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Abstract - As well-being is becoming a major challenge in construction nowadays alongside energy 

efficiency, there is an increasing need to be able to quantify discomfort in buildings. In the case of 

discomfort glare, the kind of glare provoking an irritating or distracting effect, no current indices can 

properly explain the high variability existing between individuals’ discomfort glare perceptions. This is 

due to the fact that some of the factors influencing discomfort glare perception are still unknown and 

the mechanism behind the discomfort glare process is not well understood. Therefore, this paper aims 

to review the factors potentially influencing discomfort glare perception from daylight. Every factor 

having been studied at least once for its potential influence on discomfort glare perception has been 

listed, described and analyzed. Furthermore, this study categorizes the influence of these factors on 

discomfort glare by introducing an influence indicator based on the number of studies having 

investigated the factor, the sample size of these studies, and the agreement between them. The suggested 

categories rate a factor influence as “almost certain”, “more likely”, “somewhat likely”, “inconclusive”, 

“somewhat unlikely”, “less likely”, or “almost certainly null”. Tables summarize the main information 

about the studies and the influencing factors. As expected, factors almost certainly influencing 

discomfort glare perception are the luminance of the glare source, the adaptation level, the contrast 

effect, the size and position of the glare source. On the opposite, factors which almost certainly do not 

influence discomfort glare perception are the gender and the optical correction of the observer. All other 

factors from the list of thirty, such as the attractiveness of the view through the window or the culture 

of the observer, require additional studies to determine whether or not they are influencing discomfort 

glare perception. 
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1. Introduction 

Nowadays, energy efficiency and well-being are both major challenges in construction. With the rapid 

development of new technologies, systems are implemented in buildings to control interactions and 

operations of special techniques such as heating, ventilation or air conditioning. This is also the case for 

lighting. In a growing number of office buildings, shading devices and artificial lighting are integrated 

in systems working on the basis of models and sensors. The control algorithms implemented in these 

systems aim to use indices such as the Daylight Glare Probability (DGP) or the Discomfort Glare Index 

(DGI) to evaluate visual discomfort. Thresholds of visual discomfort are therefore predetermined in the 

models and if the values evaluated by the indices are not consistent with these thresholds, actions are 

taken by the system (Chaiwiwatworakul et al. 2009, Chan and Tzempelikos 2013, Goovaerts et al. 2017, 

Shen et al. 2014). But the visual discomfort indices used in those systems have not been developed to 

provide such accurate threshold values. This is especially true for indices predicting discomfort glare, 

which is the kind of glare provoking an irritating or distracting effect but not impairing the view (CIE 

1983). As the mechanisms governing discomfort glare are still unknown, current indices predict the 

degree of perceived discomfort glare by approximating a value, but certainly not by defining a precise 

threshold. Approximating the degree of perceived discomfort glare has been the best way so far to take 

this effect into consideration in the occupant’s well-being evaluation. 

 

There exists a high variability between individuals’ discomfort glare perception, as it has already been 

pointed out several times (Boyce 2014, Eble-Hankins and Waters 2005, Galasiu and Veitch 2006, 
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Rodriguez and Pattini 2014, Stone and Harker 1973, Van Den Wymelenberg et al. 2010, Wirtschafter 

and Bourassa 1966). This variability could probably be better understood by reconsidering discomfort 

glare indices. In addition to the physical quantities currently used, other variables such as physiological 

or psychological factors could influence the degree of perceived discomfort glare and explain this large 

variability between individuals. One of the current knowledge gaps in discomfort glare is the lack of 

information about the moderating effect of culture, age or outside view for instance (Van Den 

Wymelenberg 2014). 

 

This paper aims to go back to the foundations of discomfort glare indices by making an exhaustive 

review of factors potentially influencing the degree of perceived discomfort glare from windows. First, 

a contextualization of what is currently acknowledged on discomfort glare from daylight is given. 

Common variables and indices related to discomfort glare from windows are summarized as well as the 

method used to define the factors influencing discomfort glare perception. Every factor having at least 

been the object of an experiment as a potential element influencing discomfort glare perception is listed, 

described and analyzed. At last, the conclusion sums up the factors and put forward some suggestions 

for future research on discomfort glare from daylighting. 

 

2. Assessment of daylight discomfort glare factors 

In order to describe the factors playing a role in a particular process, understanding the mechanism 

behind this process is highly recommended. This is not conceivable for discomfort glare since there is 

no solid scientific explanation behind this process. Discomfort glare is defined by the Commission 

Internationale de l’Eclairage (CIE 1983) as “glare which causes discomfort without necessarily 

impairing the vision of objects”. The indices developed to predict the degree of perceived discomfort 

glare are made of variables which contributions have only been proved through statistical inferences. 

 

Four physical quantities are commonly used as variables of discomfort glare equations. These variables, 

related to lighting or to space, are: 

 

- the luminance of the glare source, which is the intensity of the luminous flux emitted par unit 

area of the source; 

- the adaptation level, which is either defined as the luminance of the background or as the vertical 

illuminance at eye level, namely the luminous flux reaching the eye; 

- the solid angle of the glare source, which expresses the seen size of the glare source; 

- the position index, which is a correction factor considering the horizontal and vertical 

displacements of a glare source from the line of vision of the observer. 

 

These four variables were already mentioned by the CIE as the four physical quantities influencing 

discomfort glare (CIE 1983). Nowadays, most indices assessing the degree of perceived discomfort glare 

use them as only variables. They will be described thoroughly in Section III. 

 

More than sixty years of research have demonstrated that discomfort glare is a sort of visual discomfort 

due to two main causes (Iwata et al. 2011a). Glare is defined as a “condition of vision in which there is 

discomfort (discomfort glare) or a reduction in the ability to see details or objects (disability glare), 

caused by an unsuitable distribution or range of luminance, or to extreme contrasts” (CEN 2011). The 

two causes of discomfort glare can therefore be described as: 

 

- the total amount of light reaching the observer’s eyes is too large. This means that even if the 

source was seen under a proper contrast with the background, the observer would feel 

discomfort as his or her eyes could not adapt to the light. This first cause of discomfort glare is 

called the saturation or absolute glare. 

- the contrast between the viewing direction (e.g. visual task) and a bright spot in the field of view 

is too strong. Either the observer’s eyes adapt to the relatively low luminance of the visual task 

causing the luminance of the glare source to be too high, or the observer’s eyes are forced to 



 

3 
 

adapt to a bright environment and the visual task is perceived as too dim. This discomfort glare 

is called the contrast or relative glare. 

 

These two causes, namely the saturation effect and the contrast effect, should be implemented in current 

discomfort glare indices. The distance and the position of the glare source in the field of view should 

also be taken into account as discomfort glare perception will vary whether the observer is far or close 

to the glare source and whether the glare source is in the central or lateral part of the field of view. 

 

Hopkinson was the first to develop an index assessing the degree of perceived discomfort glare from 

windows with the Cornell equation (Hopkinson 1972). The index was then modified by Chauvel et al. 

(Chauvel et al. 1982) to become the Daylight Glare Index (DGI): 
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where Ls,i is the luminance of the glare source(s) [cd/m²]; ωi the solid angle of the glare source(s); Lb the 

luminance of the background [cd/m²]; ω the solid angle of the window; Lwin the luminance of the window 

[cd/m²]; Pi the position index relative to the glare source(s). 

 

The DGI delivers a value between 16 and 28, being considered respectively as just perceptible 

discomfort glare and just intolerable discomfort glare. A contradiction appears already in the formula as 

the authors differentiate between the luminance of the source and the luminance of the window which 

is supposed be the glare source in the case of daylighting. This issue will be addressed in the following 

section. 

 

Iwata et al. started developing another index to assess the degree of perceived discomfort glare from 

windows which was first called the Glare Sensation Vote (GSV) (Iwata et al. 1992a, Iwata et al. 1992b). 

The GSV index was revised some years later into the Predicted Glare Sensation Vote (PGSV) (Iwata 

and Osterhaus 2010, Tokura et al. 1996): 
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where Lb is the background luminance [cd/m²]; Ls the luminance of the source [cd/m²]; Lave the mean 

luminance of the visual field [cd/m²]; Lad the adaptation luminance [cd/m²]; EV is the vertical eye 

illuminance [lux]; ω the solid angle of the window. The PGSV is the only index which accounts 

explicitly for the two causes of discomfort glare, namely the contrast and saturation glare. 

 

The PGSV values are in the range from 0 to 3, meaning respectively just perceptible and just intolerable 

discomfort glare. The position index is not included in this formula because the glare source, thus the 

window, is expected to be always on the line of vision of the observer. 

 

Wienold and Christoffersen (Wienold and Christoffersen 2006) also developed a discomfort glare index 

for daylighting, which is called the Daylight Glare Probability (DGP): 
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where EV is the vertical eye illuminance [lux]; Ls,i the luminance of the glare source(s) [cd/m²]; ωi the 

solid angle of the glare source(s); Pi the position index relative to the glare source(s). 

 

The DGP, unlike other indices, expresses the probability that a person will be disturbed by glare. Its 

validated range goes from 0,2 to 0,8. A differentiating characteristic of DGP is that it uses the vertical 

illuminance at eye level as adaptation level. The formula is made of two main terms; the illuminance 

term standing for the saturation effect and the contrast term with the ratio between the glare sources and 

the adaptation level. The two terms will be analyzed in the following section. 

 

These three indices are the most commonly used to predict discomfort glare from daylighting. They all 

have been developed through laboratory experiments. The experiment methodologies consist of asking 

the subjects to rate their perceived discomfort glare while measures of the luminous environment are 

taken. The parameters and the formula are defined to get the best correlation between the perceived and 

measured assessments of discomfort glare. 

 

The same method, namely statistical inference, has been used so far to evaluate the influence of several 

factors on discomfort glare perception. To get rid of any interference between the studied factors, all the 

experimental conditions have to be controlled. This might be an important challenge when studying 

daylight glare from windows since daylight cannot be regulated. Similar lighting conditions can be 

achieved in laboratory experiments, by using a rotating cell (Rodriguez et al. 2016, Wienold and 

Christoffersen 2006), but hardly in field studies. Moreover, the notion of discomfort might be related to 

some psychological factors that, similarly, cannot be controlled. Another important issue of statistical 

analyses is the dependency of factors. Two factors are considered dependent on each other when the 

effect of one can be explained by the effect of the second. Therefore, only one of two dependent factors 

should be used as a variable influencing the perceived discomfort glare. 

 

The factors later discussed in this paper are reported as having a potential influence on perceived 

discomfort glare. The criterion to discuss them is that at least one study investigated their effect, 

argumenting that the factor could have an influence on discomfort glare perception. But factors are not 

always studied under daylight conditions since some here-referenced experiments used artificial light or 

simulated windows as glare sources. The influence of a factor studied under artificial lighting conditions 

is assumed to be transferable to daylight conditions. Precautions should, however, be taken when 

interpreting the results as some studies (Borisuit et al. 2015, Laurentin et al. 2000) confirmed that people 

perceive discomfort glare differently whether it is from artificial lighting or daylighting. 

 

All factors having been the object of at least one study as a potential variable of discomfort glare 

perception are reviewed and classified according to whether they are related to the lighting, to the context 

or to the observer. They are all listed in Tables 1 to 7, with the reference of the authors who investigated 

their effect on discomfort glare, listed in chronological order. To get a hint of the size of each study 

referenced, the Subjects column contains the number of subjects having taken part in the study. The 

Evaluations column gives the total number of glare evaluations if the study referenced is a field or 

laboratory experiment, namely a study involving subjective evaluations compared to physical 

measurements of glare. The total number of glare evaluations is the number of subjects times the number 

of condition(s) times the number of subjective glare evaluation(s) per condition. If the published study 

consists in a literature review or presents results from several past studies, an “R” letter is mentioned 

since the sample size and the number of glare evaluations cannot be displayed. If the study is based on 

a survey, which means that no measurements of glare are collected, an “S” letter is added next to the 

total number of participants in the survey. When the glare evaluation is made objectively, namely when 

glare perception is measured through a physiological response rather than evaluated by the subject 

(Iodice et al. 2017), an “O” letter is annotated. If the number of subjects, glare evaluations, or influence 

direction could not be determined from the publication, a “?” symbol is mentioned in place of the 

missing information. At last, a “P” letter means that the influence of the factor deduced from the 

publication does not refer to the study, but to the authors’ point of view. 
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Furthermore, the Influence column indicates whether an influence of the factor on discomfort glare 

perception is endorsed (V) or denied (X) by the study referenced. For all studies supporting the influence 

of a factor, an additional information is given in the Influence direction column. This column gives an 

overview of the agreement rate on the direction of the influence (increase or decrease of discomfort 

glare perception). For instance, two “A” letters for two studies having investigated the same factor mean 

that the two studies agree that discomfort glare perception is reduced or increased by the factor at stake. 

 

In addition, an Influence indicator is proposed by the authors to express the likelihood –or unlikelihood– 

of the influence of the factor on discomfort glare perception. This indicator is based on the number of 

studies supporting or rejecting the influence of the factor as well as the sample size of the experiments. 

For more than two studies investigating an influencing factor, the influence indicator is defined as 

follows (definition of “studies” and “large experiments” see below the listing): 

 

• almost certain if: 

    ≥ 5 large experiments support the influence with a similar meaning 

& ≥ 10 studies support the influence with a similar meaning 

& 0 large experiment rejects the influence 

& ≤ 1 study rejects the influence 

• more likely if: 

    ≥ 2 large experiments support the influence with a similar meaning 

& ≥ 7 studies support the influence with a similar meaning 

& ≤ 1 study rejects the influence 

• somewhat likely if: 

    ≥ 2 studies support the influence with a similar meaning 

& ≤ 1 study rejects the influence 

• inconclusive if: 

    any other case 

• somewhat unlikely if: 

    ≥ 2 studies reject the influence 

& ≤ 1 study supports the influence 

• less likely if: 

    ≥ 2 large experiments reject the influence 

& ≥ 7 studies reject the influence 

& ≤ 1 study supports the influence 

• almost certainly null if: 

    ≥ 5 large experiments reject the influence 

& ≥ 10 studies reject the influence 

& 0 large experiment supports the influence 

& ≤ 1 study supports the influence 

 

“Studies” include review studies, surveys, field and/or laboratory experiments. 

“Large experiments” include field and/or laboratory experiments with sample size of 30 subjects or 

more. 

 

For factors investigated by only one or two studies, the categories of the influence indicator have been 

defined as follows: 

 

• somewhat likely if: 

    ≥ 1 study support the influence with a similar meaning 

& 0 study rejects the influence 

• inconclusive if: 

    any other case 

• somewhat unlikely if: 

    ≥ 1 study reject the influence 
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& 0 study supports the influence. 

 

This influence indicator is suggested in order to summarize the information and help define a 

prioritization list for future research. However, other characteristics than the sample size of the 

referenced studies should obviously be taken into consideration for the evaluation of the relevance of a 

study, such as the design of the experiment, the accuracy of the measurements, or the statistics. Since 

this information is either not available or not applicable for an objective comparison, the sample size 

was used as the only characteristic representative of the study relevance. This influence indicator should 

therefore be used with awareness of its restrictions and the classification into categories should not be 

interpreted as definitive or exclusive. 

 

3. Description of daylight discomfort glare factors 

3.1. Related to the lighting 

3.1.1.  Lighting environment 

3.1.1.1. Luminance of the glare source 

As stated previously, the luminance of a glare source is the source intensity in the observer viewing 

direction per unit area of the source. From the beginning, experiments conducted to better understand 

the basic factors of discomfort glare determined the glare source brightness to be one of the major 

variables (Luckiesh and Guth 1949, Petherbridge and Hopkinson 1950). In his work to summarize the 

established facts on discomfort glare, Einhorn acknowledged that discomfort glare increases if the 

source luminance increases (Einhorn 1969, 1979). A study of Ngai and Boyce (Ngai and Boyce 2000) 

confirmed the influence of the glare source luminance some years later. More recently, a study from 

Völker et al. in road lighting confirmed one more time the influence of the luminance of the glare source 

on discomfort glare perception (Völker et al. 2017). 

 

The luminance of the glare source has already been considered as a discomfort glare index on its own. 

In this case, it was stated that the higher the luminance of the source, the more glare will be perceived 

(Carlucci et al. 2015). Other studies looked at the validity of the luminance of the window as a 

discomfort glare index in daylighting (Van Den Wymelenberg and Inanici 2016, Wienold and 

Christoffersen 2006). Moreover, glare source luminance thresholds have been suggested in different 

studies (Bülow-Hübe 2008, Dubois 2001, Lee et al. 2007, Shin et al. 2012), but until now, there has 

been no universal agreement on these threshold values. The use of unique luminance thresholds as 

discomfort glare indices should, however, be disregarded. Despite the correlation existing between the 

luminance of the glare source and discomfort glare perception, the luminance of the glare source alone 

cannot predict discomfort glare properly since other factors, such as the adaptation level (see § 1.1.2), 

the solid angle of the glare source (see § 1.2.1) or its position in the field of view (see § 1.2.2) have been 

acknowledged to significantly influence discomfort glare perception.  

 

In most of today’s daylight glare indices, the luminance of the glare source is not the only variable 

needed to predict the visual discomfort due to glare but is certainly one of the most important. However, 

one essential aspect to pay attention to is the meaning of “the source” when we assess discomfort glare 

from daylight. The glare source is naturally thought to be the window when studying daylight glare. But 

some years ago, the most common interpretation of the daylight glare source was the luminance of the 

patch of sky seen through the window (Chauvel et al. 1982, Hopkinson 1972, Velds 2000). Another 

interpretation of the glare source luminance was the one of Tokura and Iwata who referred to the vertical 

luminance of the window measured at one point in the center of the window (Tokura et al. 1996). For 

the development of the China Glare Index (Huang and Wang 2016), Huang and Wang used the average 

luminance of the entire window. However, during the development of the DGP index, Wienold observed 

that the window luminance did not correlate with subjects’ discomfort glare perception (Wienold 

2009a). Therefore, the bright spots in the field of view exceeding four times the task area average 

luminance were used as glare sources instead of the window. The task area does not contain areas of the 

window or any potential glare source in this case. 
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The non-uniformity of the window luminance should also be taken into account. The luminance 

distribution on a window plane will never be uniform in the real world as some parts will always be 

slightly brighter than others, due to the position of the sun or the clouds. Some obstacles in front of the 

window can even create shadows, making the range of luminance on the window plane larger. The 

orientation of the room can also play a role in the non-uniformity of the window. According to the 

orientation and latitude of a building, more direct sunlight will hit some of the building facades while 

other facades will never endure direct sun rays. In a Dutch office building, subjects reported more 

discomfort glare from windows facing South than East or West. The north orientation was the one 

causing the least problems with discomfort glare due to direct sunlight (Hellinga 2013). Moreover, 

several studies have pointed out that perceived discomfort glare from non-uniform sources is different 

than from uniform sources. Waters et al. observed that when a subject looks directly to a glare source, 

non-uniform sources are perceived as more glaring than uniform sources. On the contrary, when the 

glare source is in the observer’s periphery, non-uniform sources are perceived as less glaring (Waters et 

al. 1995). Velds partly confirmed this observation as she noticed that when asking subjects to rank the 

perceived visual discomfort, discomfort glare from non-uniform sources was higher than from uniform 

sources with identical average luminance (Velds 2000). Moreover, in a study with real windows, N. 

Tuaycharoen pointed out that a view with a wide range of luminance would result in higher perceived 

discomfort glare than a more uniform view (Tuaycharoen and Tregenza 2007). On the opposite, E. 

Mochizuki observed in an experiment with a real window covered with a screen that large glare sources 

with a non-uniform luminance distribution induced less discomfort glare than uniform glare sources 

(Mochizuki and Iwata 2005). This finding was supported by Eble-Hankins and Waters, as in their 

experiment, non-uniform glare sources were rated as less discomforting than uniform glare sources 

(Eble-Hankins and Waters 2009). However, it was also concluded from that experiment that the contrast 

spatial frequency of the non-uniform glare sources had a significant effect on discomfort perception, 

and that this effect would vary according to the position of the glare source in the field of view. This last 

observation could be an explanation for the contradiction found between the different studies. More 

recently, several studies having observed an influence of the non-uniformity of artificial glare sources, 

such as LEDs, on discomfort glare perception, are working on modifications and alternatives of the 

Unified Glare Rating (UGR) index for non-uniform light sources (Cai and Chung 2012, Donners et al. 

2016, Geerdinck et al. 2014, Scheir et al. 2015, Scheir et al. 2017, Tashiro et al. 2015, Yang et al. 2017). 

Hence, the non-uniformity of a window should be taken into account, excluding the average luminance 

of the window as the luminance of the glare source definition. 

 

Currently, glare sources in a daylit scene are generally defined as the bright spots in the field of view. 

The challenge still lies in the definition of an objective and universal method to identify these spots 

(Clear 2013). A first method was implemented in findglare (Ward 1993). This method identifies as glare 

sources every spot in a High Dynamic Range (HDR) image being seven times higher than the average 

luminance of this image. More recently, another method was developed by Wienold and Christoffersen 

to identify glare sources (Wienold and Christoffersen 2006). The algorithm of the tool Evalglare 

recommended for typical office situations calculates the average luminance of a given zone, such as the 

task area, from an HDR image and points up the spots having luminance x-times higher than the average 

luminance of the reference zone (Wienold 2009b). The task zone should not contain areas of the window 

and, therefore implicitly, any other potential glare source. These spots can then be evaluated as glare 

sources. 

 

The most advanced and reliable determination method of glare sources seems to be so far the task-

threshold-method. This is partly due to the fact that this method takes into account the adaptation process 

of the eye, but also considering that in a daylit environment, not only the window can be a source of 

glare. Daylight reflections might also generate discomfort and should therefore be considered as glare 

sources as well. This method can, however, lose robustness when the glare source is within the defined 

task area, which was explicitly excluded in the original publication of Wienold and Christoffersen 

(Wienold and Christoffersen 2006).  In this case, the glare identification threshold is dramatically 

increased and the method was demonstrated as being not sensitive enough for glare sources detection 

(Van Den Wymelenberg and Inanici 2014). This could be solved by applying other identification 

methods in this particular situation, such as a fixed glare identification threshold. Moreover, the task-
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threshold-method requires the arbitrary definition of a “threshold multiplier”, namely a factor by which 

the average luminance of the task area has to be multiplied to set the glare detection threshold. 

Depending on the choice of this threshold, the results of some of the glare metrics were shown to vary 

significantly (Sarey Khanie et al. 2015). 

 

In conclusion, the influence of the glare source luminance on perceived discomfort glare is not a matter 

of debate anymore. Recent studies confirm the high correlation existing between the luminance of a 

glare source and the perceived degree of discomfort glare (Chen et al. 2015, Huang et al. 2017, Lin et 

al. 2014, Rodriguez and Pattini 2014, Tyukhova 2015), although this correlation is not large enough to 

explain discomfort glare perception in entirety. The glare source luminance is the most decisive factor 

when assessing discomfort glare, but should not be used as a discomfort glare index on its own. This is 

due to the other factors playing a role in discomfort glare perception, such as the adaptation level. 

Moreover, the existing and commonly applied methods to detect glare sources nowadays lack robustness 

when applied to glare metrics only relying on glare sources. Further research is therefore needed to 

clarify the definition of discomfort glare sources. In the meanwhile, an efficient way of validating the 

glare sources detection made by an algorithm is by examining each image visually. 

 

3.1.1.2. Adaptation level 

The adaptation level can be defined as the light level in a room which sets the adaptation of the eyes to 

the luminous environment. According to the lighting conditions, the pupil either constricts or dilates, 

regulating the intensity of light coming on the retina. 

 

Stringham et al. investigated the effect of subject’s pupil diameter on discomfort glare perception of 

twenty-six subjects and found out a negative relationship between the two (Stringham et al. 2011). The 

statistical results indicated that the smaller the pupil diameter was, the higher the discomfort glare was 

perceived, despite a smaller amount of light reaching the retina. This last result might be paradoxical as 

it can be assumed that the wider the pupil diameter, the larger the amount of light entering the eyes and 

the higher the perceived discomfort glare. But the variation of the pupil size should not be looked at as 

a cause of discomfort glare but as a consequence. The pupil diameter responds to the surrounding 

luminous conditions. Therefore, when the light in the field of view is very bright, the pupil diameter 

tends to narrow and filter the amount of light in order to protect the retina. 

 

To allow the eye to adjust to the lighting conditions, a certain time, called the adaptation time, is needed. 

Hopkinson was the first to study whether the duration of exposure to a glare source has an influence on 

discomfort glare perception (Hopkinson 1957). The results of his experiment showed that momentary 

exposure produced more discomfort from glare than continuous exposure. This is not surprising since 

the momentary exposure in this study was only a few seconds long, which is a very short adaptation 

time. The duration time of exposure to large glare sources was studied by Iwata et al. in an experiment 

with a simulated window (Iwata et al. 1990). They observed that a glare source was already perceived 

as less glaring thirty seconds after exposure than immediately after it. Sivak et al. also studied the 

influence of exposure duration on discomfort glare perception in road lighting (Sivak et al. 1997). They 

observed that the longer was the exposure duration –with the shortest exposure being 0.125 and the 

longest 2 seconds-, the higher was the glare rating. More recently, in a study of Geerdinck, it was 

observed that the first assessment of glare was generally a good predictor for the glare perception after 

one hour, suggesting that a very long exposure time would not influence discomfort glare perception 

(Geerdinck 2012). This is the reason why in all subjective glare assessment experiments, subjects should 

be given some time to adapt to ambient lighting conditions. 

 

Two physical quantities have been used to evaluate the adaptation level in discomfort glare indices: the 

vertical illuminance at eye level and the background luminance. 

 

• Vertical illuminance at eye level 
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The illuminance is the total amount of the luminous flux reaching a surface, related to the surface area. 

The vertical illuminance at eye level provides a measure of the amount of light reaching the eyes of the 

observer. When included in a metric to stand for the adaptation level, the vertical illuminance takes into 

account the glare sources. 

 

The CIE Glare Index (CGI) was the first glare metric to include the term of vertical illuminance at eye 

level instead of background luminance as the adaptation level (Einhorn 1979). The illuminance of the 

scene was also used as an independent variable to evaluate discomfort glare in a study of Ngai and Boyce 

instead of the background luminance (Ngai and Boyce 2000). More recently, the vertical illuminance at 

eye level was referred to in the DGP formula (Wienold and Christoffersen 2006). The illuminance is 

included in the denominator of the contrast term to account for the adaptation level. 

 

• Background luminance 

 

The background luminance, although more often used in the beginning of discomfort glare research than 

the vertical illuminance, has been a controversial factor due to the uncertainty about its determination. 

The CIE definition of the background luminance is “the uniform luminance of the whole surroundings 

which produces the same illuminance on a vertical plane at the observer’s eye as the visual field under 

consideration excluding the glare sources” (CIE 1995). But in the literature, the definition of the 

background luminance is not always explicit and might be interpreted differently. 

 

Luckiesh and Guth first studied the effect of adaptation level by using an “extended visual field of 

uniform brightness” named the field brightness (Luckiesh and Guth 1949). In Petherbridge and 

Hopkinson’s first laboratory experiment on discomfort glare (Petherbridge and Hopkinson 1950), the 

adaptation level is defined as the “general background brightness of the surroundings”, which may 

suggest that the glare sources are included. Later, Hopkinson invoked the “surround luminance” as the 

adaptation level  in an expression assessing discomfort glare (Hopkinson 1957). Although no clear 

explanation is given to determine this surround luminance, it can be deduced that it excludes the glare 

sources. In the Daylighting book, the background luminance is referred to in the glare index as the 

luminance of the adapting visual field, which is a “function of the average luminance of the room 

interior” (Hopkinson et al. 1966). In a later expression of the glare index, the background luminance is 

further defined by Hopkinson as “the average luminance of the visual field in which the glare sources 

are seen” (Hopkinson 1972). In the current version of DGI by Chauvel et al., the background luminance 

is referred as “the average luminance of the interior surfaces of the room which contribute to the visual 

field of an occupant of the room” (Chauvel et al. 1982). From the explanations provided in the 

appendices of this last reference to measure the background luminance, the glare sources are assumed 

as not being included in the background luminance evaluation. On the other hand, Hopkinson and 

Chauvel et al. also mentioned that besides the background luminance, the window luminance should be 

added in the denominator of the glare index expression, since “the light from the large glaring light 

source is seen itself to affect the average luminance of the visual field” and therefore increase the 

adaptation of the eye (Chauvel et al. 1982, Hopkinson 1972). In a study on discomfort glare from 

daylight, Tokura et al. resorted to the background luminance as the average luminance in the field of 

view deduced from the vertical illuminance at eye level, minus the luminance of the window (Tokura et 

al. 1996). On the other hand, when working on a new version of the DGI index, Nazzal recommended 

the use of the “adaptation luminance” instead of background luminance (Nazzal 2005). In this case, the 

adaptation luminance includes the luminance of the window and is evaluated from the vertical 

illuminance. Kim and Koga recommended the use of the immediate background luminance, defined as 

“the luminance of the local background containing the source when the entire background consists of 

numerous local backgrounds” instead of the background luminance (Kim and Koga 2004). In road 

lighting, the average luminance of the road seems to be used as the adaptation luminance, although this 

is refuted by Völker et al. (Völker et al. 2017). 

 

Besides the fact that there is some confusion about what should be evaluated as the background 

luminance (Clear 2013), authors seem to disagree on the importance of its effect on discomfort glare 

perception. In a study with real windows, Iwata made the assumption that background luminance had a 
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small influence on the degree of discomfort glare (Iwata et al. 1992b). Moreover, Saur could not observe 

any influence of an increased background luminance on discomfort glare perception (Saur 1969). On 

the other hand, Kim and Koga concluded from their laboratory experiment on discomfort glare that “the 

background luminance is one of the main factors affecting the degree of discomfort glare” (Kim and 

Koga 2004). They added that the threshold luminance bearable for the subjects was mainly determined 

by the immediate background luminance. Recent studies also confirmed that discomfort glare perception 

can be significantly decreased with the addition of a luminous surround (Lin et al. 2014, Sweater-

Hickcox et al. 2012). 

 

Although nowadays, the background luminance is generally interpreted as the average luminance of the 

visual field excluding the glare sources (Bellia et al. 2008, Cantin and Dubois 2011, Carlucci et al. 2015, 

Jakubiec and Reinhart 2011, Kent 2016, Tyukhova 2015), other interpretations of this background 

luminance still occur, such as the average luminance of the visual field including the glare sources 

(Huang and Wang 2016), or the average luminance of the visual task (Hirning et al. 2014). There is thus 

a need to clarify what exactly the background luminance is. 

 

The CIE defines the background luminance as the indirect vertical illuminance at eye level divided by 

π (CIE 1995). Kim and Kim used a similar definition of the background luminance –replacing the 

indirect vertical illuminance by the total vertical illuminance- as an estimation of the average luminance 

of the field of view (Kim and Kim 2012). However, per definition, the vertical illuminance considers 

the cosine of the angle of incidence. Therefore, CIE definition is mathematically not equal to the 

background average luminance due to the ponderation with the cosine of the angle of incidence. For 

“almost homogeneous background” environments, the difference between the mathematical average and 

the CIE definition is small, and in practice, without impact. But it should be noted that software tools 

may calculate the background average luminance differently (e.g. by calculating the mathematical 

average luminance without ponderation with the cosine of the angle of incidence). From the CIE 

definition of the background luminance, it follows that the main difference between the vertical 

illuminance at eye level and the background luminance is the inclusion or exclusion of the glare sources 

in the evaluation of the term. Moreover, in most discomfort glare indices for large glare sources using 

the background luminance, the luminance of the glare source is added in the denominator with a certain 

weight to account for its effect on the observer’s eyes adaptation. Therefore, in practice, both methods 

are similar, except for the weighting of the glare source luminance and the π constant. Fisekis et al. 

compared the DGI values for two interpretations of the background luminance, namely on one hand the 

average luminance excluding the glare sources, and, on the other hand, the average luminance of the 

whole surroundings given by the division of the vertical illuminance by π (Fisekis et al. 2003). Although 

the double contribution of the source in the adaptation term was considered as a theoretical issue when 

using the second interpretation, it was concluded that excluding the glare source from the background 

luminance offered a better prediction of subjects’ discomfort glare assessments. 

 

In conclusion, what should be taken into consideration is that large glare sources covering a wide area 

in the field of view will change the adaptation level. The adaptation level of the eyes in the case of small 

sources is mainly influenced by the background luminance. In the case of large sources, the interaction 

of the glare source and the surroundings plays a role in the eyes adaptation process, as explained by 

Petherbridge and Hopkinson in 1950 (Petherbridge and Hopkinson 1950). In the current version of 

PGSV index, both approaches are used (Iwata et al. 2011b); on one hand, the background luminance 

excluding the glare sources is used in the term representing the contrast glare, and on the other hand, the 

adaptation luminance, evaluated from the vertical illuminance including the glare sources, is used in the 

term for the saturation glare type. 

 

3.1.1.3. Contrast effect 

One of the two types of discomfort glare is due to the contrast between the glare source and the 

adaptation level. Hopkinson came to this conclusion years before, distinguishing the contrast effect 

leading to the relative discomfort glare from the saturation effect leading to the absolute discomfort glare 

(Hopkinson et al. 1966). In most of current discomfort glare indices, the contrast effect is expressed as 
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a ratio. The ratio between the glare source luminance and the adaptation level appears for instance in 

DGI (Chauvel et al. 1982), PGSV (Iwata et al. 2011b) and DGP (Wienold and Christoffersen 2006), 

often associated with the solid angle of the glare source (§ 1.ii.a) and the position index (§ 1.ii.b). 

 

Chauvel et al. acknowledged the interaction between the luminance of the sky and that of the 

surroundings as being one of the two most important parameters in the assessment of glare from 

windows (Chauvel et al. 1982). Recently, Hirning et al. recommended the use of the ratio between the 

background and the window (Hirning et al. 2017) as this ratio is said to be a more sensitive parameter 

of discomfort glare perception than the ratio between the window and the task. On the other hand, a 

study based on a re-evaluation of an existing dataset suggests that there are certain definitions of 

luminance ratio, for instance the luminance ratio between the task area and the immediate surround, 

which have better correlations with subjective glare assessments in offices with daylighting (Hansen et 

al. 2016). In Carlucci et al.’s review of glare indices, the luminance ratio between the central zone of 

the field of view and the surroundings represents a discomfort glare index in itself (Carlucci et al. 2015). 

In the case of core zones of open-plan offices where discomfort glare is mainly due to contrast, it was 

also demonstrated that the ratio between maximum window luminance and visual task luminance 

performed much better at predicting discomfort glare than any other glare metrics (Konis 2014). 

Moreover, several studies have been carried out to determine the maximum luminance ratio between the 

source and the background in order to prevent discomfort glare (Linney 2008, Osterhaus 2009, Veitch 

and Newsham 2000).  

 

3.1.1.4. Saturation effect 

The second type of discomfort glare, the absolute glare, is occurring when the amount of light of a glare 

source exceeds a certain threshold, inducing glare regardless of the contrast in the visual field. This 

saturation effect has often been evaluated by the vertical illuminance at eye level. Although this term 

was never included in the factors influencing the perceived discomfort glare by the CIE, it seems that 

some authors still relate eye illuminance to visual discomfort caused by glare. 

 

In 1966, Bourassa and Wirtschafter concluded from an experiment that the discomfort glare threshold 

is directly linked to the total illuminance on the eyes (Bourassa and Wirtschafter 1966). Later on, Sivak 

et al. found out that illuminance at eye level strongly influences discomfort glare ratings (Sivak et al. 

1989). Similarly, during an experiment on discomfort glare from a real window, Iwata et al. observed 

that the vertical illuminance at eye level, or the amount of light entering the eyes, had the largest effect 

on the glare sensation vote (Iwata et al. 1992b). Velds also found a good correlation between glare 

assessments and measured vertical illuminance orientated towards the window (Velds 2000). Kim and 

Kim used the illuminance at eye level to evaluate an average luminance in the visual field (Kim and 

Kim 2012). They observed that the logarithm value of the so-calculated average luminance was in 

proportional relationship with the perceived discomfort glare values from the entire window. 

Consequently, they proposed an equation to determine a glare threshold in which the only variable is 

the vertical illuminance at eye level. The DGP also includes a specific term representing the absolute 

glare with the vertical illuminance at eye level (Wienold and Christoffersen 2006). And the current 

PGSV index differentiates between contrast and saturation effects by offering two distinct expressions 

(Iwata et al. 2011b). In road lighting, the vertical illuminance has been several times acknowledged to 

be a significant variable influencing discomfort glare rating (Sivak et al. 1997, Völker et al. 2017). 

 

To conclude this section, both glare types, the absolute and contrast glares, should be considered when 

evaluating glare from daylight. From the existing discomfort glare metrics, only PGSV and DGP are 

considering both types, either through two independent terms or with two different expressions. The 

DGI index, on the other hand, only considers the contrast effect. Therefore, it was demonstrated that 

when the glare source covers the entire field of view, DGI cannot properly predict discomfort glare 

(Inoue and Itoh 1989, Iwata and Tokura 1998). The issues of integration of both glare effects as well as 

source and background luminance distinction have already been discussed in the past (Clear 2013). 

Jakubiec and Reinhart also suggested that the prediction of visual discomfort should integrate several 

metrics since a single metric cannot cover all situations (Jakubiec and Reinhart 2016). Furthermore, in 
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the case of discomfort glare from daylight, more rigor regarding the definition of the glare sources and 

the adaptation level is required, as well as a deeper understanding of these terms. 

 
Table 1. Factors related to the lighting environment having a potential influence on discomfort glare perception 

from daylight. Author(s)/Year = authors having studied the factor, classified by chronological order; Subjects = 

number of subjects having participated in the study; Evaluations = number of glare evaluations made during the 

study; Influence = detection or not of an influence of the factor on discomfort glare perception in the study; 

Influence direction = direction of the influence of the factor (increase or decrease of discomfort glare perception) 

–should be used to evaluate the agreement rate between studies–; Influence indicator = likelihood of the influence 

of the factor on discomfort glare perception. 
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3.1.2.  Interaction between the observer and the glare source 

3.1.2.1. Size of the glare source as seen by the observer 

Although there is a clear definition of a glare source missing, the size of it is defined by the solid angle 

which expresses the width of the source as it appears to the observer eyes. Distance from the window is 

therefore impacting the way we perceive discomfort glare. The further away we are from the window, 

the smaller the solid angle subtended at the eye and the lesser is the perceived discomfort glare. Velds 

confirmed this effect in her PhD thesis as she observed that subjects at the back of the room felt in 

general less glare than the ones near the facade under similar lighting conditions (Velds 2000). Aries et 

al. also concluded from their survey on subject’s well-being at work that the further the subject sat from 

the window, the more satisfied he/she was since he/she experienced less discomfort glare (Aries et al. 

2010). 

 

The solid angle has always been included in discomfort glare formulas to account for the apparent area 

of the glare source (Einhorn 1969, 1979, Luckiesh and Guth 1949, Petherbridge and Hopkinson 1950). 

Since a glare source is not clearly defined, this indistinctness impacts also the usage of the size of a glare 

source. Hopkinson mentioned the solid angle subtended by the patch of sky seen through the window to 

refer to the glare source size (Hopkinson 1972) and was followed by Chauvel et al. some years later 

(Chauvel et al. 1982). In the first version of the GSV index, the source size is evaluated as the solid 

angle subtended by the entire window to the point of observation (Tokura et al. 1996). In the DGP index, 

the solid angle of a glare source is the sum of the solid angle of the pixels in a HDR image belonging to 

this glare source (Wienold and Christoffersen 2006). As already mentioned, more research is required 

to build a robust method to define glare sources so that their luminance and solid angle can be evaluated 

accurately. 

 

The solid angle of the glare source helps to describe the perceived degree of glare according to the 

distance of the observer from the source and the size of the source. It was assumed that discomfort glare 

perception has a negative linear relationship with the distance from the window and a bell-shaped 

relationship with the size of the window (Boubekri and Boyer 1992). Recently, Rodriguez and Pattini 

concluded from an experiment with a simulated window that the source size had the same impact on 

perceived discomfort glare than the luminance of the source (Rodriguez and Pattini 2014). Recent 

studies also confirmed that an increased solid angle produced more discomfort from glare (Lin et al. 

2014, Tyukhova 2015). 

 

3.1.2.2. Position of the glare source as seen by the observer 

To account for the difference in the perception of a glare source in relation to its position in the field of 

view, the position index P was introduced by Luckiesh and Guth in their study on discomfort glare from 

small sources (Luckiesh and Guth 1949). The index is a function of the vertical and angular displacement 

of the source from the line of vision of the observer. Although Petherbridge and Hopkinson did not refer 



 

14 
 

to Guth position index in their experiments, they acknowledged the influence of the displacement of the 

source from the direction of view on discomfort glare perception (Petherbridge and Hopkinson 1950). 

Later, while Einhorn endorsed the position index as one of the four main variables influencing 

discomfort glare perception (Einhorn 1969, 1979), Hopkinson described it as a function of the angles 

between the direction of the light source and the observer’s viewing direction (Hopkinson 1972). 

Whereas in Chauvel et al.’s DGI, the position index was determined thanks to the angles subtended by 

the glare source in the horizontal and vertical directions which were reported on a diagram (Chauvel et 

al. 1982). More recently, the vertical position of the glare source in the field of view was again 

acknowledged as influencing discomfort glare perception from laboratory studies (Chen et al. 2015, 

Eble-Hankins and Waters 2009, Huang et al. 2017, Lin et al. 2014, Tyukhova 2015). In road lighting as 

well, it was recognized that the larger the angle from the line of sight, the smaller the glare effect (Völker 

et al. 2017). 

 

The PGSV index (Tokura et al. 1996) does not include the position index, which means that it only 

predicts discomfort glare perceived in the observer’s line of sight. However, in a later study, Iwata and 

Tokura, investigated the difference between sensitivity to a glare source positioned above or below the 

line of vision (Iwata and Tokura 1997). They deduced, with the help of Einhorn, a new analytical 

equation applicable to glare sources located below the line of vision as they observed glare sensation 

was higher than when the source is in the upper part of the field of view. A modified position index was 

developed including two different expressions reflecting the upper and lower part of the field of view. 

The DGP index uses this modified position index (Wienold and Christoffersen 2006), namely Guth’s 

position index for sources located in the upper part of the field of view and Iwata-Einhorn’s for the lower 

part. 

 

The glare source configuration, which, in the case of discomfort glare from daylight, might have been 

interpreted as the window configuration, should also be mentioned as a potential influencing factor. 

Although Chauvel et al. did not find an effect of windows shape on discomfort glare perception (Chauvel 

et al. 1982), Iwata et al. observed that a simulated rectangular window did not generate the same glare 

perception to the observers than a square simulated window, depending on the direction of the view 

(Iwata et al. 1992a). However, some years later, Hellinga confirmed that “glare perception was not 

related to the different window configurations” (Hellinga 2013). 

 

The position of the glare source is considered as a factor influencing discomfort glare perception since 

existing literature agrees on the fact that the further the glare source from the line of vision, the less the 

perceived discomfort. Currently, Guth’s position index is used in most existing glare metrics, for 

daylight and electric light. Further research on the combination of Guth’s and Iwata-Einhorn’s position 

index would be needed to confirm its validity. Recently, several laboratory studies (Kim et al. 2009, 

Kim and Kim 2010, 2011, Kim and Koga 2005) were conducted to develop a new position index in 

which the difference between sensitivity to a glare source positioned above or below the line of vision 

is implemented. However, there is an inconsistency between the formula and the graph published. 

 
Table 2. Factors related to the interaction between the observer and the glare source having a potential influence 

on discomfort glare perception from daylight. Author(s)/Year = authors having studied the factor, classified by 

chronological order; Subjects = number of subjects having participated in the study; Evaluations = number of glare 

evaluations made during the study; Influence = detection or not of an influence of the factor on discomfort glare 

perception in the study; Influence direction = direction of the influence of the factor (increase or decrease of 

discomfort glare perception) –should be used to evaluate the agreement rate between studies–; Influence indicator 

= likelihood of the influence of the factor on discomfort glare perception. 



 

15 
 

 
 

3.2. Related to the context 

3.2.1.  Environment characteristics 

3.2.1.1. Spectrum and color temperature 

As the spectral power distribution or the correlated color temperature of daylight can vary with the type 

of glazing, as well as the weather and time of the day, it is worth studying the influence of these 

parameters on discomfort glare perception. 

 

As a matter of fact, it has been demonstrated several times that the color temperature of the light could 

have an impact on discomfort glare perception. In several experiments on car headlights and on LED 

lights, the glare source or the background color was shown to have a significant influence on discomfort 

glare perception, as blueish light was always perceived as more discomforting (Berman et al. 1995, 

Flannagan 1999, Kimura-Minoda and Ayama 2011, Sivak et al. 2005, Sweater-Hickcox et al. 2012, van 

Bommel 2015, Yang et al. 2016). Moreover, some authors have reinforced this observation by showing 

that glare sources with a large amount of short-wavelengths resulted in higher perceived discomfort 

glare (Akashi et al. 2013, Bullough 2009, Fekete et al. 2009, Sivak et al. 2005, Stringham et al. 2003, 

Yang et al. 2016). However, it has recently been demonstrated that metameric light sources, namely 

sources having different spectral power distributions but the same correlated color temperature, did not 

lead to different discomfort glare perceptions (Huang et al. 2017). This last observation implies that the 

spectral power distribution is not directly influencing discomfort glare perception, but the correlated 

color temperature is. The influence of the correlated color temperature of the light, namely the apparent 

color of the light, on discomfort glare has recently been demonstrated again in several studies (Chen et 

al. 2015, Lin et al. 2014, Völker et al. 2017, Wei et al. 2014, Zhang et al. 2013). But one study from Ko 

and Choi could not observe an influence of the color temperature of the glare source on discomfort glare 

perception (Ko and Choi 2017).  

 

Subsequently, glazing that filters some parts of the daylight spectrum causing it to appear colored, such 

as electrochromic glazing, might have an influence on discomfort glare perception. More research is 

required to extend the results of these studies on artificial glare sources for discomfort glare from filtered 

daylight. 
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3.2.1.2. View direction and position 

By changing our view direction or our position, the luminance distribution across the field of view is 

altered. Some researchers currently focus on integrating this new variable by developing either view-

independent or gaze-driven glare evaluation methods. The influence of view direction and position of 

the subject on his or her discomfort glare perception has indeed already been observed (Hirning et al. 

2016, Sekihara et al. 2016). 

 

The first step to take into account view direction into discomfort glare evaluation was made by Jakubiec 

and Reinhart with the ‘adaptive zone’ (Jakubiec and Reinhart 2011). They concluded that for one 

workplace, only one glare prediction should be considered, which is the lowest glare prediction in either 

of all directions. This is due to the fact that an occupant will select the least disruptive view direction 

and position within the adaptive zone to minimize the occurrence of discomfort glare for a particular 

workplace (Jakubiec and Reinhart 2016). Another study, using only simulations and no subjective glare 

evaluations, proposed a new glare evaluation method which should yield comparable results to the DGP-

based approach (Torres and Lo Verso 2015). This new evaluation is based on the cylindrical 

illuminance, namely the average of all vertical illuminances in all directions around a considered point, 

and has therefore the advantage of making the glare analysis view-independent. Vasquez et al. looked 

at the time spent by a subject in several view directions and the corresponding glare metrics values 

(Vásquez et al. 2016). Although they could not find any relationship between the two –probably due to 

the other factors influencing the view direction such as the visual interest–, they observed that the subject 

seemed to alternate the sight between more and less stressful view scenarios. At last, a study from Sarey 

Khanie et al. used a more sophisticated method with a mobile eye tracker and 270° HDR images in order 

to derive a gaze-centered luminance map (Sarey Khanie et al. 2017). A significant difference was noticed 

between the gaze-driven and fixed-gaze glare evaluation method when participants’ gaze was exploring 

the surroundings independently of the task. In the case of a scene with high luminance values, the view 

seems to avoid extreme regions containing discomfort glare. At last, a recent study from Iwata et al. 

showed that there was no difference in discomfort glare perception according to the position of the 

subjects towards the window –facing or perpendicular– (Iwata et al. 2017a). 

 

As these studies are quite recent, more insight is needed on the influence of gaze and position on 

discomfort glare perception. Also, a comparison between gaze-driven or view-independent glare 

evaluation methods would be necessary as it was acknowledged in the case of road lighting that glare 

evaluation methods with a fixed view lead to higher glare rating than methods with a free view (Völker 

et al. 2017). 

 

3.2.1.3. Attractiveness of the view through the window 

As mentioned years ago, the view through the window affects the judgment of discomfort glare from 

windows (Chauvel et al. 1982). “There is an underlying conflict in making an assessment in a highly 

glaring situation if the window has a pleasant view or one with a great deal of interesting information” 

(Hopkinson 1972). 

 

One of the first authors who showed a real effect of the view through the window on discomfort glare 

perception is Osterhaus (Osterhaus 2001). During a study conducted to identify the factors playing a 

role in the assessment of visual comfort in daylit office spaces, it was deduced from the results that 

discomfort glare might be less of an issue when there is an appealing view through the window. 

Likewise, Tuaycharoen and Tregenza conducted a large study on the effect of the view on perceived 

discomfort glare from windows (Tuaycharoen and Tregenza 2005). Their experiments showed that the 

tolerance to discomfort glare is increased when the source is an interesting image rather than a blank 

screen, and especially increased when the view contains elements of natural scenes instead of urban or 

man-made views. In order to validate their results, they conducted their experiments with real windows 

and under real daylighting conditions (Tuaycharoen and Tregenza 2007). They concluded that the best 

ranked view, namely the most attractive one, is significantly less glaring than the last ranked one which, 

in turn, is less glaring than the blank view. Moreover, views with natural scenes appeared to be 
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significantly less glaring than urban views and views with only one ‘distance layer’ produced more glare 

than views with three ‘distance layers’. A last experiment of Tuaycharoen at Naruesan University in 

Thailand produced similar conclusions (Tuaycharoen 2011). 

 

More authors studied the influence of window views on discomfort glare perception. Shin et al. observed 

from an experiment with a simulated window that tolerance to discomfort glare was higher for distant 

views including the sky layer than for near views and, surprisingly, lower for natural views than for 

man-made or urban views (Shin et al. 2012). From these observations, a new model to predict discomfort 

glare was suggested in which four characteristics of the view were included (Kim et al. 2012). Hellinga 

concluded in her PhD thesis that “the outside view might only affect the perceived amount of glare if it 

is very good or very bad, because otherwise other variables play a more important role” (Hellinga 2013) 

as no statistically significant correlation was found between occupant’s subjective impression of an 

outside view and their sensation of glare. Similarly, in two other studies on discomfort glare under 

daylight conditions (Hirning et al. 2014, Iwata et al. 2017a), no statistically significant correlation was 

found with the view attractiveness. Since many subjects were satisfied with their view content, this lack 

of expected result could be interpreted in the same way as in Hellinga’s thesis, which means that the 

view through the window only influences discomfort glare sensation when it is very good or very bad. 

 

What should also be considered is the impact that the view through the window can have on the subject’s 

acceptance towards discomfort glare. Wienold noticed during his PhD experiment that the acceptance 

of discomfort glare could increase in order to maintain the view although discomfort glare perception 

remains the same (Wienold 2009a). Therefore, shading controls strategies should be implemented in 

such a way that blinds do not block the view to the outside in order for the observers to keep a visual 

contact with the exterior (Iwata et al. 2017b). 

 

To conclude, the view through the window has a direct influence on the acceptance and perceived degree 

of discomfort glare, especially when the observer has a strong opinion about it. Nonetheless, two 

characteristics of the view should be taken into account: the interest and the extent of the view. 

 

3.2.1.4. Room temperature 

To date, only one study focuses on the influence of thermal comfort on discomfort glare perception in 

office environments. The results of this experiment (Yamin Garretón et al. 2015) showed that the 

subjects had a different tolerance towards discomfort glare when they were outside their thermal comfort 

zone. In a study on the interaction of comfort parameters (Laurentin et al. 2000), no influence of thermal 

conditions on visual discomfort could be found in the case of daylighting. However, the lack of effect 

might be due to the fact that the maximum temperature in the study was only 3°C above the thermal 

comfort zone (Inkarojrit 2005). 

 

Our perception of discomfort glare could also be influenced by other discomfort parameters such as 

humidity or noise. More research is needed to define these interactions properly. 

 
Table 3. Factors related to the environment characteristics having a potential influence on discomfort glare 

perception from daylight. Author(s)/Year = authors having studied the factor, classified by chronological order; 

Subjects = number of subjects having participated in the study; Evaluations = number of glare evaluations made 

during the study; Influence = detection or not of an influence of the factor on discomfort glare perception in the 

study; Influence direction = direction of the influence of the factor (increase or decrease of discomfort glare 

perception) –should be used to evaluate the agreement rate between studies–; Influence indicator = likelihood of 

the influence of the factor on discomfort glare perception. 
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3.2.2.  Glare experiment characteristics 

3.2.2.1. Time of the day 

Depending on the time of the day, our sensation of discomfort glare might be fluctuating. It was first 

demonstrated by two studies conducted under artificial lighting conditions that as the day progresses, 

tolerance towards discomfort glare increases (Altomonte et al. 2016a, 2016b, Kent et al. 2015a, Kent et 

al. 2015b). On the opposite, a study conducted by Borisuit et al. revealed no evolution of perceived glare 

sensation for a period of eight hours (Borisuit et al. 2015). However, no neutral basis was defined to 

compare the subjective glare evaluations made during the day in this last study as daylight might have 

been changing but no discomfort glare index was calculated. Recently, Kent et al. conducted another 

study under daylighting conditions to confirm the effect of time of day on discomfort glare perception 

(Kent et al. 2017a). They concluded that the time of the day could be one of the causes explaining the 

large variability between subjects’ discomfort glare perception, since a statistically significant influence 

of this factor was observed. 

 

3.2.2.2. Season 

A seasonal effect on discomfort glare perception means that depending on the season and its related 

daylight characteristics, tolerance towards discomfort glare might vary. 

 

Some authors have already suggested that subjects have a higher acceptance of the presence of sunlight 

in winter than in summer (Christoffersen et al. 2000, Nicol et al. 2006). In one of Van Den 

Wymelenberg’s experiments on discomfort glare, participants were significantly more sensitive to glare 

source brightness during fall than during summer, with a difference of approximately 100 cd/m² in glare 

source luminance (Van Den Wymelenberg 2012). This effect could, however, also be attributed to post-

awake sunlight availability, namely a smaller or larger amount of daylight prior to the experiment. 
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Since only one study could find an influence of seasons on discomfort glare perception, and since the 

seasonal influence might overlap with previous luminous environment (§ 3.iii.a), more research is 

required to conclude on the influence of this factor. 

 

3.2.2.3. Task difficulty 

Quite often, attention tasks, such as the Stroop test (MacLeod 1991), are used to assess the influence of 

the visual environment on workers’ productivity and concentration. However, some studies (Flannagan 

et al. 1990, Sivak et al. 1989) have shown that the task required while rating the visual environment 

could impact this rating. It is thus important to determine whether the perceived discomfort glare is 

influenced by the presence and the difficulty of a task, or the other way around. 

 

Sivak et al. concluded from an experiment on the influence of a visual task on discomfort glare ratings 

(Sivak et al. 1989) that more difficult tasks resulted in more discomforting glare responses, and that the 

effect was more noticeable at low levels of glare. Flannagan et al. conducted another experiment to 

extend these findings (Flannagan et al. 1990). Besides reinforcing Sivak et al.’s results on task difficulty, 

they showed that when subjects have to accomplish a visual task, perceived discomfort glare tends to be 

higher than when no task is required. On the opposite, Osterhaus and Bailey observed in a study on the 

effects of large area glare sources on discomfort glare perception that when a task was required, subjects 

tended to be less sensitive towards discomfort glare (Osterhaus and Bailey 1992). A recent study from 

Altomonte et al. demonstrated that the more difficult the visual task was, the higher the glare sensation 

was perceived (Altomonte et al. 2016a, 2016b). This effect was noticed to be more significant at earlier 

sessions during the day, although the authors warned on the potential interaction between temporal 

variables which could have affected the variation of glare response as the day progresses since a direct 

relationship was also found between fatigue and glare response. In road lighting, the influence of the 

task difficulty on discomfort glare perception has been recognized, although it is not yet sure whether 

more difficult tasks generate higher or lower discomfort glare perception (Völker et al. 2017). 

 

In the mentioned studies, glare assessments usually take place after the subjects have finished their task 

– not during the task itself. In addition to the need for further research on the influence of task difficulty 

on discomfort glare perception, discomfort glare assessments acquired from subjects while they are 

performing a task should be investigated against others acquired after the task. 

 

3.2.2.4.  Glare rating scales and experimental design 

Discomfort glare is almost never assessed objectively – its evaluation is, up to now, mainly relying on 

feedback by the use of questionnaires. The subject is asked to evaluate his or her perception of 

discomfort glare through rating scales, such as the De Boer scale (De Boer 1967), Hopkinson’s scale 

(Hopkinson 1971) or the Glare Sensation Vote (Iwata et al. 1992a). Several distortions can occur due to 

these rating scales or to the way the experiment is designed: 

 

• bias towards higher glare assessments 

 

Scales used to evaluate discomfort glare might lead the subject to acknowledge the presence of glare 

since “no glare” is often not a choice in the available responses on the rating scale (Fotios 2015). 

Subjects’ answers are thus biased as the reported stimulus is somehow imposed. Moreover, when asking 

questions about glare itself, the attention is drawn on it, forcing the glare option (Van Den Wymelenberg 

2014). The act of asking subjects to rate their discomfort glare may incite them to acknowledge 

something they would not have considered in other conditions. 

 

• interpretation of scale labels 

 

The various labels of existing rating scales may be interpreted in different ways, either between different 

subjects participating in a survey or between researchers using the scale labels differently (Fotios 2015, 

Kent and Fotios 2017, Osterhaus 2008, Rea 1982, Van Den Wymelenberg 2014). For instance, a survey 
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on the de Boer glare rating scale showed that the descriptor “Satisfactory” was most of the time 

misunderstood (Gellatly and Weintraub 1990). Another study showed a significant difference in 

interpretation between the perceived discomfort rating and the acceptance rating of glare (Geerdinck 

2012). According to the results, a setting that is acceptable is not necessarily comfortable, suggesting 

that these two concepts should not be merged in a single scale such as in the De Boer scale. 

  

• number of scale response points 

 

Due to the abundance of existing glare rating scales, the amount of response points is not fixed. Rating 

scales can have three (Osterhaus and Bailey 1992), four (Fisekis et al. 2003), five (Tuaycharoen and 

Tregenza 2007), six , seven , eight (Shin et al. 2012), nine (Carlucci et al. 2015), ten (Stringham et al. 

2011) or even more response points. The high variation in rating scale formats might have an influence 

on subject’s assessment (Fotios 2015), as this issue has already been covered in the literature for other 

research fields (Garland 1991, Weijters et al. 2010). 

 

• stimulus range bias 

 

The stimulus range available to the subject has a significant influence on his or her evaluation (Kent and 

Fotios 2017). Depending on the stimulus range presented, a situation might be rated as comfortable in 

one experiment and uncomfortable in another one. This is due to the fact that subjects make relative 

evaluations, which should not be generalized as absolute evaluations. For instance, from several 

experiments on visual preferences, it was observed that the mean preferred illuminance always lies in 

the middle of the available range of illuminances (Fotios and Cheal 2010, Fotios et al. 2011, Logadóttir 

et al. 2011, Logadóttir et al. 2013). The effect of range bias on discomfort glare perception was first 

demonstrated by Lulla and Bennett (Lulla and Bennett 1981). This bias was then also reported by 

Geerdinck et al. as the potential cause to a discrepancy in the results of an experiment on discomfort 

glare perception (Geerdinck et al. 2014). 

 

• anchor effect 

 

The sequence in which glare situations are presented to the subject has a direct influence on his or her 

evaluation of discomfort glare (Kent and Fotios 2017). If glare situations are presented with an 

increasing discomfort and the first situation is overrated by the subject, every following situation tend 

to be over-rated as well. This is especially true in the case of a Hopkinson-like multiple-criterion 

adjustment method, as it has been recently demonstrated (Kent and Fotios 2017, Kent et al. 2017b). This 

anchor effect can be avoided by randomizing the sequence of stimuli presented to the subject. 

 

• learning effect 

 

The learning effect appears when the same subject is asked to do the same task several times. The more 

he/she will perform the task, the greater the learning effect will be as the subject will get bored and tried 

to complete the task as quickly as possible. Therefore, if several glare assessments from the same subject 

are needed, the learning effect can affect the subject’s responses and cause bias in the results. This effect 

can be avoided by randomizing the stimuli, or at least verified by using a null condition (Fotios 2015). 

 

• laboratory versus field experiment 

 

When asking subjects about discomfort glare perception, it seems like they have a different tolerance 

towards discomfort glare whether the experiment takes place in a laboratory environment or in the field. 

It has indeed been acknowledged for road lighting that discomfort glare is assessed more critically in a 

laboratory test than in the field (Völker et al. 2017). DGP and DGI thresholds appear to be diverging as 

well between laboratory (Wienold 2009a) and field (Hirning et al. 2013) studies, although in this case, 

subjects seem to be less tolerant towards discomfort glare in the field. 
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For all these reasons, special attention should be paid when designing an experiment on discomfort glare 

involving subjects. Design recommendations, such as the use of a control situation with no discomfort 

glare or the sequence randomization, should be adopted (i.e. (CIE 2014)) to reduce the probability of 

bias in the results. Moreover, more research is required to study the influence of glare rating scales on 

discomfort glare perception. For instance, a comparative study on the performance of various glare 

rating scale formats would be very useful to suggest a universal glare rating scale, which should be 

adopted by CIE and used by all subsequent studies. 

 
Table 4. Factors related to the glare experiment characteristics having a potential influence on discomfort glare 

perception from daylight. Author(s)/Year = authors having studied the factor, classified by chronological order; 

Subjects = number of subjects having participated in the study; Evaluations = number of glare evaluations made 

during the study; Influence = detection or not of an influence of the factor on discomfort glare perception in the 

study; Influence direction = direction of the influence of the factor (increase or decrease of discomfort glare 

perception) –should be used to evaluate the agreement rate between studies–; Influence indicator = likelihood of 

the influence of the factor on discomfort glare perception. 

 
 

3.3. Related to the observer 

3.3.1.  General characteristics 

3.3.1.1. Gender 

The gender of a person as a factor influencing glare perception has already been examined in various 

studies (Iwata et al. 1992a, Kent et al. 2015c, Pulpitlova and Detkova 1993, Saur 1969, Shin et al. 2012, 

Sivak et al. 1989, Tuaycharoen and Tregenza 2007). They all came to the conclusion that the perception 

of discomfort glare is the same whether the subject is a man or a woman. A large survey on Indoor 

Environmental Quality has, however, suggested that women are more likely to complain about indoor 

comfort factors than men (Kim et al. 2013). It can still be assumed that gender does not influence the 

perception of discomfort glare. 

 

3.3.1.2. Age 

The subject’s age is quite a controversial factor in the assessment of discomfort glare. As with a growing 

age, absolute sensitivity to light, contrast sensitivity and amount of light reaching the retina are reduced, 

several authors (Boyce 2014, Karwowski 2006, Mainster and Turner 2012, Narisada and Schreuder 

2004) believe age should have an influence, even a small one, on our perception of discomfort glare. 

Bennett was the first to develop a short formula to assess the Borderline between Comfort and 
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Discomfort (BCD) level according to the subject’s age, since a significant correlation was found 

between age and BCD level in one of his experiments (Bennett 1977): 

 

[\� = K����
]^.	($#	`.,8() abc/e²g                                                                                                               (6) 

 

Flannagan (Flannagan 1999) reinforced the hypothesis that older subjects give generally higher 

discomfort ratings than younger subjects in a study with artificial glare sources. Iwata and Tokura also 

noticed a difference between young and elderly subjects while developing the new position index (Iwata 

and Tokura 1997). Laboratory and field studies from Kuhn et al. on discomfort glare from daylighting 

have also suggested that the age effect exists but its statistical significance is very low (Kuhn et al. 2013). 

Völker et al. reinforced the hypothesis, suggesting that older people are less tolerant towards discomfort 

glare but that this difference is very small (Völker et al. 2017). On the opposite, a study from Wolska 

and Sawicki asserted that younger people were more sensitive to discomfort glare than older people 

(Wolska and Sawicki 2014). This was reinforced by a recent study on the glare effect, which observed 

that glare thresholds were higher for the “aged” group (Facchin et al. 2017). 

 

But in several other studies, the age effect on perceived discomfort glare is refuted. Saur did not observe 

any effect of the subjects’ age in his study on the physiological aspects of discomfort glare for car users 

(Saur 1969). No relation was either found between age and ratings in Vos and Van Bergem’s study on 

subjective reactions to emitted light of greenhouses (Vos and Van Bergem-Jansen 1995). Furthermore, 

neither Osterhaus (Osterhaus 2001), Shin et al. (Shin et al. 2012) nor Hirning et al. (Hirning et al. 2014) 

found a statistically significant relationship between people’s age and the level of glare experienced in 

their respective experiment or survey. Although in one experiment, older subjects self-reported as 

statistically more sensitive to brightness, the measured sensitivity to brightness, which was assessed by 

asking the subject to rate discomfort glare from artificial glare sources, did not reveal a significant 

difference between age groups neither (Van Den Wymelenberg 2012). Kent et al. studied the age effect 

as a personal factor influencing glare sensation (Kent et al. 2015a) but could not demonstrate any 

statistically significant influence of the age on individual glare sensation. 

 

More recently, a study of Akashi et al. suggested that, compared to a group of younger subjects, there 

was a large deviation in glare sensitivity between older subjects (Akashi et al. 2017). They explained 

that this large deviation depended on the visual characteristics of the observers since these visual 

characteristics can cause the subject to be more sensitive to one of the two types of glare –absolute or 

relative. 

 

From all these studies, it can be concluded that if there is an effect of age on discomfort glare perception, 

this effect might be weak, or even negligible, and depending more on the visual characteristics of the 

observer than on his or her age. 

 

3.3.1.3. Culture 

The culture of a subject is defined in this case as the climatic and indoor conditions to which the subject 

has been accustomed during the major part of his life, his behavior towards this indoor environment and 

his expectations about it. In consequence to this definition, people from North America would be treated 

as a different cultural group than people from Asia as they did not experience the same environment in 

the past. Several observations made in the last thirty years suggest that culture could be a factor 

influencing discomfort glare perception.  

 

The first observation was made by Subova et al. while they were conducting a laboratory experiment on 

the subjective response to discomfort glare in Slovakia (Subova et al. 1991). From the results of their 

study, a difference in subjective discomfort glare levels was noticed between the Slovak subjects and 

the subjects of a similar study carried out in the USA (MacGowan et al. 1988). It was hypothesized that 

the difference “might be caused by a greater sensitivity of the population in Middle Europe adapted to 

lower luminance conditions”. Iwata et al. made a similar assumption regarding the difference in 

tolerance towards discomfort glare between Japanese and British subjects (Iwata et al. 1992a). Japanese 
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subjects were reported in the study as being tolerant to higher levels of discomfort glare than British 

subjects from a study of Hopkinson (Hopkinson 1971, Petherbridge and Hopkinson 1950). This 

observation should, however, be tempered since the procedures between Hopkinson and Iwata et al.’s 

studies were not exactly the same. Pulpitlova and Detkova carried out another study in Slovakia based 

on Hopkinson’s discomfort glare scale (Pulpitlova and Detkova 1993). The mean luminance values 

evaluated by the Slovakian subjects for each discomfort glare level were similar to those evaluated by 

American subjects (MacGowan and Emery 1986), but differed from the ones evaluated by Japanese 

subjects (Iwata et al. 1992a). Lee and Kim reinforced the assumption that Asians have a different 

tolerance towards discomfort glare compared to Caucasians (Lee and Kim 2007). The DGI thresholds 

proposed by Hopkinson and the ones obtained from their study with Asian subjects were compared, and 

indicated a significant difference suggesting that at high glare source luminance, Caucasians felt more 

discomfort glare than Asians. However, in Kent et al. study on factors influencing discomfort glare 

perception, the subject’s ethnicity was not correlated with the individual glare perception (Kent et al. 

2015a). This might be explained by the fact that even if the subjects in this study came from various 

ethnicities, they were all accustomed to the same climatic and environmental conditions as they lived in 

the same country. Therefore, this ethnicity effect cannot be incorporated in the culture effect as described 

earlier. Recently, Huang and Wang developed the DGIChina on the basis of the DGI to provide a 

discomfort glare index consistent with Chinese people’s visual characteristics (Huang and Wang 2016). 

The thresholds of the DGIChina scale have been set higher than those of the usual DGI scale, which 

implies that Chinese people might tolerate higher discomfort glare than Hopkinson’s study subjects. 

Similarly, a field study conducted in Indonesia (Mangkuto et al. 2017) evaluated new thresholds for the 

DGP index, which are much lower than the original thresholds developed by Wienold et al. for European 

populations (Wienold and Christoffersen 2006). This last observation might, however, be related to the 

difference in tolerance towards discomfort glare between laboratory and field studies, as mentioned 

above. A study by Ko and Choi also investigated the difference in UGR glare thresholds between 

Caucasian and Korean subjects (Ko and Choi 2017). A modified version of the Unified Glare Rating 

(UGR) index was developed since it was observed that Korean subjects tolerated higher levels of 

discomfort glare than Caucasian subjects. At last, a field experiment was conducted by Pierson and 

others (Pierson et al. 2017) in Belgium and in Chile to compare discomfort glare perception in these two 

countries. From the results, it was hypothesized that current glare indices might not be relevant for every 

cultural background, since Chileans appear to perceive discomfort glare differently than Belgians. 

 

These studies imply that culture, as defined in this paper, could have an influence on discomfort glare 

perception. Until now, discomfort glare indices have been developed through experiments involving 

particular populations: i.e. British subjects for DGI (Hopkinson 1971), Japanese subjects for PGSV 

(Tokura et al. 1996), German and Danish subjects for DGP (Wienold and Christoffersen 2006). No study 

has examined that these indices could be used analogously for subjects having different cultures, namely 

subjects experiencing different climates and having different sensitivities towards daylight. Since the 

observer’s culture might influence his or her discomfort glare perception, a deeper understanding of the 

effect of culture is required. 

 

3.3.1.4. Chronotype 

The chronotype of a person is the behavioral manifestation of his or her circadian rhythm which is 

regulated by daylight. The behavioral manifestation of the circadian rhythm means our propensity to fall 

asleep at a certain time during the 24-hours loop. An early chronotype person will therefore fall asleep 

early in the evening and wake up early in the morning. 

 

As tolerance to glare source luminance became smaller with the progression of subjects’ chronotype 

from early to late type, Kent et al. concluded that earlier chronotype subjects, namely the subjects waking 

up early in the morning, tolerate higher levels of discomfort glare (Kent et al. 2015a, Kent et al. 2015c). 

But as mentioned before, and despite the promising results of Kent et al.’s experiment, more than one 

significant correlation is needed to acknowledge the influence of chronotype on discomfort glare 

perception. 
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3.3.1.5. Self-assessed glare sensitivity 

The glare sensitivity is a characteristic that subjects could potentially determine for themselves. By 

asking ourself whether we often wear sunglasses in sunny weather can help us figure it out. The self-

assessed glare sensitivity, or the self-reported sensitivity to brightness, was already compared to the 

measured sensitivity to brightness (Van Den Wymelenberg 2012). Although the correlation between the 

self-assessed and measured sensitivity to brightness was rather low, it seemed to hold at the extreme. 

This means that the subjects could not judge on a multiple-points scale their level of sensitivity but could 

classify themselves into the sensitive or non-sensitive categories. 

 

First in 1969, Saur demonstrated that self-assessed glare sensitive subjects have a decreased tolerance 

of discomfort glare (Saur 1969). This assumption was confirmed in a survey for which a growing 

relationship between the average glare experienced and the perceived sensitivity to glare was observed 

(Osterhaus 2001). The self-assessed glare sensitivity was also studied as one of the criteria in window-

blind control models as it was assumed that this factor could partly explain the wide variability between 

subjects’ discomfort glare perception (Inkarojrit 2005). However, from the field study, no statistically 

significant correlation could be observed between the self-reported glare sensitivity and discomfort glare 

perception. More recently, Rodriguez and Pattini (Rodriguez and Pattini 2014) observed that when the 

glare source lies in the central vision, glare-sensitive people perceived higher discomfort glare than the 

others. However, this observation could not be confirmed in a second experiment (Rodriguez et al. 

2016). A study from Kent et al. reinforced the assumption that self-assessed glare sensitivity is not a 

factor influencing discomfort glare perception (Kent et al. 2015a, Kent et al. 2015c). 

 

The influence of the self-assessed glare sensitivity on discomfort glare perception is not clear as recent 

studies tend to reject the effect. More research is needed to determine if the subjective evaluation that a 

person makes of his or her own sensitivity to glare has an impact on his or her perception of a discomfort 

glare stimulus. 

 
Table 5. Factors related to the observer’s general characteristics having a potential influence on discomfort glare 

perception from daylight. Author(s)/Year = authors having studied the factor, classified by chronological order; 

Subjects = number of subjects having participated in the study; Evaluations = number of glare evaluations made 

during the study; Influence = detection or not of an influence of the factor on discomfort glare perception in the 

study; Influence direction = direction of the influence of the factor (increase or decrease of discomfort glare 

perception) –should be used to evaluate the agreement rate between studies–; Influence indicator = likelihood of 

the influence of the factor on discomfort glare perception. 
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3.3.2.  Vision characteristics 

3.3.2.1. Optical correction 

The optical correction factor expresses whether a person wears glasses, contact lenses or nothing. The 

wearing of glasses or lenses could influence discomfort glare perception as a modification is brought to 

the eyes of the subject. 

 

First, in a study on physiological aspects of discomfort glare, no relationship was found between the 

perceived discomfort glare of a subject and its vision correction level (Saur 1969). In their work on 

discomfort glare from large sources, Iwata et al. did not detect any significant difference between 

subjects wearing glasses or lenses and those who did not (Iwata et al. 1992a, Iwata and Tokura 1997). 

Although Sivak et al. could show a tendency for subjects with optical correction to report more glare 

than subjects without correction, this difference in discomfort glare perception in road lighting was not 

statistically significant (Sivak et al. 1997). No difference in discomfort glare perception between 

subjects wearing glasses and subjects without could be found in other studies (Shin et al. 2012, 

Tuaycharoen and Tregenza 2007). More recently, Hirning et al. investigated this effect amongst others 

in a large survey and observed no statistically significant influence on perceived discomfort glare 

(Hirning et al. 2014), which confirms the assumption that the wearing of glasses or lenses does not affect 

the glare sensation. 
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3.3.2.2. Iris pigmentation 

Iris pigmentation is the characteristic giving the eye its color. A popular belief is to think that according 

to their eye color, namely the iris pigmentation, people perceive glare differently. This belief seems to 

be based on unfounded assumptions since the iris pigmentation does not play any role in the mechanism 

of vision, and therefore probably not in the glare one either. 

 

Nonetheless, some studies have examined the influence that iris pigmentation could have on perception 

of discomfort glare. In a study on discomfort glare for road safety, no correlation could be found between 

the eye color and the luminance level at which subjects feel discomfort glare (Saur 1969). Contrariwise, 

in a survey conducted by Osterhaus, a slight indication suggested that “workers with lighter eye colors 

might, on average, perceive to be slightly more sensitive to glare and might be experiencing slightly 

higher levels of glare” (Osterhaus 2001). But this information was not verified against lighting 

measurements, and it could as well be linked to the fact that subjects with light eyes are biased by the 

popular belief as they consider themselves as more sensitive to glare. Another similar trend of iris 

pigmentation influencing glare perception was reported in an experiment with an artificial glare source, 

as subjects with dark eyes reported lower discomfort glare perception (Bennett 1977). However, the 

effect was later refuted in an experiment to determine the effect of retinal pigment on visual discomfort 

(Stringham et al. 2011). It was concluded from the last that the iris pigmentation has no statistically 

significant influence on the perceived visual discomfort despite a visible trend. Recently, Rodriguez et 

al. (Rodriguez et al. 2016) noticed that more light-eyed volunteers were found in the glare-sensitive 

group than in the glare-insensitive group in one of their experiments. But no statistically significant 

difference in discomfort glare perception could be found in the study between glare-sensitive and glare-

insensitive subjects. 

 

Despite tendencies indicating that light-eyed people could be more sensitive to discomfort glare, there 

is so far no statistically significant evidence that iris pigmentation influence discomfort glare perception. 

Additional experiments focused on this particular matter should be conducted to confirm or infirm this 

hypothesis. 

 

3.3.2.3. Macular pigment optical density 

The macular pigment optical density (MPOD) is the level of density of protective pigment in the macula. 

The macula is a small area located in the retina where cones, which are the photoreceptors mainly 

responsible for the photopic vision, have the highest density. The yellow macular pigments are derived 

from carotenoids and deposited in this photoreceptor axon layer. A high MPOD level protects the retina 

as the macular pigments absorb high-energy short-wavelength light. 

 

The effect of MPOD on visual discomfort, and specifically on discomfort glare, has been studied several 

times. From a study on the relationship between individuals’ discomfort glare thresholds and spatial 

distribution of macular pigments (MP) in the retina (Stringham et al. 2004), it was assumed that MP 

acted as a spatially integrated filter against short-wavelength light and that a person with a relatively 

high MP level perceived less discomfort glare in the central viewing. Another experiment from 

Stringham et al. showed that subjects with broader MPOD spatial distribution would perceive less 

discomfort glare (Stringham et al. 2011). They made therefore the hypothesis that subjects having 

relatively high MP levels would tolerate more intense lights. The assumption that macular pigments 

reduce discomfort glare by absorbing short-wavelength light was endorsed by Lien and Hammond (Lien 

and Hammond 2011). However, Loughman et al. conducted another experiment on the role of MPOD, 

and concluded that visual performance under glare conditions was not related to MPOD (Loughman et 

al. 2010). 

 

No definitive conclusion can be drawn from these studies on the effect of MPOD on discomfort glare 

perception, as the MPOD mechanism towards discomfort glare is not well understood. 

 

3.3.2.4. Cortical hyperexcitability 
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The cortical hyperexcitability is the degree of activity of the neurons in the visual cortex, namely the 

neural tissues composing the outer layer of the part of the brain responsible for vision. The neurons 

actually mediate communications of the nervous system by propagating electrical signals generated by 

their excitable membrane. 

 

A study has shown that the cortical hyperexcitability of a person, meaning the degree to which his or 

her neuronal activity can arise, influences his or her sensitivity to discomfort glare (Bargary et al. 2015). 

The authors observed that the glare-sensitive subjects showed significantly greater activity in the visual 

cortex. Moreover, the data suggested a positive correlation between the magnitude of the neuronal 

response and individual’s sensitivity to discomfort glare. 

 

This neuronal effect on discomfort glare perception could explain the difference existing between glare-

sensitive and glare-insensitive person. These two factors, namely the neuronal effect and the self-

assessed glare sensitivity, might therefore overlap. Only one of them should be taken into account as a 

new variable of discomfort glare models. The self-assessed glare-sensitivity, despite its lack of accuracy, 

might be easier to implement than the cortical hyperexcitability. 

 

3.3.2.5. Contrast sensitivity 

With the ability to resolve fine details, namely the visual acuity, contrast sensitivity is the other important 

visual characteristic that refers to the ability of the eye to detect a difference in luminance between an 

object and its background (Karwowski 2006). Contrast sensitivity depends on the spatial frequency, 

namely the frequency of the contrast pattern in the field of view, and the level of contrast. 

 

Several studies have investigated the relationship between contrast sensitivity and disability glare as 

people often have a loss in contrast sensitivity when there is light scattering in the eyes (Arranz et al. 

2014, Bach et al. 2008, Bühren et al. 2006, Paulsson and Sjostrand 1980, Siah et al. 2017). Similarly, 

contrast sensitivity could have an influence on discomfort glare perception. As the contrast sensitivity 

curve of the human visual system peaks at a particular frequency and drops on either side of that peak 

frequency (Hilz and Cavonius 1974), the discomfort glare perception was observed to behave exactly 

inversely (Eble-Hankins 2008). From subjects’ evaluations of discomfort glare, discomfort is minimized 

at the spatial frequency where contrast sensitivity peaks, and increases on either side of that minimum 

frequency. Contrast sensitivity could thus be an interesting variable to study as it could improve our 

knowledge of the mechanism of discomfort glare. 

 
Table 6. Factors related to the observer’s vision characteristics having a potential influence on discomfort glare 

perception from daylight. Author(s)/Year = authors having studied the factor, classified by chronological order; 

Subjects = number of subjects having participated in the study; Evaluations = number of glare evaluations made 

during the study; Influence = detection or not of an influence of the factor on discomfort glare perception in the 

study; Influence direction = direction of the influence of the factor (increase or decrease of discomfort glare 

perception) –should be used to evaluate the agreement rate between studies–; Influence indicator = likelihood of 

the influence of the factor on discomfort glare perception. 
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3.3.3.  Present state 

3.3.3.1. Previous luminous environment 

The previous luminous environment stands for the lighting conditions that a subject experienced during 

the period preceding the assessment of glare, whether it is the previous hours, day, week or even longer. 

 

A first statistically significant correlation was found between one’s occupation environment type, 

namely whether a person works inside or outside, and the BCD level (Bennett 1977). Bennett observed 

that subjects experiencing a lot of daylight at work, and therefore during the days preceding the glare 

evaluation, have a higher tolerance towards discomfort glare. Similarly, another laboratory experiment 

suggested that whether a subject had spent the last day in a shadowed or overlit environment, his or her 

discomfort glare thresholds were significantly different (Pulpitlova and Detkova 1993). Kent et al. also 

observed in their experiment that subjects having experienced daylight in the morning tolerated slightly 

higher degree of discomfort glare but this effect could not be demonstrated as statistically significant 

(Kent et al. 2015a, Kent et al. 2015c). A direct trend between discomfort glare perception and prior light 

exposure was deduced from a similar experiment, especially on glare evaluations made in the evening 

(Altomonte et al. 2016a, 2016b). 

 

No strongly significant evidence towards higher tolerance of discomfort glare for people having 

previously experienced daylight could be presented, although a tendency was observed. Additional 

research is needed to determine whether this effect is real and whether short-term, post-awake, previous 

days, or previous weeks sunlight availability is more influent on discomfort glare perception. 

 

3.3.3.2. Physical state 

Since physical conditions such as diseases, head pain, back pain, etc., can reduce the perceived comfort, 

these could impact the visual comfort of a subject and influence his or her discomfort glare perception 

in a negative way. 

 

When asking subjects about their current physical state in a survey on discomfort glare sensitivity, no 

influence could be found of the physical state on discomfort glare perception (Osterhaus 2001). 

However, only one survey investigated this factor and the subjective results were not compared to 

measures of the lighting environment or glare indices. More research is therefore required to confirm 

that the way a person feels physically does not influence his or her perception of glare. 

 

3.3.3.3. Emotional state 

The current emotional state of a subject could affect his or her perception of discomfort glare in the 

sense that positive emotions such as joy, serenity, pride or amusement could lead the subject to be less 

critical of the luminous conditions. The opposite could be true for negative emotions. 
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Similarly to the physical state, when asking subjects about their current emotional state and their 

sensitivity to discomfort glare, no correlation could be found with frequency of discomfort glare 

perception (Osterhaus 2001). However, a small influence was observed in another study establishing 

that, surprisingly, subjects in a better mood would experience slightly higher discomfort from glare 

(Altomonte et al. 2016a, 2016b). More research is needed to ascertain the assumption that subject’s 

emotional state has an influence on discomfort glare perception. 

 

3.3.3.4. Caffeine ingestion 

When associated with bright light exposure, caffeine ingestion has an effect on melatonin secretion and 

therefore on the circadian rhythm (Wright et al. 1997). Caffeine ingestion could also have an influence 

on discomfort glare perception. 

 

Two studies investigated the temporal factors influencing discomfort glare perception, amongst which 

the caffeine ingestion (Altomonte et al. 2016a, 2016b, Kent et al. 2015a, Kent et al. 2015c). According 

to the statistical analyses, there is a tendency for the subjects not having ingested caffeine to report 

discomfort glare at higher levels of glare source luminance. More results going in this direction are 

requested to confirm this hypothesis. 

 

3.3.3.5. Food ingestion 

Since circadian rhythms can be entrained by time-dependent schedules of light exposure, caffeine, and 

food intake (Kent 2016), the food ingestion prior to the glare evaluation has also been studied for its 

influence on discomfort glare perception. No statistically significant influence could be found in Kent 

et al.’s study (Kent et al. 2015a, Kent et al. 2015c). A significant difference was observed in another 

study between subjects having ingested food or not, although this difference was below the threshold of 

practical relevance (Altomonte et al. 2016a, 2016b). 

 

The influence that food ingestion could have on discomfort glare perception is not evident, and further 

experiments should be conducted to dismiss or endorse this factor. 

 

3.3.3.6. Fatigue 

Fatigue could influence discomfort glare perception as tired subjects could be less tolerant towards 

discomfort glare in their field of view (Kent 2016). 

 

From two laboratory experiments, some fatigue effects of small but relevant size were detected, such as 

a higher tolerance to luminance levels for less tired subjects (Altomonte et al. 2016a, 2016b, Kent et al. 

2015a, Kent et al. 2015c, Kent 2016). These small fatigue effects do not allow, however, to draw 

conclusions on the influence of subjects perceived levels of fatigue on the discomfort glare sensation. 

Moreover, it is well likely that fatigue and time of the day are dependent factors. Attention should thus 

be paid to these factors so that they do not overlap each other. 

 
Table 7. Factors related to the observer’s present state having a potential influence on discomfort glare perception 

from daylight. Author(s)/Year = authors having studied the factor, classified by chronological order; Subjects = 

number of subjects having participated in the study; Evaluations = number of glare evaluations made during the 

study; Influence = detection or not of an influence of the factor on discomfort glare perception in the study; 

Influence direction = direction of the influence of the factor (increase or decrease of discomfort glare perception) 

–should be used to evaluate the agreement rate between studies–; Influence indicator = likelihood of the influence 

of the factor on discomfort glare perception. 
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4. Conclusion 

Factors potentially influencing discomfort glare perception from daylight are listed and reviewed. This 

literature study categorizes the influence of these factors on discomfort glare perception by introducing 

an influence indicator based on the amount of studies, the sample size of these studies, and the agreement 

between them. The suggested categories rate a factor influence as “almost certain”, “more likely”, 

“somewhat likely”, “inconclusive”, “somewhat unlikely”, “less likely”, or “almost certainly null”. The 

magnitude of the influence of each factor can, however, not be determined from the data available in the 

literature. 

 

From Tables 1 to 7, it can be observed that some factors – the gender of the observer and the optical 

correction – have almost certainly no influence on discomfort glare perception. Others – the food 

ingestion and the physical state of the observer – should not have any influence, even though additional 

studies are required to confirm it. On the other hand, it can be seen as well that a large number of factors 

are expected to be influencing discomfort glare perception. Amongst these factors, some – the saturation 

effect, the spectrum and color temperature of light– would just need one or two large studies to validate 

their influence, while others – the time of the day, the task difficulty, the culture, the chronotype, the 

MPOD, the cortical hyperexcitability, the contrast sensitivity, the season, the caffeine ingestion, and the 

fatigue – still need considerable investigation before drawing any conclusion on their influence on 

discomfort glare perception. The glare rating scales and experimental design factor includes several 

subfactors, which explains the non-applicability of the Influence direction information in Table 4. This 

considerable factor is also believed to influence discomfort glare perception, but several studies are still 

required to assert the influence of all subfactors. Moreover, the literature existing on several factors – 

the view direction and position of the observer, the attractiveness of the view through the window, the 

room temperature, the age, the self-assessed glare sensitivity, the iris pigmentation, the previous 

luminous environment, and the emotional state of the observer – was inconclusive about their influence 

on discomfort glare perception. As it can be recognized in the tables, the uncertainty is due to the fact 

that the studies having investigated these factors are either not agreeing on an influence of the factor or 

on the effect of this influence on discomfort glare perception. Also, precaution should be taken as some 

factors might interact. For instance, fatigue and time of the day are two factors closely linked. Therefore, 

the correlation found between fatigue and perceived discomfort glare should not be directly related to 

the influence of fatigue since the time of the day could also have played a role. The self-assessed glare 

sensitivity and the cortical hyperexcitability also seem to be related. For that reason, more research is 

necessary to clarify the influence of these factors. At last, factors having an almost certain influence in 

the mechanism of discomfort glare are, as expected, the luminance of the glare source, the adaptation 

level, the contrast effect, the size and the position of the glare source as seen by the observer. 

 

From this work, it can be generally concluded that more work is needed to explain the high variability 

existing between individuals’ discomfort glare perception, since there are a lot of factors potentially 

influencing discomfort glare perception. This literature review helps defining which factors have to be 

deeper investigated and to what extent. As a result, discomfort glare models might be adapted in the 

future according to the newly found influencing factors. Although it is recommended that each 
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researcher defines his or her own prioritization list of factors requiring more investigation, some 

recommendations can be drawn from the tables and the influence indicator. 

 

First efforts should be directed towards factors classified as more or less likely. For instance, a large 

experiment should be conducted on the perception of discomfort glare from filtered daylight to confirm 

the influence of the spectrum of light on discomfort glare perception. This will be very useful as new 

glazing types, such as electrochromic windows, are currently being developed. Another study should 

focus on validating the proposition that discomfort glare can be due to two main effects, the saturation 

and the contrast glare, so that both effects are included in discomfort glare models in the future. Last but 

not least, studies on the influence of glare rating scale and experimental design on the collection of 

subjective perceptions are greatly needed. This will ensure that the knowledge that is being built in the 

field of visual discomfort is not based on biased results. Then, factors of which the influence is classified 

as somewhat likely or unlikely should be further investigated. The influence probability of these is 

usually based on a small number of studies proving or denying the effect, or one study presenting 

opposite results questions the overall trend. Therefore, these factors require larger studies and stronger 

evidence to support or reject their influence on discomfort glare perception. Lastly, factors having an 

inconclusive influence should be looked at. These are generally controversial factors as different studies 

results do not agree. This suggests that either the influence of these factors is very small and maybe not 

significant, or the method used to study the factor is not always adequate. As an example, the 

attractiveness of the view through the window was believed to considerably influence discomfort glare 

perception due to the results of several laboratory experiments mainly using simulated windows. 

However, recent field studies have been challenging this assumption as this effect could not be observed 

from the results with real window views. It was therefore concluded that when the view implies no 

strong attraction or revulsion, its influence on discomfort glare perception is somehow largely reduced. 

 

Nonetheless, the fact that physiological and psychological factors might influence discomfort glare 

perception brings a different perspective on discomfort glare indices. Glare in the field of view actually 

produces a sensation to the observer, who perceives it as more or less discomforting according to several 

psychological factors and some of his or her own physiological characteristics. The reason why the term 

‘discomfort glare perception’ was used instead of ‘discomfort glare’ is due to the authors’ interest in the 

visual discomfort as perceived by the observer. Strong and statistically significant correlations could 

therefore be found between discomfort glare perception and physiological and psychological factors like 

the MPOD or the emotional state of the observer. As subjective perception matters in the case of 

discomfort glare, indices should not be made exclusively of physical quantities. Moreover, as it has 

already been suggested in 1950 (Petherbridge and Hopkinson 1950), a discomfort glare index should 

not rate on a numerical scale an assessment of a subjective effect, as it will naturally be interpreted 

arithmetically. A “percentage of people who would be disturbed” could be a more appropriate and better 

interpreted method to rank a certain discomfort glare stimulus. 

 

No exact correlation should be expected between discomfort glare assessed by an index and perceived 

by a subject though. There are two reasons for this: 

 

- on the one hand, because, besides the here listed psychological or physiological factors, some 

unknown others could be involved in the discomfort feeling. That is the reason why there is 

such a large spread amongst people when assessing discomfort due to glare; 

- on the other hand, because the intensity of influence and interaction of the factors involved in 

the glare process cannot be precisely understood and explained, hence the uncertainty of existing 

discomfort glare models based on statistics. 

 

However, a close approach of the perceived discomfort glare could be obtained by controlling, or at 

least monitoring, as many factors as possible. The set up and the questionnaire of an experiment aiming 

to collect subjective assessments of discomfort glare is thus of major importance. 
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