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An examination of range effects when evaluating discomfort due to glare in 
Singaporean buildings 

MG Kent PhDa, JA Jakubiec PhDb 
a Berkeley Education Alliance for Research in Singapore, Singapore 
b John H. Daniels Faculty of Architecture, Landscape, and Design, University of Toronto, 
Canada 

Abstract 
This article discusses ratings of visual discomfort from glare across different buildings 
located in Singapore. These data were used to determine if range effects influence the vertical 
illuminance values for the same ratings of visual discomfort when the category rating 
procedure is used. The effect occurs when maxima and minima vertical illuminance (i.e. the 
range) vary across buildings. Our analyses showed that with a higher vertical illuminance 
range in a building, the mean vertical illuminance value for the same criterion of visual 
discomfort also increased. The results suggest that the effect caused by different ranges of 
measured vertical illuminance present across the buildings biased the ratings of visual 
discomfort. Although these effects may be unavoidable in some buildings that have vastly 
different levels of light, the data suggest that the overall range of vertical illuminance must be 
carefully evaluated when predicting visual discomfort. Matching these conditions may enable 
vertical illuminance to provide more reliable evaluations of discomfort due to glare. 
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1. Introduction 
The category rating procedure is a widely used method when evaluating visual discomfort in 
buildings.1–3 Observers are typically asked to select a rating that best describes their current 
level of discomfort due to glare from several available criteria.4 Like most subjective 
assessment methods, this procedure can provide unreliable results due to experimental bias.5,6 
For example, when observers evaluate their visual environment using a rating scale, they are 
not always aware of the range of conditions that may lead to glare. This causes them to create 
their own impression of what each criterion on the rating scale means and how it corresponds 
to the visual environment. When this happens, our previous research demonstrated that 
observers provided lower subjective ratings of visual discomfort when they had not yet seen 
the full stimulus range of the glare source. While observers that had seen this provided higher 
ratings, it was not clear whether these assessments provided a better approximation to what 
would have been given in a natural setting (e.g. an office)). Nevertheless, these results 
showed that care is required when glare is evaluated using the category rating procedure.7  

Subjective evaluations can also be influenced by the range bias effect.5 Range bias is a 
phenomena where the range of stimuli available influence the threshold values at which 
subjective evaluations occur – as stimuli maxima increase, the values at which subjective 
criteria such as visual discomfort are assessed also increase. For example, range effects have 
been found to influence discomfort due to glare when using an adjustment procedure (i.e., the 
source luminance was varied to target thresholds of visual discomfort).8 Table 1 shows that 
when the stimulus range increases, the final setting made to the same criterion of discomfort 
due to glare (i.e., the highest criterion (equivalent to intolerable glare)) also increases.  

Table 1 Three stimulus ranges that present the minimum and maximum luminances, and the  mean 
luminance when the glare source output was adjusted to a threshold of visual discomfort observers 
thought resembled “almost intolerable glare”.8  

This study8 also showed that settings were biased when different ranges were used in the 
first condition that was seen (i.e., when observers had no prior knowledge), and persisted 
when adjustments were performed across the other range conditions (i.e., after they had 
experienced the first range). Since the effect is caused when different ranges are used, its 
influence has also been found when evaluating preferred colour9 and brightness.10 

In daylit buildings, a recommended method that evaluates the risk of discomfort due to 
glare is to calculate the daylight glare probability (DGP).11 The DGP was originally derived 
in a study,3 which asked observers to evaluate daylit windows using the category rating 

Stimulus range
Mean luminance at final setting to 
highest glare criterion (cd/m2)Minimum luminance 

(cd/m2)
Maximum luminance 
(cd/m2)

441

5,106 4,112

7,288 5,009

9,469 6,186
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procedure. From 349 evaluations collected under a range of different conditions, equation (1) 
was proposed to calculate glare from daylight: 

!    

(1) 

whereby, Ev is the vertical illuminance received at the eye (lx), Ls,i is the luminance of 
contrast glare source(s) (cd/m2), ωs,i is the solid angle of the source(s) (sr), and Pi is the 
position index of the source(s). Note: Pi is a unit-less factor that increases as a glare source is 
closer to the visual periphery. 

Table 2 shows the categories were established to minimise the potential of causing 
discomfort due to glare in buildings from daylit windows.12 There are four step-changes on 
the DGP scale, whereby the lowest criterion corresponds to calculated DGP values that are 
≤0.33 and the highest criterion to the highest when DGP values are ≥0.52. Since thresholds in 
Table 2 were calculated from mean DGP at each of the four ratings given by observers,12 it is 
difficult to discern across which range of DGP corresponds to which threshold. Thresholds 
presumably based around values in Table 2 containing similar semantics were later published 
in the EN 17037,11 which overcame this issue. These were as follows: “Glare is mostly not 
perceived” (DGP≤0.35); “Glare is perceived but mostly not disturbing” (0.35<DGP≤0.40); 
“Glare is perceived and often disturbing” (0.40<DGP≤0.45); and “Glare is perceived and 
mostly intolerable” (DGP≥0.45). 

Table 2 The ranges of calculated DGP and their corresponding categories of expected discomfort 
caused due to glare.12 

To ensure observers experienced discomfort due to glare in the original DGP study,3 the 
test-room conditions were setup to produce high vertical illuminances. The authors orientated 
the test-rooms so that their windows always faced the direction of the Sun and in some 
conditions, observers were seated 1.5 m away from a fully glazed façade. Although the 
windows contained a transmission of 54 % and had blinds to block direct sunlight, the 
daylight levels are much higher than what is expected in Singaporean buildings. In 
Singapore, the maximum transmission rate for windows is relatively lower (45 %),13 and 
solar shading devices (e.g. fins, light-shelves, screens) are recommended in standards.14 

DGP = 5.87 ∙ 10−5 ∙ Ev + 9.18 ∙ 10−2log(1 + ∑
i

L2
s,i ∙ ωs,i

E1.87
v ∙ P2

i ) + 0.16

Categories of 
discomfort due to 
glare

DGP

Imperceptible 0.33

Perceptible 0.38

Disturbing 0.42

Intolerable 0.52
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Since up to 60 % of the electrical energy used in Singaporean office buildings are for 
space cooling purposes,15 these criteria help reduce direct solar gains through windows all 
year around. But as an additional consequence, buildings in Singapore also may not receive 
high vertical illuminances similar to those found in Wienold and Christoffersen.3 

Figure 1 plots data collected in 11 different Singaporean buildings from the study by 
Jakubiec et al.,16. When plotting calculated DGP from the workspace of occupants, all 147 
evaluations collected would be denoted as “Imperceptible glare” (DGP= [0, 0.33]).12 
However, when analysing the percentages of visual discomfort, whereby occupants had 
indicated that the glare source had originated from a daylit window (as report on a secondary 
categorical scale),17 this showed that a majority of the subjective ratings – 75 % (i.e. 
noticeable, disturbing and intolerable glare) – indicate that occupants still perceived glare. 

!
Figure 1 Data collected in the study by Jakubiec et al.16 (a) Boxplot of DGP values calculated across 

11 different buildings in Singapore. The circle indicates the mean value. (b) Percentages of the 
corresponding subjective ratings of glare given by occupants on a 4-point scale. 

Figure 1 shows that the range of daylit conditions in the test rooms used by Wienold and 
Christoffersen3 may not be applicable to buildings in Singapore. In fact, Pierson et al.18 
showed that test room settings generally produced higher vertical illuminances than field 
studies, which had collected measurements inside occupied buildings. The authors18 
concluded that stimulus range differences across different environments may have biased the 
ratings given by observers since in field studies with lower vertical illuminance levels, 
building occupants expressed discomfort at lower DGP thresholds than in test room studies. 
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Table 3 Studies of daylight glare showing the measured maximum illuminance, subjective criterion, 
and corresponding value of DGP. 

*Approximately the highest value of DGP for observers that reported glare. 
Note: DGP first appeared in Wienold and Christoffersen,3 but its glare thresholds were based on the same data 
later published in Wienold.12  

In the study by Wienold and Christoffersen,3 the approximated maximum illuminance is 
generally much higher than the other three studies reported in Table 3. What is also apparent 
is that the mean DGP for the lowest possible threshold of glare (imperceptible) is also much 
larger than the DGP corresponding to higher ratings of glare in the other studies (i.e., 
although observers in the three studies19–21 reported glare, the corresponding DGP values are 
still lower than what had been calculated for observers that did not reported any glare in the 
study by Wienold and Christoffersen).3 While it appears that the DGP in the studies found in 
Table 3 underestimate the degree of discomfort due to glare, we suspect that the range of 
illuminance levels during the period where observers provided their ratings were not 
comparable. In other words, when the illuminances are generally higher in one study, the 
calculated DGP was also larger for the same rating of glare given by the observers. Although 
we believe range bias is the most candidate reason behind the inconsistencies shown in Table 
3, it effects are brought on by dissimilar conditions (e.g. climate, window size, shading 
systems, etc.), which influence the range of vertical illuminance. 

In the study by Kent et al.,21 the maximum reported illuminance is 10,643 lx. Although 
this value is much higher compared to what had been reported in Van Den Wymelenberg and 
Inanci,20 the DGP for the same glare rating in both studies are relatively similar. When 
examining the mean illuminances in both studies, these were 1,074 lx21 and 1,467 lx,20  
thereby demonstrating that the maximum illuminance found in Kent et al.21 is an outlier and 
may not be a reliable representation of the upper range of illuminances found in this study. In 
general, it difficult to ascertain the presence of a range bias effect from the literature alone 
and warrants further investigation using more comprehensive data to confirm its presence 
amongst the studies found in Table 3. 

Since past studies tend to utilise different glare scales, quantities (e.g. illuminances, DGP, 
etc.), and/or statistical values, it is difficult to evaluate these method biases using only the 
available literature. We propose to evaluate the range bias effect using data collected using 
uniform procedures across different buildings in our own study. We used the data measured in 
the study by Jakubiec et al.,16 whereby ratings of discomfort due to glare and vertical 
illuminances (not consistently reported in the aforementioned study) collected in different 
buildings found in Singapore were analysed. 

Study Max. illuminance 
(lx) Rating DGP

Wienold and Christoffersen3 
and Wienold12

~12,000 Imperceptible 0.33

Hirning et al.19 2,354 Glare reported 0.28*

Van Den Wymelenberg and 
Inanici20 4,816 Just Uncomfortable 0.23

Kent et al.21 10,643 Just Uncomfortable 0.24
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Our aim was to determine whether the range of vertical illuminances inside buildings 
biases the evaluations given to the same criteria of discomfort due to glare when the category 
rating method is used. In other words, if vertical illuminances are higher at the point in which 
glare ratings are given in a building, this would increase the vertical illuminance for the same 
rating of visual discomfort compared to another building with lower vertical illuminances. 
This study aimed to determine whether the range effect could generally be found when visual 
discomfort was evaluated by occupants (i.e., we do not aim to establish if the glare source 
originated from artificial or daylit sources). 

2. Method 
2.1.  Data collection 

Although we initially considered both DGP and vertical illuminance as the dependent 
variable, they produced similar results, and to simplify the interpretation of the results, we 
reported only the vertical illuminance (results of our DGP analysis can be found in the 
Supplemental Materials). Since we used the vertical illuminance, we did not differentiate 
where the glare source had originated from (e.g. artificial light or window) within the 
occupants’ visual field.  

Ten Singaporean office spaces were evaluated in this study, and a rotatable office-like 
test-room located at the top of a building. These are the same buildings that were measured in 
the study by Jakubiec et al.,16 but our study features ratings of discomfort due to glare and 
measurements of DGP that were not previously used. The test-room was classified as a 
building. Since it was expected that the test-room would produce higher vertical 
illuminances, this was included in our analyses. All the spaces that were evaluated were lit by 
both natural and artificial light. In total, 592 occupants from the 11 different building spaces 
gave subjective assessments using the category rating method, and photometric 
measurements were collected at the same time.2 The sample size (n) (i.e., the number of 
occupants that gave glare evaluations) and percentage distribution of age, gender and 
eyewear are showed in Table 4 for the occupants that evaluated the 11 different buildings. 

Table 4 Total number of occupants and their percentage distribution according to age, gender and 
eyewear. 
Demographic feature n %

Age

Less than 20 5 1

21-30 186 31

31-40 227 38

41-50 111 19

51-65 58 10

Greater than 65 4 1

Gender
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*One occupant did not provide their demographic information 

Evaluations were provided using subjective rating scales, whereby occupants were asked 
to rate the visual scene using a 4-point scale containing semantics that described in – an 
ascending order – the degree of discomfort due to glare: Imperceptible, noticeable, disturbing 
and intolerable.3 Before providing their evaluations, occupants were given a succinct 
description of the visual phenomenon that was to be evaluated: “Glare is physical discomfort 
caused by excessive light, bright reflections or contrast”. Once a glare rating had been given 
by an occupant, a high-dynamic range (HDR) image was captured using a camera with a 
fisheye lens, and vertical illuminance values were calculated using the software Evalglare.22 
Occupants were only required to provide a single rating of discomfort due to glare. To verify 
the integrity of images captured, an independent vertical illuminance measurement was taken 
and later compared to the vertical illuminance calculated from the calibrated HDR images. As 
formerly reported by Quek and Jakubiec,23 the differences – for the same data we have 
analysed in this study – show that across these two sets of vertical illuminance measurements 
show a slight negative bias (logRMSE= 9.6% and mean bias error= -21.9 lx). 

Images were collected using the method described in Jakubiec et al.16 utilising 
recommendations,24,25 which can improve the accuracy in which photometric measurements 
are collected through the use of cameras. For example, 16 low dynamic range photographs 
were captured at exposures ranging from 4 s to 1/8000 s to compose each HDR photograph in 
order to minimise luminous overflow or underflow; luminance and illuminance were 
measured before and after each HDR sequence to identify rapidly changing lighting 
conditions; and a moderate aperture (f/11) was selected to reduce lens flare while maintaining 
a sufficient dynamic range. Luminance measurements were used to calibrate each HDR 
image, and illuminance measurements were used to validate the calibrated accuracy. The 
measurements (i.e. glare ratings and photometric measurements) correspond to the degree of 
discomfort glare occupants experienced within their visual scene at their workstation. 

Female 286 48

Male 305 52

Eyewear

Contacts 72 12

Glasses 299 51

None 220 37
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Figure 2 Boxplots displaying the vertical illuminance values calculated from the viewing position of 
the occupants showing: (a) the vertical illuminances in each of the 11 buildings (and the number of 
occupants in each) ordered according their means, and (b) the two new formed groups “high” and 
“low” (and their sample sizes). Note: in plot (b), the Tukey upper and lower whiskers26 have been 

interpolated (using dashed lines) across the building ranges. 

Figure 2 shows the 11 buildings in Table 4 ordered (plot (a)) according their mean 
vertical illuminances. Although the building illuminances could have been ranked by their 
maximum values, this process is not consistent with the ordering of the buildings according 
to their minimum values and would have also been influenced by outlier and extreme points. 
For these reasons, we believed that ordering the buildings by their mean was a more 
straightforward approach. Because the sample sizes across the buildings were vastly different 
and to ensure there were a sufficient number of ratings on the 4-points scale across 
comparisons, we combined the buildings into two groups. The two groups were denoted as 
“high” consisting of the buildings B1, B2, B3 and B4, and “low” containing the buildings B8, 
B9, B10 and B11. Plot (b) shows the vertical illuminances in the two groups and their sample 
sizes. To visualise the difference in illuminance range across the building groups, we 
interpolated the Tukey upper and lower whiskers. Since the whiskers extend no further than 
1.5 multiplied by the interquartile range from the upper (to the largest value) and lower (to 
the smallest value) hinges (i.e. 75th and 25th percentiles respectively),26 outliers and extreme 
values were excluded. To help ensure reliable inferential analyses, buildings B5, B6 and B7 
were not included to help provide a balanced sample sizes (i.e., approximately the same 
occupants) and buildings (i.e. four) across the two groups. Since Table 5 showed that there 
were only four occupants that reported intolerable glare, analyses across the two range groups 
were not considered for this criterion of visual discomfort. 

Table 5 presents the descriptive statistics and number of glare ratings provided on the 4-
point scale across the two building range groups. The mean, maximum and minimum values 
show that vertical illuminances under the high range are larger than the low range group. 
Across the two building range groups, the number of evaluations given to each criterion on 
the 4-point scale was relatively similar. When analysing the ratings given across the 4-point 
scale, the percentages also appear to be relatively equal across the two groups, whereby the 
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most utilised criterion being noticeable glare and the least used criterion being intolerable 
glare. 

Table 5 Descriptive statistics for the vertical illuminances presenting the mean, standard deviation, 
maximum and minimum (range), and the total number of glare ratings given to each criteria of 
discomfort due to glare (and percentage across the 4-point scale) contained in the high and low 
building range groups. 

2.2. Statistical analyses 

To compare the vertical illuminances across the building range groups for the same criterion 
of discomfort due to glare, we used frequentist approaches (i.e. p-values)27 to determine 
whether the differences across the high and low range conditions were statistically 
significant. Because the occupants in each building space gave a single evaluation of 
discomfort using the two glare scales, between-subject analyses were utilised in this study.28 
To interpret the outcome of the analyses (i.e. p-values) derived from the tests, we used the 
threshold recommended by Benjamin et al.,29 which recommends that values below an alpha-
level of 0.005 are denoted as statistically significant. Values above 0.005 were considered not 
statistically significant (n.s.). Since we had reasons to believe that when a higher stimulus 
range is available, this increases the photometric values given to the same criterion of 
discomfort due to glare (Table 1),8 we used one-tailed (directional) hypotheses.30,31 

To test the assumption of normality we used Quantile-Quantile plots32 using the 
standardised residuals derived from a linear model, which were used to determine if the 
assumption of normality has been met.28 In these plots, we overlayed Kolomogorov-
Smirnov33 confidence bands about the datapoints. Beside Quantile-Quantile plots, we also 
used Lillifers test (Kolmogorov-Smirnov)34 to determine if the distribution derived from our 
data was significantly different from a distribution which is normal about its mean. If the 
assumption of normality was met, we used the independent samples t-test.28 To ensure that 
the spread across the building range groups was approximately equal, we used the Levene’s 
test of homogeneity of variance.35 When the assumption of normality was not met, we used 

Building range 
group

High Low

Illuminance (lx)

Mean 434 213

Std dev 250 84

Maximum 1,608 463

Minimum 119 59

Glare rating (n (%))

Imperceptible 71 (34%) 79 (41%)

Noticeable 100 (48%) 99 (52%)

Disturbing 35 (17%) 13 (7%)

Intolerable 3 (1%) 1 (0%)
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the Wilcoxon-Mann-Whitney test.36,37 The non-parametric Ansari-Bradley test38 was also 
used to ensure the dispersion of the data across the two building range groups were similar. 
Since frequentist tests are dependent on both the size of the effect and sample,39 emphasis in 
the analyses was placed on the effect size.40 For the independent samples t-test and 
Wilcoxon-Mann-Whitney test, we used the Pearson’s, r, which was calculated according to 
either equation (2) or (3):41 

!            

(2) 

!           (3) 

whereby, t is the test statistic and df is the degrees of freedom from the independent 
samples t-test, and z is the test statistic and n is the number of occupants from the Wilcoxon-
Manny-Whitney test. To avoid abstract self-interpretation of the outcome, we used the tables 
given by Ferguson,42 which provides benchmarks for “small”, “moderate” and “large” effect 
sizes (r≥0.20, 0.50 and 0.80, respectively). Values below 0.20 were denoted as not 
representing any practical relevance (“negligible”). 

3. Results 
3.1.  Range effects 

Figure 3 displays the results of the Quantile-Quanitle plots, whereby these show that some of 
the datapoints depart from the diagonal line that represents a normal distribution, which 
suggests the distribution derived from our data is not normal about its mean. This can be seen 
in plots for: (a) imperceptible glare, (b) noticeable glare, and (c) disturbing glare. Since too 
few evaluations for intolerable glare were given (Table 5), this criterion was not included. To 
verify these observations, Table 6 shows that the Lillifers test was statistically significant 
(p<0.005) for each glare rating. Based on these analyses, this showed that the sample 
distributions were significantly different from a distribution that was normal about its mean. 

 r =  
Z

n

r =  
t2

t2 + d f

Lighting Research and Technology, December 2021                    !   https://escholarship.org/uc/item/50t169w4 10
                 https://doi.org/10.1177/14771535211047220

https://escholarship.org/uc/item/50t169w4


  
Figure 3 Quantile-quantile plots comparing the theoretical quantiles against the sample quantiles for: 

(a) imperceptible glare, (b) noticeable glare, and (c) disturbing glare. Note: the diagonal line 
represents a sample distribution that is normal about its mean.28 

Since the Quantile-Quantile plots (Figure 3) and inferential (Lilliefors test (Table 6)) 
analyses showed that the sample distributions were not normal about their mean, we used the 
Wilcoxon-Mann-Whitney test to compare the differences in vertical illuminance for the same 
glare rating (i.e., imperceptible, noticeable and disturbing glare) across the two range groups. 
Table 6 shows that the Ansari-Bradley was not statistically significant (p>0.005) for each 
glare rating, which suggests that the spread in vertical illuminance were approximately equal 
across the two building ranges. This showed that the assumption of homogeneity of variance 
associated with the Wilcoxon-Mann-Whitney test had been met. 

Table 6 Results of the Lilliefors test used to examine the assumption of normality and Ansari-Bradley 
test used to verify the assumption of homogeneity of variance for the four different glare ratings. 

Figure 4 presents boxplots comparing the vertical illuminances across the two building 
range groups for the same glare rating: imperceptible (a), noticeable (b) and disturbing (c) 
glare. For each plot, we also present the median different (ΔMdn), statistical significance (p-
value), and effect size (r) and its associated interpretation. 

Glare rating Lilliefors test Ansari-Bradley test

D p-value AB p-value

Imperceptible 0.11 <0.005* 2,641 0.67 n.s.

Noticeable 0.14 <0.005* 4,687 0.16 n.s.

Disturbing 0.17 <0.005* 485 0.03 n.s.
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Figure 4 Boxplots comparing the vertical illuminance values across the two building ranges (high and 
low) with their associated sample sizes for the same glare rating: (a) imperceptible, (b) noticeable, and 

(c) disturbing glare. Above each plot, we present the descriptive and inferential statistical values. 

The results showed that the vertical illuminances are consistently larger for the same 
rating of glare when considering the high range condition. The differences according to the 
median difference and effect sizes across the range groups also appear to increase (i.e., the 
differences in vertical illuminance increases) when occupants reported a higher criterion of 
glare. These differences were statistically significant (p<0.005) across the two building range 
groups for all three glare ratings shown in Figure 4, and the effect sizes ranged from “small” 
for imperceptible glare to “moderate” for noticeable and disturbing glare. These results 
generally showed that when the range in vertical illuminance across the two groups is 
unequal, this biased the vertical illuminance for the same glare rating. 

3.2.High and low building ranges 

While Figure 4 shows evidence that range bias influences the vertical illuminance for the 
same criteria of glare, this analysis compared different groups of buildings against each other. 
To verify if the same range bias effect persisted across two different buildings only (i.e. 
conditions that did not contain more than one building), we repeated our analyses – albeit at 
the expense of a smaller sample size and was restricted to one criterion of glare. We 
compared B2 and B8, since they had a relatively even number of occupants in each building 
and had the highest sample sizes in the original high and low range groups (Figure 2), 
respectively. We denoted these two buildings according to their ranges: namely, B2 (high 
range) and B8 (low range). 

We compared the vertical illuminance for the rating of noticeable glare, because this 
rating received the highest number of glare ratings compared to the other categories (i.e., 
imperceptible, disturbing and intolerable glare did not receive sufficient glare ratings to 
perform inferential tests), and had approximately the same number of evaluations given by 
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the occupants (Table 7). Since the overall vertical illuminance range (i.e., without considering 
the subjective ratings (Table 5)) was larger in the building denoted as B2, for the rating of 
noticeable glare given by occupants, the vertical illuminances are also larger for this building 
when compared to B8 (Figure 5). For ratings given to noticeable glare, Table 7 shows that the 
mean vertical illuminances are larger when the building has a higher range. 

Table 7 Descriptive statistics for the vertical illuminances presenting the mean, standard deviation, 
maximum and minimum (range) when occupants provided a rating of noticeable glare, and the total 
number of ratings contained in the high and low building ranges. 

Since the Lilliefors test showed that the standardised residuals were not significantly 
different from a distribution that was normal about its mean (D= 0.08, p-value= 0.08 n.s.), we 
used parametric tests. The Levene’s test of homogeneity of variance revealed that the spread 
across the two building ranges was also not statistically significant (F= 5.70, p= 0.02 n.s.). 
Because this provided evidence that the variances across the two building ranges were 
approximately equal, we used the independent samples t-test to compare the mean difference 
in vertical illuminance for the rating of noticeable glare. 

The results of t-test show that the differences in vertical illuminance across the two range 
groups for the rating of noticeable glare were statistically significant (p<0.005). The 
difference according to the effect size indictor was “moderate”. When comparing the vertical 
illuminances across the two buildings containing different ranges for the rating of noticeable 
glare, this shows that when a building contains a higher range, the vertical illuminance for the 
same criterion of visual discomfort increases. This provided the same interpretation when a 
larger group of buildings were compared across two building range groups (Figure 4). 

Building range High (B2) Low (B8)

Illuminance (lx)

Mean 377 236

Std. dev. 118 84

Maximum 642 463

Minimum 195 80

Glare ratings (n)

Noticeable 46 53
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Figure 5 Results when comparing two building with different ranges of vertical illuminance showing: 

(a) quantile-quantile plots comparing the theoretical quantiles against the sample quantiles for 
noticeable glare, and (b) boxplots comparing the vertical illuminance values across the two building 

ranges (high and low) for the rating noticeable glare. 

4. Discussion 
The results from this study generally show supportive evidence that there is range bias when 
the category rating procedure is used to evaluate discomfort due to glare across different 
Singaporean buildings. When the range of vertical illuminance increases inside buildings, the 
vertical illuminance for the same rating of discomfort due to glare also increases. The results 
generally support previous research, which had identified that the luminance range can bias 
settings when using an adjustment procedure to evaluate discomfort due to glare.8 The 
influence of the effect is brought on when the illuminance range (i.e., both maxima and 
minima values) across different groups and individual buildings vary, which biases the rating 
to the same degree of discomfort due to glare given by occupants. 

These findings may have important implications on how the category rating procedure 
has been used to develop existing glare prediction models. For example, when DGP is used to 
evaluate daylit glare across different buildings, we believe that the range of photometric 
conditions must be approximate to each other otherwise incomparable estimates of the visual 
discomfort will be given. In the original study used to develop DGP,3 high levels of vertical 
illuminance were produced in two European countries (i.e. Denmark and Germany) with the 
windows always facing toward the Sun. In our study, such high levels of vertical illuminance 
were not available. When DGP is used to evaluate glare in Singaporean buildings, we found 
DGP incorrectly classified 75 % the glare ratings given by building occupants that perceived 
from daylit windows (Figure 1). This result may also explain why DGP values for the ratings 
of discomfort due to glare found in Table 3 appear to show that glare was underestimated. In 
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other words, the range of vertical illuminance used to develop DGP was significantly higher 
than the range of daylight conditions found in these buildings. 

In a review of different lighting studies that use the category rating procedure, Fotios4 
also highlighted issues of range bias. While our work generally shows similar results to those 
that had been reviewed (i.e., subjective ratings given by observers are dependent on the 
stimuli range), Fotios4 also explains the wider impacts this bias can have on studies using 
different ranges. In the context of our work, DGP thresholds recommended by Wienold and 
Christoffersen3 (Table 2) are based predominantly upon the range of vertical illuminances 
present in their test-rooms. If a second study uses higher vertical illuminances, DGPs for the 
same thresholds would also be higher and recommendations will then be given to ensure that 
glare is kept below those new limits. As explained by Fotios,4 the findings from these studies 
will not converge and a likely cause is range bias. 

In our study, we did not distinguish between glare sources originating from artificial or 
daylit sources. Although this allowed us to evaluate a more general effect of range bias across 
different buildings, when we compared the magnitude of glare for increasing levels of visual 
discomfort (Figure 4), the vertical illuminance did not increase, or did not substantially 
increase with each criterion step-change on the 4-point scale. An unexplored facet that may 
explain this could have been the relationship between window view and glare. In general, 
views from the windows predominantly showed urban landscapes (i.e. surrounding buildings, 
roads and pavements). However, due to differences in office layout and furniture arrangement 
in the buildings we assessed, this unavoidably meant that viewing proximity to the window 
varied. Although Tuaycharoen and Tregenza43 and our previous work44 both showed that 
more “interesting” view content increases tolerance to window glare, ratings of visual 
discomfort were given under fixed viewing positions. Since occupants in our study sat at 
different distances from the window, it is unclear how the window view may have influenced 
our results. Nevertheless, occupants sat closer to the window and had more access to a view 
may react differently to an equivalent amount of physical glare seen further away from the 
window. These differences may help explain why vertical illuminances did not substantially 
(or at all) increase when occupants gave higher ratings of visual discomfort. 

Our study also questions whether ratings of discomfort due to glare are influenced by 
prior knowledge of the building space (i.e., expected (day)lighting levels) or if they are 
dependent on exposures to recent stimuli.45 Studies of vision and colour hue have revealed 
that prior knowledge of a visual stimulus can influence the final ratings given by the 
observer.46,47 Such experiences in a field study could also occur when occupants have spent 
enough time inside a building, and this could influence their expectations of what are 
reasonable levels of (day)light and what conditions cause discomfort. Since this behaviour is 
heuristic, this biases the ratings when the category rating is used to evaluate discomfort due 
to glare in different buildings. 

Since DGP and vertical illuminance are correlated to each other, this meant that both 
variables generally produced the same results. In fact, Wienold et al.48 showed that among 22 
indicators of glare, DGP (ranked first) and vertical illuminance (ranked second) also 
produced similar results. This highlights a discussion point previously raised by Fotios and 
Wienold,49 which questions whether the additional complexity of DGP is necessary when its 
precision may not be significantly greater than the vertical illuminance. Therefore, designers 
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may opt to use a much simpler measurement, and reinforces the idea raised by Kent and 
Fotios,50 who questioned whether the use models containing precise values are necessarily to 
evaluate glare. 

4.1. Recommendations 

To overcome such range effects in future research, we propose some recommendations. 
When comparing results across different glare studies, the range of conditions that were 
available when ratings were given by the occupants should be compared. If the ranges are 
considerably different (e.g., the maximum illuminance value in one building does not overlap 
with the minimum limit in the other), this would cause an unavoidable bias, which would 
lead to different estimates for the same criterion of visual discomfort. In situations when the 
ranges for a parameter (e.g. vertical illuminance) are different but may still overlap, the range 
bias could be minimised by matching specific parts of the dataset. 

To minimise the range effect in glare studies, a pre-trial demonstration could also be 
used. A study by Kent and Fotios51 showed that when observers were asked to provide ratings 
to the same glare source, evaluations of discomfort were higher when a pre-trial 
demonstration of the minimum and maximum luminances is shown. While the use of a pre-
trial demonstration is more practical when the source is artificial (i.e., its luminance can be 
consistently varied to the same minimum and maximum luminances across different 
conditions), it may help improve the consistency of ratings when using the category rating. 

4.2. Limitations 

While we believe that we utilised a sufficient sample size to perform a range of analyses to 
confirm our aim, it was not feasible to do this for all conditions that we would have ideally 
liked to have evaluated. In the data we used, there were too few ratings given the criterion of 
“Intolerable” glare to perform inferential analyses. Therefore, our tests were mostly restricted 
to evaluations made to the lower ratings of discomfort glare in Figures 4. Although we think 
that the effects would have been present for highest degree of discomfort glare – assuming a 
sufficient number of ratings had been given, it was not possible to confirm this due to uneven 
amount of evaluations given on the 4-point scale. 

We think some questions may also need to be raised to whether the criteria used on the 4-
point scale3 accurately describe typically levels of discomfort due to glare found in office 
buildings. Since occupants mostly used the lower thresholds of discomfort, higher threshold 
of glare might rarely occur due to buildings that are able to better control excessive levels of 
daylight that enter through the windows and have other means of glare protection. 

5. Conclusions  
In our study, we found that the range bias can effect evaluations of visual discomfort when 
the ranges of vertical illuminance present across different buildings in Singapore vary. The 
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range effect persisted when evaluating different magnitude ratings of discomfort due to glare. 
This showed that the range effect was larger when the magnitude of discomfort due to glare 
increased. When the different groups and individual buildings were compared against each 
other, the range effect could still be found. The results of this study raise important questions 
when the category rating procedure is used to evaluate discomfort due to glare. 

We think that the range effect can be used to understand the discrepancies found when 
glare is evaluated across different buildings using the category rating procedure. In 
Singapore, we found that DGP could not correctly classify a large majority (75 %) of the 
glare ratings given by building occupants that perceived visual discomfort from daylit 
windows. We think one of the reasons for this is that the range of vertical illuminances used 
in the original DGP study was much higher than those present in Singaporean buildings. 

As part of ongoing research, we aim to develop new approaches that could minimise the 
effects of range bias in future glare studies. Using recognised statistical procedures, this will 
match the closest values (e.g. vertical illuminance) in one dataset with the range of values 
found in other dataset(s). Assuming that the datasets are large enough and have some 
common values that approximate each other, we think this may help control for unwanted 
range bias effects. 
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