BCD sensation brightness of sources for different conditions, where the 

factors described above were varied. The gathered data was used to empirically establish a formula  

that estimates visual comfort (M) as a function of source brightness B in footlamberts, size Q in 

steradians, position P according to Guth’s position index (Luckiesh and Guth, 1949), and adaptation 

brightness F in footlamberts: 

𝑀 =
𝐵

𝑃𝐹0.44(𝑄−0.21−1.28)
      (1) 

Because human perception conforms to a power law, this equation can be rewritten as: 

log 𝑀 = log 𝐵 − log 𝑃 − 0.44 log 𝐹 − log(𝑄−0.21 − 1.28)  (2) 

In this equation, a value of M = 108 corresponds to the BCD sensation (lower values of M indicate 

more comfort, and greater values indicate more discomfort). It should be noted here that the 

exponents in equation 1 and 2 have been established through empirically fitting the data. Using new 

measurements will likely result in other values for these exponents. 

  Another valuable product from the work of Luckiesh and Guth (1949) was the introduction of 

the Guth position index. This index was empirically established to model the influence of the position 

of the glare source in the discomfort glare model. By expressing the position of the glare source in a 

vertical and horizontal distance from the line of vision, the position index P can be determined, which 

in turn can be inserted in the model equation. 

  Hopkinson (1957) argued that merely expressing discomfort glare in terms of BCD sensation 

does not sufficiently inform about the influence of different factors on experienced discomfort. By 

introducing the multiple criterion system in his models, discomfort glare was modelled at four 

different levels. The relations between glare factors and their appraisal showed to be not the same for 

different criteria (e.g. the influence of adaptation brightness on “just perceptible” is less in comparison 

with its effect on “just intolerable”). Also, because human perception follows a power law, the 
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contrast between background and source should not be modelled linearly, as was done by Luckiesh 

and Guth (1949) but should have the form of a sigmoid function. In another argument, Hopkinson 

(1957) argues that the influence of the background depends on the size of the size of the glare source 

and the size of the direct surround, and thus cannot be expressed in a simple form, but should consider 

the proportion between the two factors. Lastly, in the method used to establish the L&G model, glare 

sources were flashed for 1 second. Hopkinson (1957) argues that this type of glare does not often 

occur in the real world. Instead, individuals are exposed to glary lighting conditions over prolonged 

periods of time. Through an experiment, it was shown that discomfort from brief flashes was greater 

than that from continuous exposure (in this case, adaptation is possible). As an addition to the model 

of Luckiesh and Guth (1949), Hopkinson (1957) introduces a term for multiple sources (i.e. 

additivity) in the discomfort glare formula, because the Lukiesh and Guth formula only models the 

effect of one source. Considering these issues, Hopkinson (1957) proposes the following altered 

formula for estimating discomfort glare: 

 𝐺 =  
𝐵𝑠

1.6𝑄0.8

𝐵𝑏
1.0        (3) 

Where G is the glare constant for one of the glare criteria, Bs is the illuminance of the glare source in 

foot-candles, Q is the apparent size of the glare source in steradians, and Bb is the brightness of the 

background in footlamberts. When considering additivity, the glare constant G’, G’’, etc. for each 

source can be calculated in the following way: 

𝐺′ =  
𝑓(𝐵𝑠

′)∙𝑓(𝑄′)

𝐵𝑏
       (4) 

 

Then, the glare constant for the complete installation would be given by the equation: 

𝐺 =  ∑ 𝐺′ + 𝐺′′ + 𝐺′′′ + ⋯     (5) 

Broadly speaking, these two models form the foundation for later glare models (Clear, 2012). Many 

models have been published that were developed for specific applications and stimulus ranges. They 
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can be roughly divided into models for roadway lighting and interior lighting (Vos, 2003). Formulae 

for interior lighting generally are expressed in the following form: 

 𝐺 =
𝐿𝑔

𝑎 ∙Ω𝑝
𝑏

𝐿𝑏
𝑐 ∙𝑓(𝜃)

       (6) 

Where G is a measure of discomfort glare, Lg is the source luminance, Ωp is the size of the glare 

source, Lb is the background luminance, θ is the angular displacement of the source, and a, b and c are 

weighting exponents. In discomfort glare models for road lighting, the Ωp term is often replaced by: 

Ω𝑝
𝑏 = (

𝐴𝑝

𝑟2
)

𝑏

       (7) 

Where A is the projected area of the glare source in the direction of the observer, and r is the distance 

between glare source and observer.  

Formulae for road lighting, on the other hand, generally take the following form: 

𝐺 = 𝐹 + 𝑎 log 𝐴14 − 𝑏 log 𝐼10 + 𝑐 log 𝐿𝑟𝑑    (8) 

Where F is determined by installation characteristics (light per km, height of lights, colour, and light 

pattern) A14 is the projected are of the luminaires at 14˚ below the horizontal, I10 is the intensity in the 

direction of an approaching car driver at 10˚ below the horizontal line of view, and Lrd the average 

road luminance. Although formulae for interior lighting and road lighting are generally expressed 

differently, Vos (2003) showed that formula 8 can be easily transformed to the form in which interior 

lighting formulae are generally expressed.  

  In a review of the current state of discomfort glare models, Clear (2013) explains that 

agreement exists on the factors that cause glare and their basic trends, but that every formula evaluates 

glare differently. In his review, Clear (2013) compares the performance of different glare models 

using one dataset. The models that were tested are: BGI, DGI, CGI, UGR, VCP, DGP, PGSV, and 

SR. The first six models from this list are used to predict glare from small sources, whereas the last 

two are used to predict glare from large sources. Clear (2013) describes some general issues with 

these models. With these types of models, factor independence is assumed, and as such, the models do 

not inform about possible interaction effects. Also, apart from VCP and DGP, observer variability is 
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not addressed. From evaluating the different glare models, Clear (2013) finds that models perform 

poorly when presented with novel data. This can be attributed to the fact that, in establishing the 

models mentioned before, researchers empirically fit the data when establishing model parameters. 

These models consequently fit well with the training data but fail to yield reliable results when 

modelling new data. A general problem in modelling discomfort glare, as argued by Clear (2013) is 

that research has not led to a theoretical understanding of discomfort glare. This is an important issue: 

simulations based on these glare models are commonly being used for the design of lighting 

installations (Sawicki & Wolska, 2015). Under- or overestimation by the glare models will thus have 

an effect in real world lighting applications.  

  In the next section, some theory on the processing of light in relation to discomfort glare is 

discussed. 

Discomfort glare and neural responses 

  Light that falls on the retina will be turned into a signal that is transferred to the brain. 

Holladay (1926) suggested some plausible physiological elements that could take part in causing 

discomfort glare: the brain or central nervous system, the optic nerve, the retina, the surface 

membranes of the eye, and the media of the eye. He theorized that leakage of the signal from nerve 

fibres in the optic nerve might stimulate a different portion of the brain than the area corresponding to 

the portion of the retina exposed. Furthermore, Holladay (1926) argued that the excitation of ganglion 

cells depends on the excitation of the photosensitive cells that are triggered by light stimuli. 

Consequently, the data from his experiment showed that when areas on the retina that are further 

away from the fovea are stimulated, the corresponding magnitude of the neural signal decreases.  

  Another important observation made by Holladay (1926) is that the appraisal of the glare 

sensation was found much easier for observers when exposure to a glare source was brief, rather than 

prolonged. He notes that the presence of a bright glare source will gradually change the state of 

adaptation of the retina, whereby the effect of shock slowly decreases. Related to this, with an 

increase of size of the glare source, or with an increase in light scattering in the lens (e.g. older 

observers), a larger portion of the retina will be subject to this process of adaptation. Holladay (1926) 
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concludes his theory by proposing that discomfort arises when a veil of light on the fovea triggers a 

process where adaptation or sensitivity are changed with relatively great magnitude. 

  Wilkins (1984) was one of the first to show a relation between visual discomfort and 

neurological processes. In his study, certain patterns of stripes, that were reported to cause illusions, 

elicited a feeling of discomfort. The illusions that generally caused most discomfort were similar to 

those illusions that evoked paroxysmal EEG activity in patients with photosensitive epilepsy. Wilkins 

(1984) continues by stating that the neural processes that underly the illusions may share mechanisms 

in common with those responsible for triggering epileptic disturbances. Although Wilkins et al.’s 

(1984) work is not related to discomfort glare, his research does show a relation between visual 

stimuli, perceived discomfort, and physiological mechanisms. Later research (Tadmor & Tolhurst, 

2000; Fernandez & Willkins, 2008; Juricevic, Land, Wilkins, & Webster, 2010; Wilkins, 2016; 

Hibbard and O’Hare, 2015; Penacchio & Wilkins, 2015; Wilkins, 2018) suggests that the sensation of 

discomfort from images increases when the visual scenes depart from natural image statistics. In other 

words: visual scenes that are unlikely to be encountered in the real world tend to cause more 

discomfort. These findings were obtained in studying responses to images; however, discomfort glare 

arises not from images, but from light sources. To test whether discomfort glare might emerge in a 

similar fashion, Bargary et al. (2015b) analysed the excitability in different regions of the cortex for 

different levels of retinal illuminance. Their results showed a positive correlation between individual’s 

discomfort sensation from glare and magnitude of neuronal responses. It is theorized that the 

hyperexcitability of neural regions involved causes an increased metabolic demand, and that this is 

experienced as a sensation of visual discomfort (Haigh et al., 2013). Bargary et al. (2015b) argue that 

the variation of discomfort threshold between individual’s can be explained by their susceptibility to 

hyperexcitability. The way in which the visual system generates neural signals is described by 

Shapley and Enroth-Cugell (1984). Retinal ganglion cells are responsible for outputting the retinal 

signal generated by photoreceptor cells to the optical nerve. The eye functions over a luminance range 

of nearly 14 log units, however, the neural signals created by the visual system have a response range 

of about 1.5 log units (Pattanaik, Ferwerda, Fairchild, & Greenberg, 1998). The mapping of 

luminance signals to this 1.5 log unit range is governed by a process called adaptation. Shapley and 
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Enroth-Cugell (1984) show that the neural response mapping resulting from adaptation can be 

described by the Naka-Rushton equation: 

𝑅 =
𝐼

𝐼+𝐼𝑠
∙ 𝑅𝑚𝑎𝑥       (9) 

Where R is the response of the neuron measured as the change in membrane potential from its totally 

dark adapted level, I is the illumination of the stimulus, Is is the illumination at which R reaches its 

half maximal value (interchangeable with the adaptation brightness), and Rmax is the maximum 

response that the neuron can generate. This equation describes a system that saturates (figure 1).  

 

Figure 1. The Naka-Rushton relation (Shapley & Enroth-Cugell, 1984). The response saturates when 

I > Is). In this example, Is was chosen to be 100 in arbitrary units. 

 

  Bargary et al. (2015b) developed a two-stage model, involving saturation of photoreceptors 

followed by an estimation of edge responses based on midget ganglion cell density, that was able to 

predict the discomfort glare threshold for different sizes of glare sources. In this model, background 

luminance could also be accounted for by setting the half-response of the photoreceptor dynamic 

range to the background luminance. Scheir et al. (2018) present an approach for predicting discomfort 

glare based on similar assumptions that models the behaviour of retinal ganglion cells and their 
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receptive fields. Results of this model are significantly more accurate than predictions based on the 

UGR.  

  Both Bargary et al. (2015b) and Scheir et al (2018) employed forced choice paired 

comparison for ranking light conditions according to their degree of discomfort. Bargary et al. 

(2015b) focussed on testing whether the new approach of physiological modelling was suitable for 

predicting discomfort glare and tested the influence of multiple factors for this purpose. Scheir et al 

(2018) had a similar goal, and specifically tested the influence of different non-uniform glare sources. 

The influence of source illuminance, background luminance, and glare source position were not tested 

in their investigation. 

In this research, the influence of these factors will be tested. More specific, this research will employ 

forced choice paired comparison to find out whether this method is suitable for modelling discomfort 

glare. If this research shows that forced choice paired comparison is an accurate method for reviewing 

these factors, the models as proposed by Bargary et al. (2015b) and Scheir et al (2018) can be 

improved to account for these factors. Because recent developments in discomfort glare research 

promise an approach in which models no longer have to be specific to a certain domain, ranges of 

stimuli will be chosen which can be encountered both in indoor and outdoor conditions. 
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Method 

Design  

  In a 3 (background luminance) x 4 (glare source luminance) x 3 (eccentricity) design 

experiment, participants are exposed to a series of lighting condition pairs. Those pairs are presented 

simultaneously to the participant in a haploscopic manner. By doing so, a reliable paired comparison 

can be made without introducing the possibility of anchoring or temporal effects, as discussed in the 

introduction. Furthermore, glare sources can be presented at different levels of adaptation 

simultaneously, so that the effect of background luminance can be isolated. For each trial, participants 

are asked to indicate the lighting condition (i.e. left or right) that causes them the most discomfort (i.e. 

a 2-alternative forced-choice experiment). Next to that, participants are asked to indicate the relative 

difference in discomfort within the presented pair of lighting conditions.  Between participants, the 

side to which the different background luminances are presented are randomized, so that a bias of one 

of the sides can be ruled out. By testing a multitude of combinations of lighting conditions, a ranking, 

from causing the least discomfort to causing the most discomfort, can be deduced. To test the 

hypotheses, a linear mixed model will be created in which the assessment of the different 

experimental conditions is expressed as a function of the variables source illuminance, background 

luminance, and eccentricity.  

 Stimuli  

  For the experiment, three levels of background luminance will be tested. The lowest level of 

background luminance is set to light levels encountered at night < 1 𝑐𝑑/𝑚2.  The middle level is set 

to a low level encountered in home settings ≈ 3.5 𝑐𝑑/𝑚2. The highest level is set to a light level 

encountered in an office environment ≈ 30 𝑐𝑑/𝑚2.  

  For the glare source illuminance, sources will be tuned to 2, 4, 8, 16, and 32 lux. A selection 

of 4 of these illuminances will be used per person, depending on their glare sensitivity; a BCD 

sensitivity measurement will determine whether participants will be exposed to the set [2, 4, 8, 16], [4, 

8, 16, 32], or [8, 16, 32, 64] lux.  

  Three vertical positions for the glare sources are tested. The participants focus on a marked 
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line straight ahead. The LED-luminaires will be positioned at 0°, 10°, and 20° from this line of vision. 

Commonly, in discomfort glare research, these angles are translated to the Guth position index 

(Lukiesch & Guth, 1949), which results in position index values of 1, 1.4, and 2.  

Level Background (𝑐𝑑/𝑚2) Glare source (Lux) Guth’s Position index 

1 1 𝑐𝑑/𝑚2 2 1 

2 3.5 𝑐𝑑/𝑚2 4 1.4 

3 30 𝑐𝑑/𝑚2 8 2 

4  16  

5  32  

6  64  

Table 1. Stimuli 

Participants 

  30 Participants are recruited on the Hight Tech Campus and the University of Technology in 

Eindhoven. People suffering from ocular diseases, people wearing glasses, and people above the age 

of 60 will be excluded from taking part in the experiment. The experiment will take about 30 minutes, 

consisting of 10 minutes explanation and 20 minutes experimental testing. Participants will not 

receive a monetary compensation for taking part in the experiment, instead some snacks were offered 

as a symbolic reward. 8 female and 22 male participants participated in the experiment, with an 

average age of 33.3 years (SD = 13.1). The youngest participant was 20 years old, and the oldest 

participant 60 years old.  

Setup 

  The experiment is conducted in a lab room were no natural light could enter. During the 

experiment, the participant is seated on a chair with his or her chin placed in a chin rest. A lightproof 

screen of 230 cm long is placed between the two eyes, separating right vision from left vision (figure 

2). At the end of the 230 cm separating-scree, two white board panels are positioned. These panels are 

illuminated by two broad-beamed luminaires and are used to set the background luminance for the left 
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and right side separately. On both background panels, three LED spots are placed that serve as glare 

sources (six in total). Participants look at a line marked on the background screen at 0 degrees. The 

glare sources are positioned at gaze direction (0 degrees), 40 cm above the horizontal (10 degrees) and 

80 cm above the horizontal (20 degrees). Appendix C shows a picture of the experimental setup from 

the perspective of the participant. Materials used in the setup are listed in Appendix E. 

 

Figure 2. Illustration of the top view of the experimental setup. 

 

Figure 3. Illustration of the experimental setup.  
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 Measurement  

  Two measurements are taken in the paired comparison experiment; first, with each trial, 

participants indicate which lighting condition (i.e. the left or right side) causes more discomfort. For 

this, a keypad is used on which the participant presses either the left key or right key. Second, the 

participant is asked to indicate the perceived magnitude of difference in discomfort between the two 

lighting conditions. On a scale from 1 (no or very little difference) to 4 (extreme difference), this 

difference is pronounced by the participant and written down by the researcher.  

 Procedure 

  Upon entrance, the lights in the lab room are set to a low light level so that participant start to 

adapt to low light levels. The participant then is explained that during the experiment, his/her 

perceived discomfort from glare sources will be measured, and that the produced data will be used to 

develop a model for discomfort from glare sources. Consequently, an informed consent form is 

handed to the participant, for which they are given the opportunity to read and ask questions about. 

After this, the participant is asked to sign the consent form.  

  First, the age and eye colour of the participant is noted down. Pierson et al. (2018) indicate 

that with older age, or with an increase in lightness of the iris pigmentation, a person’s sensitivity to 

discomfort glare increases. The experimental procedure consists of three parts: BCD sensation 

measurement, example trial run, experimental trials. The full procedure of the experiment can be 

found in Appendix D. 

  BCD sensation measurement. To ensure that the tested glare sources do elicit a sensation of 

discomfort for the participants, a glare sensitivity measurement is conducted. The lab room lights are 

turned off completely, and the broad-beamed luminaires that provide background lighting for the 

experiment are set to the lowest level (see table 1). The participant places his/her head in the chin rest 

and is instructed to focus his/her gaze on the line at 0 degrees. The glare sources at 0 degrees are 

turned on and off for two seconds with a two second interval starting from the lowest illuminance 

level. The participant is instructed to indicate whether the brightness causes discomfort. If the 

participant experiences no discomfort, the glare source illuminance is increased by one level, and the 

participant is again asked to indicate whether he/she experiences discomfort. When a discomfort glare 



EMPLOYING HAPLOSCOPIC FORCED CHOICE PAIRED COMPARISON FOR DISCOMFORT GLARE RESEARCH 28 
 

 
 

sensation is achieved, the corresponding glare source illuminance is saved. This procedure is then 

repeated for the two remaining background luminance levels (table 1). The discomfort glare threshold 

for the specific participant will be used to adjust the glare source illuminances in the experimental 

trials. For each level of background luminance, the glare source illuminances used in the experiment 

are adjusted according to the BCD sensitivity measurement (table 2). If, for each given background 

luminance level, the participant indicates to experience discomfort glare at glare source illuminance 

level 1, 2, or 3, glare source illuminance levels 1-4 are tested in the experiment. If the participant 

indicates to experience discomfort glare at glare level 4, levels 2-5 are tested. If the participant 

indicates to experience discomfort glare at glare level 5 or 6, level 3-6 are tested in the experiment. 

The set of glare source levels can be different for each background level, according to the BCD 

sensation measurement. For example: a participant will be presented with glare source levels 1-4 for 

background level 1, glare source levels 2-5 for background level 2, and glare source levels 3-6 for 

background level 3. 

Indicated BCD 

sensation 

Glare source levels 

tested in experiment 

1 1, 2, 3, 4 

2 1, 2, 3, 4 

3 1, 2, 3, 4 

4 2, 3, 4, 5 

5 3, 4, 5, 6 

6 3, 4, 5, 6 

 

Table 2. Levels of glare sources presented to the participants as a result of the BCD measurement. 

  Example trial run. To ensure the participant understands the actions he or she needs to 

perform, four example trials are performed. The participant is explained how to indicate what light 

condition (left or right) causes him or her more discomfort by using the keypad, and how to 

communicate the perceived magnitude of difference in discomfort glare sensation on a scale from 1 to 
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4. Because the influence of background luminance on glare sensation is tested, the background 

luminance level differs between both sides. The participant is randomly assigned to group one or 

group two; participants in group 1 will be presented with a lower background luminance level on the 

left side throughout the rest of the experiment, whereas those in group 2 encounter a lower 

background luminance level on the right side. For the remainder of this section, the procedure will be 

described from the perspective of participants assigned to group 1. The background on the left side is 

set to level 1, and on the right side to level 2. Before presenting the stimuli, the participant has 30 

seconds to adapt to said background levels. After this adaptation time, glare sources at randomly 

selected illuminance level and randomly selected positions on both sides are turned on for two 

seconds and then turned off again. The time the glare source is active must be short enough as to not 

influence the level of adaptation too much, and long enough so that participants can make a deliberate 

assessment of the conditions. During a pre-test, a two second period was deemed sufficiently long to 

make this assessment (in comparison to periods of 0.5, 1, 1.5, 2.5, and 3 seconds). The glare source 

levels and positions can be different or the same. For example: the glare source on the left side toggles 

at illuminance level 2 and position 3, and the glare source on the right toggles at illuminance level 4 

and position 2. The participant now indicates the side that causes more discomfort on the keypad, and 

verbally expresses the perceived magnitude of difference. The glare sources stay turned off for two 

seconds, after which the next trial is presented to the participant. In this part of the experiment, four 

trials are conducted to get the participant acquainted with the procedures. After the four trials, the 

participant is asked whether the task is clear, and receives additional information if required. 

 Experimental trials. Before the start of the experimental trials, the participant is reminded to 

keep his / her gaze directed at the marked line, and to keep his/her head positioned in the chin rest 

throughout the remainder of the experiment. A total of 3 (background level) x 4 (glare source level) x 

3 (position) = 36 unique combinations of light conditions can be presented. The experimental trials 

are subdivided into three clusters. In the first cluster, the background level on the left side is constant 

at level 1, and the background level on the right constant at level 2. For the second cluster, the 

background level on the left side stays constant at level 1, and the background level on the right 

constant at level 3. For the last cluster, the background level on the left side stays constant at level 2, 
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and the background level on the right side at level 3. Per cluster, the total amount of possible 

combinations between the left and right side is 1 (background level left) x 4 (glare source level left) x 

3 ( position left) x 1 (background level right) x 4 (glare source level right) x 3 (position right) = 144 

combinations. Through a pre-test, the total amount of trials was set to 180, so that the total runtime of 

the experiment would be approximately 30 minutes (10 minutes of explanation and 20 minutes of 

trials). Consequently, 60 combinations were selected to be tested per cluster (Appendix A).  

  Before a new cluster is presented, a break of 30 seconds is inserted, so that the participant can 

adapt to the new background level. The order of presented background levels is not determined 

randomly but predetermined. This is done to minimize the needed time to adapt, since adapting to a 

higher level of background luminance happens faster than adapting to a lower level of background 

luminance (Hecht, Haig, & Chase, 1937). 

Cluster Trials Background level left Background level right 

1 0-60 1 2 

2 61-120 1 3 

3 121-180 2 3 

 

Table 3. Background levels tested for each set of trials. 
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  Results 

Dataset 

  Discomfort glare was tested in a paired comparison experiment, in which background 

luminance, glare source illuminance, and position of the glare source were varied. Each participant (N 

= 30) completed 180 trials, resulting in a dataset containing 180 x 30 = 5400 datapoints.   

  To review how similar participants are to each other, a dendrogram clustering analysis was 

performed using weighted average linkage. Clustering is formed in an iterative manner, clustering the 

most similar participants, or clusters, adding the participant to the cluster and repeating this process 

until all participants are clustered to a cluster. Figure 4 shows the result of the analysis using average 

linkage. The lower participants are linked together, the more similar their discomfort glare appraisals 

are. Participants 16 and 17 form separate clusters (i.e. show little similarity with other participants) 

and are considered outliers. Consequently, these participants are excluded from further analysis.  

As described in the method section, participants were randomly allocated in two groups: one group 

that was always presented the lower background on the left side, and vice versa. First, the data was 

corrected such that a choice for the left always indicated that that side caused more discomfort. In 

total, participants chose the lower background as glarier in 60.38% of the trials.  

  At the beginning of the experiment, participants’ BCD score was measured for the three 

levels of background luminance. The average score of these three measurements shall later be used as 

a measure of sensitivity to discomfort. Figure 5 shows the distribution of the average of the BCD 

sensitivity measurements against a normal distribution. A skewness/kurtosis test informs that this 

variable is not normally distributed with p < 0.05. 
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Figure 4. Dendrogram using weighted average linkage. 

 

Figure 5. Distribution of the BCD sensitivity variable against a normal curve. 
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General trends 

  First we checked whether similar effects of the factors source illuminance, background 

luminance, and position are found. To explore the trends, conditions were ranked using Thurstone’s 

ranking approach. Thurstone’s approach allows paired comparison data to be turned into a relative 

magnitude scale (Thurstone, 1927). By taking this approach, quick insights can be gained in the 

general effects of the factors that were tested in the experiment. Appendix A describes the level of 

source illuminance, background luminance, and source position for each condition used in the 

experiment. 

  Influence of source illuminance on relative magnitude of discomfort. Figure 6 highlights 

the relative magnitude of discomfort for every level of source illuminance over all conditions. From 

source illuminance level 2 up till 32 lux, the relative magnitude of discomfort increases. 

Unexpectedly, with a further increase to 32 and 64 lux, relative discomfort decreases again. 

 Influence of background luminance on relative magnitude of discomfort. Figure 7 shows 

the same data, now with the influence of background luminance highlighted. For the two lowest levels 

of background luminance (0.005 cd/m2 & 3.41 cd/m2), relative discomfort is approximately similar. 

For the highest background (30 cd/m2), the relative discomfort decreases.   

 

Figure 6. Relative magnitude of discomfort for all levels of glare source 
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 Influence of position of the glare source on relative magnitude of discomfort. Finally, the 

influence of position of glare source is highlighted in figure 8. When the background luminance is 

below 30 cd/m2, presenting the glare source in the line of sight (0 deg) consistently causes most 

discomfort, followed closely by the glare source at 10 deg. The glare sources at 20 deg cause the least 

discomfort for source illuminance below 30 cd/m2. At background luminance 30 cd/m2, the glare 

sources presented in the line of sight (0 deg) cause less discomfort than those presented above the line 

of sight, while the relative ranking of discomfort of sources presented at 10 and 20 degrees remains 

the same. This is caused by the choice of conditions presented in the forced choice experiment; 

conditions with background level 30 cd/m2 and glare source position 0 deg, the comparison condition 

always had its glare source at 0 deg. As such, no comparison data exists in which, at 30 cd/m2 

background luminance, a glare source at 0 deg is compared with a glare source at a different position. 

As such, this unexpected effect can be accounted for by data sparsity.  

 

Figure 7. Thurstone ranking with the median spline per level of background luminance 
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Figure 8. Thurstone ranking of all conditions with conditions at the same level of position connected. 

Model 1: predicting choice 

  Model establishment. The Thurstone ranking approach informs us about general trends. To 

investigate the contribution of the factors in more detail, a multilevel mixed effect generalized linear 

model is established that predicts how likely the preference of one condition over another condition is.  

As described in the method section, participants indicated which of two lighting conditions caused 

them more discomfort. Given the level of each of the factors that were varied (background luminance, 

source illuminance, and eccentricity), this choice can be predicted. The independent variables that are 

selected are the background luminances (cd/m2) for both sides, the source illuminance (cd/m2) for 

both sides, the position of the glare sources (according to Guth’s position index), and participants’ 

glare sensitivity as was measured using the BCD-measurement at the beginning of the experiment, 

captured by variable BCD sensitivity. Furthermore, the age and eye-colour of the participants are 

included in the model, as they were suggested to be of influence on glare sensitivity by Pierson et al. 

(2018). A multilevel generalized linear model with random intercept for each participant is fit. 

Because the preference from one condition over the other is modelled, the distribution for the 

response variable is set to binomial, and modelling is performed dichotomous (probit regression). For 

training this model, 80% of the data is randomly selected. After fitting the model, the remaining 20% 
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will be used as a test-set to check the model validity. By doing this, the validity of the model can be 

assessed more realistically, as data that has not been used in establishing the model is used for 

prediction. Furthermore, hypothesis 2 can be assessed in this way; if participants’ discomfort glare 

assessments are unreliable, the predictions by the 20% test data will be inaccurate. 

Factor Estimate Std. error Z value p—value 

Intercept -1.10 0.48 -2.28 0.022 

Background left 0.17 0.05 3.45 0.001 

Background right -0.21 0.03 -7.34 <0.001 

Source left -0.95 0.03 -29.40 <0.001 

Source right 0.97 0.03 30.60 <0.001 

Position 10 deg left 0.09 0.07 1.30 0.194 

Position 10 deg right -0.06 0.07 -0.84 0.400 

Position 20 right -0.20 0.07 -2.92 0.003 

BCD sensitivity 0.24 0.10 2.40 0.017 

Age x blue eyes 0.04 0.01 3.59 <0.001 

Random participant effect 0.34 0.10   

Table 4. Results of model 1. 

  Model interpretation. Table 4 shows the results of the fitted multilevel generalized linear 

model. To correctly interpret the model, some information about the way the data is structured is 

needed: the data has been restructured so that the background luminance presented on the left is 

always lower than the background luminance on the right. A choice with label 0 indicates that the left 

was perceived as causing more discomfort, and a choice with label 1 indicates that the right was 

perceived as causing more discomfort. Coefficients that are positive (> 0) thus indicate that an 

increase in this variable leads to an increase in probability that the right side will be perceived as 

causing more discomfort.  

  The model intercept at -1.10 reflects that by default, participants were more likely to perceive 

the condition presented at the left as causing more discomfort. The Wald chi-squared for the model is 
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978.90 (df = 13, p < 0.001). This means the null hypothesis that all coefficients on the independent 

variables in the equation are 0 is rejected. 

  Influence of background luminance. Considering the factors concerned with the influence 

of background luminance, a decrease in background luminance leads to a modest increase in 

discomfort glare (p < 0.05 for both factors). This effect is slightly (although not significantly) stronger 

for the background on the right (|-0.21| > |0.17|). Referring to the Thurstone ranking, a stronger 

decrease in discomfort was identifiable for the background at 30 cd/m2. This level of background 

luminance was only presented on the right (due to the restructuring of the data). As such, a similar 

effect can be identified as from the Thurstone ranking: an increase from 0.005 to 3.41 cd/m2 

background luminance leads to a smaller decrease in discomfort than an increase from 3.41 cd/m2 to 

30 cd/m2 background luminance.  

  Influence of source illuminance. Source illumination factors too show significant 

contributions to the perception of discomfort. The effects of the glare sources at both sides constitute 

the greatest contribution to probability of a condition being regarded as causing more discomfort. 

Considering the z-scores of the two variables for source illumination, the factors show to be most 

significant in determining the discomfort preference expression. With an increase in source 

illuminance in either condition, that condition’s likelihood to be cause more discomfort increases. 

  Influence of position. The factors describing the position of the glare sources indicate no 

significant effect of 10 deg with respect to sources presented at the line of sight (p > 0.05). Glare 

sources presented at the line of sight do cause significantly more discomfort than sources presented at 

20 degrees (p = 0.003).  

  Participant effects. The random effects with their standard error of participants are plotted in 

figure 9. The predicted posterior mean informs about the intercept at the participant level. Some 

variability exists between participants. The posterior means have an average of 0.004, with a standard 

deviation of 0.56. The lowest posterior mean (participant 8) is -1.16, and the highest posterior mean 

(participant 22) is 1.29.  

  Other effects. Participant’s sensitivity to glare sources measured using the BCD method 

improves the model’s performance (p = 0.017). The more sensitive participants are, the more likely 



EMPLOYING HAPLOSCOPIC FORCED CHOICE PAIRED COMPARISON FOR DISCOMFORT GLARE RESEARCH 38 
 

 
 

they are to regard the condition with lower background (i.e. the condition presented on the left side) as 

causing more discomfort. The model shows a significant effect for the interaction of age and the eye 

colour blue (p < 0.0015). Participants of older age with blue eyes show an increase in sensitivity for 

discomfort glare. Other interactions of age and eye colour are not significant. 

 

 

 

Figure 9. Predicted posterior means for each participant.  

  Model validation: predicted means. To validate the model, predictions are performed on the 

20% remaining data. The kernel density estimate plot displayed in figure 10 shows increased density 

towards 0 (left condition causes more discomfort). Furthermore, a minor spike can be seen towards 1 

(right condition causes more discomfort).  The red lines indicate the p25 and p75 mark, meaning 50% 

of predicted means are between 0.093 (p25) and 0.677 (p75). 

  Model validation: performance. Hypothesis 2 stated that, knowing the variables tested are 

significant predictors of discomfort glare, the model should predict better than random guesses (i.e. 

50% accuracy). We tested whether an accuracy of >75% can be obtained with the test dataset. This 
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subset has not been used in training the model and can thus be considered novel data. Predicted values 

were compared to the measured values of the choice participants made. From the test subset, 

containing 1,006 observations, 841 (83.64%) predictions were correct (i.e. the predicted response 

corresponds to the measured response). As such we can reject the null hypothesis that the method 

produces random, unreliable responses. Furthermore, support for H2 is found, with an accuracy of 

84% > 75%.  

 Model validation: residuals. Anscombe residuals are calculated for the test subset. 

Anscombe residuals provide a transformation towards normality, and as such, outliers can be 

identified by seeing which residuals are greater than an absolute value of 2. In total, 1006 predictions 

are made, of which 53 observations have an absolute Anscombe residual greater than 2 (figure 11). 

This means that for 5,3% of observations, the model performs insufficient. Of these 53 observations, 

22 observations account for a left choice, and 31 for a right choice. Figure 12 shows the distribution 

of Anscombe residuals for model 1, indicating an approximately normal distribution. A 

skewness/kurtosis test for normality informs a trend towards normality with p = 0.024. 

 

Figure 10. Kernel density plot for the predicted means for model 1. Lines mark the p25 and p75 of the 

distribution of means.  
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Figure 11. Anscombe residuals plotted against observation number. Points below -2 and above +2 

indicate these observations are outliers.  

 

Figure 12. Kernel density plot for the Anscombe residuals for model 1. 

  Model implications: contour plots. To provide practical insights into the model outcome, 

contour plots can be created. For various condition combinations, the just-noticeable differences can 

be calculated and as such, a visual representation can be made of the predicted probabilities for the 

condition that causes most discomfort. For instance, figure 13, 14, and 15 show the contour plot for 

the source presented on both sides for all combinations of background levels presented in the 

experiment. 
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Figure 13. Contour plot for background levels at 0.005 and 30 cd/m2. The middle grey area informs 

about condition combinations in which differences are not noticeable, black and light grey areas 

indicate the conditions above just noticeable difference. 

 

Figure 14. Contour plot for background levels at 3.41 and 30 cd/m2. The middle grey area informs 

about condition combinations in which differences are not noticeable, black and light grey areas 

indicate the conditions above just noticeable difference. 
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`  

Figure 15. Contour plot for background levels at 0.005 and 3.41 cd/m2. The middle grey area informs 

about condition combinations in which differences are not noticeable, black and light grey areas 

indicate the conditions above just noticeable difference. 
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Model 2: predicting relative magnitude of difference 

  Model establishment. Next to indicating the condition that caused more discomfort, 

participants also expressed the perceived magnitude of difference in discomfort on a scale from one to 

four. Compared to the expressed disfavour for one condition over the other, this measure has a greater 

resolution, but at the cost of decreased reliability, because the appraisal using a subjective scale is 

more prone to interpretation than the dichotomous decision of the first measure. Model 2 predicts this 

magnitude of difference in discomfort. The same factors that were used in model 1 are included in this 

model. Additionally, the square terms of the contrasts at both sides are included. According to the 

Naka-Rushton equation, discomfort increases in a non-linear fashion. Because of this, a squared term 

of the contrasts should be able to account for some non-linear effects. Again, an 80:20 training test 

split is done. The Wald chi-squared for the model is 2394.99 (df = 15, p < 0.001). This means the null 

hypothesis that all coefficients on the independent variables in the equation are 0 is rejected. The 

Wald chi-square of model 2 indicates a vast improvement in comparison to model 1 (Δ = +1416.09).  

  Influence of factors. Table 5 shows the results of the model predicting the perceived 

magnitude of difference. Similar to model 1, we find significant contributions of both background 

luminance factors, of both source illuminance factors, the third position (20 deg), BCD sensitivity, 

and the interaction of age and blue eye colour. The added squared term of the contrast for conditions 

on the left and right both indicate significant contribution to the model performance (p = 0.001 for 

left, and p = 0.016 for right).  

  Participant effects. Figure 16 displays the random effects for participants. Again, some 

variance between participants is visible. Although some participants are fairly close to each other in 

terms of posterior mean (e.g. participants 11 & 4), significant differences between participants are not 

uncommon (e.g. participants 10 & 21). The posterior means have an average of -0.014, with a 

standard deviation of 0.54. The lowest posterior mean (participant 22) is -1.32, and the highest 

posterior mean (participant 14) is 1.01. 

  Model validation: predicted means. To validate the model, predictions will be performed on 

the 20% remaining data. The kernel density estimate plot displayed in figure 17 shows an 
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approximately normally distributed density plot for the model estimations. The red lines indicate the 

p25 and p75 mark, meaning 50% of predicted means are between -0.51 (p25) and 1.50 (p75). 

  Model validation: residuals. Residuals for model 2 are calculated for the test subset (figure 

18). In total, 1006 predictions are made. The residuals are tested for normality. A skewness/kurtosis 

test for normality confirms that the residuals are distributed normally with p = 0.11.  

Factor Estimate Std. error Z-value P-value 

Intercept 0.77 0.45 1.66 0.10 

Background left -0.28 0.07 -4.40 <0.001 

Background right 0.24 0.03 8.16 <0.001 

Source left 1.31 0.06 21.06 <0.001 

Source right -1.21 0.03 -37.5 <0.001 

Position 2 left -0.11 0.07 -1.60 0.109 

Position 2 right 0.07 0.07 1.09 0.276 

Position 3 right 0.28 0.07 4.09 <0.001 

BCD sensitivity -0.15 0.10 -1.57 0.116 

Age x blue eyes -0.04 0.01 -3.97 <0.001 

Contrast left squared -0.03 0.01 -3.21 0.001 

Contrast right squared 0.016 0.01 2.41 0.016 

Random participant effect 0.31 0.09   

Table 5. Results of model 2. 
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Figure 16. Predicted posterior means for each participant.  

 

 

Figure 17. Model estimations 
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Figure 18. Kernel density plot for the residuals for model 2 against a normal distribution. 

Model 3-5: Interocular transfer 

  Models establishment. To check whether no interocular transfer occurs, three additional 

models are presented. These models are compared to model 2 in which adaptation was assumed to be 

independent for both eyes (i.e. no interocular transfer). To see whether only the lower background 

luminance is of influence on discomfort, model 3 just considers the minimum background to be of 

influence on the discomfort glare judgement. Vice versa, for testing whether only the higher 

background luminance is of importance, model 4 with only the maximum background luminance is 

included. Model 5 considers the average of the two background luminances, reflecting a scenario in 

which some interocular transfer occurs. These three additional models are variations of model 2, 

where only the variables that directly model background luminance are varied. In describing these 

models, only the relative influence of the factors of these background variables are considered. Table 

6 shows the estimates for the background factors for the three models. 

  Comparing the models. A likelihood-ratio test is performed to check whether model 2 is 

significantly more accurate than the variations of model 2 (table 7). The model considering only the 

minimum of the two backgrounds (model 3) performs worst with an insignificant contribution of the 
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background factor, followed by the model considering the average background (model 5). Of the 

variations, model 4 shows the best performance. Model 2 outperforms all variations significantly. 

 

Model Model Wald chi2 Background factor(s) Estimate Std. error Z-value P-value 

Model 2 2394.99 Background left -0.288 0.066 -4.40 <0.001 

  Background right 0.238 0.029 8.16 <0.001 

Model 3 2290.74 Min background -0.041 0.059 0.49 0.49 

Model 4 2364.18 Max background 0.179 0.026 6.89 <0.001 

Model 5 2331.67 Average background 0.212 0.041 5.17 <0.001 

Table 6. Influence of background factors for models 2-5.    

Tested models Chi2 P-value 

Model 2, model 3 66.00 <0.001 

Model 2, model 4 19.28 <0.001 

Model 2, model 5 39.82 <0.001 

Table 7. Likelihood-ratio test for variations of model 2. 
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Discussion 

Similar effects of factors as with previous methods 

  Thurstone analysis. The Thurstone ranking as presented in figures 6, 7, and 8 indicates 

similar trends are found using the method described in this paper in comparison with established 

methods (Clear, 2013): an increase in source illuminance generally leads to an increase in discomfort, 

an increase in background luminance generally leads to a decrease in discomfort, an increase in glare 

source eccentricity generally leads to a decrease in discomfort.  

  It should be noted that the Thurstone ranking analysis only informs about global trends and 

should not be interpreted in terms of the significance of the factors tested. Inter-participant variance is 

not considered by this approach, which results in greater confidence intervals for the investigated 

factors.  

  With the source illuminance, an unexpected decrease in discomfort glare was found with 

illuminances at 32 and 64 lux. A possible explanation might be that the source illuminations of 32 and 

64 lux only tested against each other. To inspect this, table 8 shows the frequency of source 

illuminances against which sources of 32 and 64 lux were tested. In 78.6% of trials in which 32 and 

64 lux were tested, comparison was done with illuminances below 32 lux. This explanation is not 

satisfactory. The lower relative magnitude of discomfort can also not be explained by data sparsity, as 

illuminances of 32 and 64 lux were observed in 24.5% of all trials. 

  Model 1. Model 1 provides a more detailed analysis of the data. For the factors describing the 

background luminance and source illuminance, significant and directionally similar effects were 

found as in previous research. Therefore, hypotheses h1a and h2a are supported. For the glare source 

position, only a significant negative effect was found at 20 degrees eccentricity compared to glare 

sources at the line of sight. The direction of this effect corresponds to that found in previous literature: 

increasing eccentricity of the glare source leads to a decrease in discomfort glare. For the glare 

sources at 10 degrees, the coefficient is estimated to be approximately half of that of 20 degrees. 

Although not significant, the assumption can be made that the decrease in discomfort glare is 

continuous with an increase in eccentricity. Comparison of the differences in contribution of the 

factors is not feasible with the model at hand, as factors have not been standardized.  
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  Model 2. Model 2, modelling perceived magnitude of difference in discomfort instead of the 

choice, yields a better fit to modelling the experimental data. An explorative term that describes the 

squared term of contrast between background and source of the presented conditions was included. 

Modelling the contrast between background and glare source in a non-linear fashion increases the 

model’s performance. This is line with the research by Shapley and Enroth-Cugell (1984) who model 

the neural response to glare sources according to the Naka-Rushton equation.  

Source illuminance (lux) Frequency Percentage (%) 

2  32 2.04 

4 192 12.21 

8 460 29.26 

16 552 35.11 

32 168 10.69 

64 168 10.69 

Total 1572 100 

 

Table 8. Frequency of source illuminances tested against source illuminances above 32 lux. 

Reliability of intrapersonal judgment 

  Because the method of forced choice paired comparison in which conditions are presented in 

a haploscopic manner is novel to the field of discomfort glare research, the reliability of participants’ 

judgement needs to be assessed. The reliability can be extracted from the performance of the 

predictive models; if participants are not able to make deliberate choices between conditions, 

modelling the produced data would not be informative on the contribution of factors. Instead, 

predictions would be random and measured factors would not significantly contribute to the choice 

participants made. Model 1 and model 2 show that the measured factors contribute significantly, 

which indicates that the choices were not random, or that some relevant factors that bring about 

discomfort glare were measured. A more detailed perspective on the reliability of participant’s 

choices emerges from the analysis of model 1. As described in the results section, the model was 
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trained on a subset containing 80% randomly selected data, and validation was performed on the 

remaining 20% of the data. Analysis of the model performance on the validation data for model 1 

revealed that 83.64% was predicted accurately. If the model predictions were random, an accuracy of 

around 50% would be expected. It is safe to say that the accuracy produced by the model outperforms 

a random forecast. As such, support for hypothesis 2 is established: participants are able to make 

reliable judgements using the method of forced choice paired comparison in a haploscopic manner. 

Interocular transfer: ocular independence of adaptation 

  By presenting different levels of background levels to each individual eye, the assumption 

was made that the eyes adapt to light conditions individually. The employed method can only be used 

as a valid and reliable method for glare research if this assumption holds. Models 3-5 were established 

to test different effects of the haploscopic-approach. Although the specific contribution of influence of 

the backgrounds presented at the two individual eyes on the glare perception on one eye were not 

calculated, four scenarios were investigated. The first scenario assumed no interocular transfer (i.e. 

state of adaptation of eye → glare perception for eye), the second scenario assumed the minimum 

background luminance of the two presented conditions to be relevant in the glare perception (i.e. 

minimum state of adaptation of the two eyes → glare perception for one eye), the third scenario 

assumed the maximum background luminance of the two presented conditions to be relevant in the 

glare perception (i.e. maximum state of adaptation of the two eyes → glare perception for one eye), 

and the last scenario assumed the average of the two presented background luminances to be relevant 

in the glare perception (i.e. average state of adaptation of the two eyes → glare perception for one 

eye). Four models, with each implementing one of the four assumptions were established. 

Comparison shows that the model which assumes no interocular transfer (i.e. state of adaptation of the 

eye → glare perception for the eye) yields the best performance. Although no exact distribution of 

contribution of the two background luminances on discomfort glare perception was established, it 

seems likely that interocular transfer is minimal.  
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Methodology 

  This research’s main focus has been to investigate to what extent the novel methodology of 

haploscopic forced choice paired comparison can be applied to discomfort glare research. Through 

three hypotheses, the methodology’s accuracy and reliability were assessed. Finding support for 

hypothesis 1 confirms that the influence of established factors can be observed using this approach. 

Support for hypothesis 2 indicates that the employed method is reliable on an inter-personal level. 

And lastly, support for hypothesis 3 indicates that interocular transfer is minimal.  

  In the introduction, several common errors have been proposed. Three common errors were 

associated with paired comparison: comfort versus acceptance, reliance on memory, and procedural 

factors. In this research, participants were explicitly instructed to assess the conditions in terms of 

discomfort, and no record of acceptability has been made. Consequently, no information can be 

distilled about the (dis)similarity between the two concepts for the conditions presented in this 

experiment. Next, because conditions were presented to the participants in a haploscopic manner, 

participants did not have to rely on memory to make their assessment. Lastly, the influence of 

procedural factors as mentioned by Eble-Hankins and Waters (2005) were not measured in this 

research. No records were established of the meaning of glare to subjects. Because all participants 

were introduced to the experiment with the same instructions, their assessment did not solely depend 

on potential earlier meanings of discomfort glare. As this research did not focus on the influence of 

procedural factors like those described by Eble-Hankins and Waters (2005), and because glare 

assessments were done in a comparative manner, no extensive description of discomfort glare was 

deemed necessary. Instead, participants were instructed to express which conditions they deemed 

more discomfortable, and thereby potential bias from the description of discomfort glare was 

minimized.   

  A major downside of using the method of paired comparison is the need for relatively many 

observations in contrast to using rating scales. However, considering the product of rating scale 

approaches has shown to be ineffective for discomfort glare research, a sacrifice of efficiency for 

accuracy seems necessary.  



EMPLOYING HAPLOSCOPIC FORCED CHOICE PAIRED COMPARISON FOR DISCOMFORT GLARE RESEARCH 52 
 

 
 

Modelling discomfort glare 

  The models described in the results section differ considerably from commonly encountered 

models in discomfort glare research. Conventional models, that allow for a single light condition to be 

defined in the input, output some kind of relative score of discomfort glare for the given parameters 

(e.g. a BCD-score or a De-Boer-score). The models established in this research output either some 

probability of one condition causing more discomfort than the other (model 1), or some relative score 

of difference in discomfort between two conditions (model 2). As a consequence, the application of 

these two types of models differ. Instead of giving a rating according to some theoretical scale, the 

models presented in this research can be employed in comparing existing lighting conditions with 

potential improvements. For example, a prediction can be made about whether the proposed 

improvement will cause significantly (or noticeably) less discomfort (model 1), or how much less 

discomfort glare alternatives will cause in comparison to the existing condition (model 2). 

Nonetheless, this novel type of discomfort glare model still encounters some issues that were also 

present in conventional models.  

  First, interpersonal variability, although modeled, is not accounted for by the model. The 

factors that describe glare sensitivity, eye color, and sex do significantly contribute, but are not 

sufficient considering the remaining random effects of participants (see figure 9 & 16). As mentioned 

previously, improving our theoretical understanding of the mechanisms that cause discomfort glare 

will likely provide an improvement in modelling this interpersonal variability. However, the practical 

necessity of modelling interpersonal variability can be questioned. After all, the influence of external 

factors has been roughly established. In real world lighting applications, accounting for interpersonal 

variability can be considered mostly irrelevant; lighting applications for public spaces, office 

buildings, roads, or any other application in which multiple people reside simultaneously simply can’t 

be made perfectly suitable for everyone. An exception to this could be private spaces, such as private 

offices, or homes. In this case, specifically tailoring lighting conditions is valuable.  

  Then how should we deal with interpersonal variability in discomfort glare models? From 

establishing discomfort glare models, a sense of the general spread in discomfort glare appraisal can 

be distilled. With this spread in mind, certain claims can be made about lighting conditions: the 
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random effects of participants approximate a unimodal normal distribution with a wide kernel of 0.25 

on a total variable spread of ±2.5 (figure 19), and as such, when describing certain lighting conditions, 

discomfort glare can be defined in terms of the proportion of the population that is likely to 

experience discomfort glare. This approach reduces the need for modeling factors that are impractical 

to measure (i.e. neural processes as described in the introduction).   

 

Figure 19. Kernel density of the random effects of participants against a normal curve. 

  A second issue that was addressed previously is that models have generally been established 

by empirically fitting data. The models presented in this research have been established in a similar 

fashion, and as such do not tackle this issue. Instead, the findings of this research can help in the 

validation of theory-driven models. Scheir et al. (2018) presented a theory-driven model for predicting 

discomfort glare from non-uniform glare source that was fitted using paired comparison data. 

Theoretical work on the influence of factors that were tested in this experiment (i.e. source brightness 

in contrast with adaptation brightness) as proposed by Bargary et al. (2015b) can, with the 

methodology tested in this research, be validated with a similar approach as that of Scheir et al. 

(2018).  

Shortcomings 

  During the experiment, each participant was presented 180 trials. Including the time for 

instructions, the experiment took ~30 minutes. Increasing the amount of trials, and thereby the length 
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of the experiment, would have resulted in a decrease in reliability due to fatigue of participants. In the 

180 trials, participants were shown 34 unique conditions. Testing every combination of conditions 

would have resulted in an experiment with 34*33 = 1122 trials. This, of course, is infeasible for one 

experimental run. Because of this, a selection of combinations of conditions was made in which 

combinations that previous literature would deem most obvious were omitted (i.e. combining a 

condition with an expected low level of discomfort glare with an expected high level of discomfort). 

In appendix B, a table is displayed in which these combinations are highlighted in dark grey. Ideally, 

all combinations of conditions would be tested. In that case, a more accurate ranking of the relative 

level of perceived discomfort glare can be established per participant.  

  The assumption that no interocular transfer occurs was not tested in an exact manner. Three 

additional models were established with each testing a different contribution of background levels of 

both sides. The model that showed best performance (i.e. no interocular transfer) showed best 

performance, followed by the model assuming an average of the two backgrounds.  Although 

differences are marginal between these two models, the exact contribution of the two background can 

be anywhere between 0% and 50%. The relevance of knowing the exact degree of interocular transfer 

remains questionable; only marginal changes in the models’ performance occur depending on changes 

in the assumption of degree of interocular transfer. The relatively low contribution of background 

luminance for the choice participants made in the forced choice experiment can also be accounted for 

by the limited range of background luminances presented. The experiments tested background levels 

at 0.005, 3.41, and 30 cd/m2, where the lowest represents night light, and the highest a relatively low-

lit office environment. Testing greater contrasts between background luminances might result in a 

more explicit contribution in the model. However, according to the theory presented in Shapley and 

Enroth-Cugell (1984), the neural signal that leads to discomfort glare according to Bargary et al. 

(2015b), is a function of the weighted contrast between background and glare source. As such, with an 

increasing background, a greater absolute contrast is necessary to arouse a similar level of discomfort 

glare. Considering this, testing the higher range of background luminances is not of interest per se, but 

rather measuring greater contrast so that the effects might become more prevalent. A similar 

shortcoming can be identified for the variables source brightness and position. The ranges of both 
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variables were limited with the duration of the experiment in mind. The level of glare source 

brightness was determined by a BCD sensitivity measurement. But because the borderline was 

determined in one trial per background level, the reliability of this value is not very reliable.  

ethics range. The position of the glare source only varied in the vertical line of sight. Claims about the 

effect of the glare sources at other positions cannot be made, as work by Kim and Kim (2010) 

suggests: the receptive field of the HVS ie not consistently spaced and sensitivity varies throughout.  

Contribution to literature 

  The results of this research should be considered explorative. Two recent developments in 

discomfort glare research are reflected in the approach of this research: firstly, models that were 

established in the pre-LED era do not translate well to modern LED lighting applications. As such, a 

need has emerged for models that not only capture the discomfort effects of older lighting 

applications, but also those of LED light applications. Instead of increasing the complexity of models 

by appending terms that account for the types of lighting and other technicalities, a more reasonable 

approach is to establish discomfort glare models from the perspective of the observer. As such, the 

physiological mechanisms become more relevant; the second recent development. Recent work by 

Donners et al. (2015), Bargary et al. (2015b) and Scheir et al. (2018) takes a new approach to 

modelling discomfort glare though working from a theoretical model of the human visual system. By 

using haploscopic forced choice paired comparison for obtaining discomfort glare data, the variability 

in appraisal of discomfort glare conditions can be reduced with respect to methods that use rating 

scales or adjustment approaches. This research shows that such a dataset can be established reliably 

using this novel approach. The combination of more accurate measures and theoretical foundation 

will be important in establishing general models that are not specific to one application (i.e. a limited 

range of background brightness, source brightness, sizes, number of sources, types of armatures, or 

type of light source).  
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Appendices 

Appendix A: Description of condition id. 

  source illuminance (lx)     

Background level Position 2 4 8 16 32 64 

0.005 cd/m2 0 ° 1 4 7 10 13 16 

0.005 cd/m2 10 ° 2 5 8 11 14 17 

0.005 cd/m2 20 ° 3 6 9 12 15 18 

3.41 cd/m2 0 ° 19 22 25 28 31 34 

3.41 cd/m2 10 ° 20 23 26 29 32 35 

3.41 cd/m2 20 ° 21 24 27 30 33 36 

30 cd/m2 0 ° 37 40 43 46 49 52 

30 cd/m2 10 ° 38 41 44 47 50 53 

30 cd/m2 20 ° 39 42 45 48 51 54 
 

Appendix B: Combinations of conditions tested in the experiment are highlighted.  
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Appendix C: Experimental setup from the perspective of the participant.  

 

Appendix D: Experimental procedure 

• Upon entrance: lab luminaires turned off 

• Turn on background lights (middle setting) 

• Seat participant 

• Ask for age, eye colour, and lenses 

• Hand over consent form 

• Explain procedure: 

o We will start with a sensitivity measurement. You will place your head in the chin 

rest and focus on the line at the height of the first light. Every two seconds you will 

see the sources flash. With the arrow keys on the keypad you will be able to adjust 

the brightness of these flashes. UP will increase the brightness, DOWN will decrease 

the brightness. Feel free to take your time for adjusting it to your needs. If you hear a 
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beep, it means you have reached either the lowest possible brightness, or the highest. 

Once you think the brightness of the light sources are uncomfortable, you can hit 

enter. The background luminance will then increase, and again you will be able to 

adjust the brightness, same procedure. We will do this for three different 

backgrounds. 

o After this sensitivity measurement I will tell you how the experiment continues. 

o It is important that you keep your head in the chin rest so that your left eye only 

perceives the left side of the setup, and your right eye only perceives the right side of 

the setup. That means both during the experiment, but also between the tasks. In other 

words: please keep your head in the chinrest for the remainder of the experiment. 

Furthermore, it is important to keep your eyes focussed on the horizontal lines for the 

remainder of the experiment. If any of this is too uncomfortable, please indicate this, 

so that we can take a short break. 

• Start BCD-measurement. Check if keyboard input matches the desired input. 

• Explain experiment procedure: 

o We will now continue to the actual experiment. As you have read in the consent form, 

this experiment is about discomfort caused by light sources. What will happen is you 

will focus on the line, and then the light sources will flash for a short period. The 

flashes will appear simultaneously on both sides, left and right. The flashes can be on 

the same height, but can also be at different heights, but please try to keep your eyes 

focussed on the line and not shift your focus towards the light sources.  

o Is this clear? 

o With the arrow keys you should then indicate which of the two flashes cause you 

more discomfort. In other words: which of the two was least comfortable. Press left if 

the left light source caused more discomfort, press right if the right source caused 

more discomfort. Sometimes the difference is obvious, but other times they might 

appear to be similar. Still, you should choose one. 

o Is this clear 
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o Next to this, we are also interested in the distance, or the difference between the two 

sides. Because of this I will ask you to tell me how big the perceived difference 

between the two sides is, and I will note this down on paper. Please indicate this on a 

scale from 1 to 4: 1 being very little difference, 4 being a big difference. You should 

indicate this for every flash. 

o Is this clear? 

o The next flash will only start after you have indicated your preference, so please 

respond during or soon after the flashes.  

o Is this clear? 

o We will start with a test run so that you can get used to the procedure. You will be 

presented with four light settings, so you should indicate which source causes more 

discomfort four times by pressing the arrow keys. You will hear a beep, and soon 

after that the first flash will appear, after this there will be no more beeps for this test 

run. 

o Is this clear?  

• Start test run 

• Ask if the procedure is clear 

• Explain main experiment 

o We will now start the experiment. The procedure will be the same as the test run: you 

will indicate which light source caused the most discomfort with the keypad, and you 

will tell me how big the difference is on a scale from 1 to 4.  

o Is this clear? 

o The experiment will take approximately 30 minutes. It is divided into three parts. In 

each part you will see 60 pairs of flashes. After this, the background luminance will 

change, and you will have 30 seconds to adapt. During this intermission, it is 

important to keep your head in the chin rest and to make sure your left eye only sees 

the left side and the right eye only sees the right eye. At the end of this short 
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intermission (approximately 30 seconds) you will hear a brief beep, and soon after 

that the next 60 pairs will be presented. In total you will judge 180 pairs of flashes. 

o Is this clear? 

Appendix E: Materials. 

  Glare source. 6 * Philips LED ST740T LED27S/827 PSU WB WH LIN 

  Background lights.  2 * Philips DN572B LED24S/830  

  DMX Controller. 2 * POWERdrive 106/S 

 


