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1 5 

2 6 

3 7 

4 8 
Figure 2 The eight images ranked most highly on ' interest' 
in the prel iminary experiment 

uncomfortable, then just intolerable; the set­
tings at which these occurred were recorded . 
SUbjects relaxed after each sequence and the 
next new image was not projected until any 
after-images had completely vanished. 

Before testing, this was the procedure. On 
arrival, each subject was asked to complete a 
short questionnaire on general background, 
sight and medical condition . He or she then 
sat in the chair, which was adjusted in height 
so the subject's back was straight and the head 
located at the viewing position. The instruc­
tions were read to the subject; these included a 
definition of glare, the meaning of the three 
criteria, and a description of how the experi-
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ment would run. The subject was then asked 
to .look at the central fixation point and to 
adjust the brightness of the reference source so 
that the glare sensation it produced \vas first 
'just noticeable', then 'just uncomfortable' and 
'just intolerable'. The first purpose of this was 
to affirm the subj ect's understanding: in this 
experiment, 'glare' and the three tru:eshold 
criteria were in effect defined by this immedi­
ate experience with the reference source and 
this was common to all SUbjects. The proce­
dure also provided an initial calibration of the 
individual's glare response which might be 
used in later analysis. The procedure ended 
with a relaxation period of 10 min before the 
main experiment began . 

To minimize cultural differences in 'interest ' 
the first experiment used a subject group 
tightly controlled in educational and cultural 
background . A minimum possible sample size 
of seven subjects was calculated from operat­
ing characteristic curves 16 basing estimates of 
error variance of the popUlation and mini­
mum detectable luminance difference on re­
sults in Waters,l7 and adopting 0.05 for Type I 
and Type II error probability. A Balanced 
Latin Square randomized allocation of treat­
ments required eight subjects and this number 
was adopted. 

The subjects were university students of 
Thai nationality, fo ur men and four women, 
aged 18-30. Two men and two women wore 
spectacles; all were self-certified as having no 
other eye problems and having no colour­
vision deficiency. 

2. 3.4 Results 
The outcome is summarized in Table 1 and 

Figure 3. There were significant differences 
between glare sensations from the two images 
ranked most interesting and the sensations 
from neutral screens of the same mean lumi­
nance. 

The numerical results were a set of lumi­
nance values reported by subjects to be the 
three glare thresholds - noticeable, uncomfor­
table, intolerable- as they viewed screen 
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Table 1 Mean and standard deviation glare indices associated with levels of I d' , . 

g are IscomTort from Images and neutra l screen 

IES UGR 

Neutral screen Image Neutral screen Image 

Mean SO Mean SO Mean SO Mean SO 
Picture A 

Just noticeable 20.2b 7.26 29.1 b 3.97 22.2b 
Just uncomfortable 26.3a 7.23 31.1 b 3.97 

7.79 34.2a 3.28 28.3a 7.80 36.2" 
Just intolerable 32.6a 5.68 38.0a 3.30 

Picture B 
4.30 34.6a 5.69 40.0a 4.30 

Just noticeable 26.5b 6.49 33.0b 3.50 28.5b 
35.0b 

Just uncomfortable 34.1b 5.58 38.5b 6.49 3.50 
3.30 36.2b 5.56 40.5b 3.32 

Just intolerable 41 .3a 3.29 42.5a 2.88 43.3a 
Picture C 

3.31 44.5a 2.88 

Just noticeable 27.1a 5.32 29.5a 4.54 29.1a 5.33 31 .5" 
Just uncomfortable 34.8 3.08 34.6 

4.54 
429 36.8 3.08 36.6 

Just intolerable 40.0 2.45 39.7 
4.29 

Picture D 
3.78 42.0 2.45 41.7 3.76 

Just noticeable 23.7a 7.22 25.9" 5.26 25.7" 7.22 27.9a 
Just uncomfortable 31.4 

5.26 
5.23 31.7 5.13 33.4 5.23 33.7 5.13 

Just intolerable 37.1 3.89 36.9 4.06 39.1 3.89 38.9 406 

aHighly significant difference between pair of mean values (P <0.01) in Hest· 
bSignif icant difference (P <0.05). . 

images becoming incrementally brighter. 
Glare ratings and indices were computed 
from these luminances, the angular dimen­
sions and the measured background lumi­
nance using the equations: 

L J.6 W O.8 

GI = 10 log 0.478 :L_s
_-

Lbp J6 

Is is source luminance (cd/m2), Lb is back­
ground luminance (cd/m2), w is sub tended size 
of sources (steradians), p and P are dimension­
less position factors. 

Table 1 shows the mean and standard devia­
tion of the two glare quantities for all four 
images and their equivalent neutral screens. 
The glare rating or index at which a threshold 
was reported tended to be higher when the 
source was an image than when a matching 
neutral screen. A matched-pair t-test finds this 
difference to be significant across all degrees of 

glare threshold in the two images ranked high­
est m ill terest; in three of the six cases the result 
was highly significant (P < 0.01 ). With the 
other two images there was a significant differ­
ence only at the 'just noticeable' leveL 

The effect of interest on glare sensation may 
diminish as glare becomes more intense. 
Figure 3 plots the image luminance at which 
each subject reached a threshold (y -axis) 
against the neutral screen luminance (x-axis) 
at which the subj ect reported the same degree 
of glare. All four images are included. The 
diagonal line is the null hypothesis: no differ­
ence between the mean image luminance at 
which a given degree of glare was reported and 
that of the neutral screen which caused the 
same response. The shorter lines are linear 
least-square interpolations of the separate 
data from the three levels of discomfort. The 
trend lines become almost horizontal at low 
image luminance, indicating that the UGR 
would be a poor predictor of glare discomfort 
there. 

We conclude that , under some conditions at 
least, the sensation of discomfort glare is very 

L ighting Res. Teclmol. 37,4 (2005) pp. 329-341 

2 5 



334 N Tuaycharoen and P R Tregenza 

100000.0 .,--------------1-------------,,...... 

• 
'" 

'" ~ '" .. . ,, ~ .. ,' 
'" . ," . .... ','ll '" ~.~~ ,~ ' . " . 

. _,.- l;' ~. '. _, ~' ~"6 
--_ .. - ' _.-''-'" '" _. ' 

-. ~ .' I '" • 
• 

,_ , _ , _,- , - , -,- ' - '-0 ~ 
-. tI • 

• • 0 • 
• .... 

o 
OJ 
U 
c:: 
til 
c:: 

• 10000.0 +-____________ ~"'~+_ .. -=."'~ ____ D. _______ ~ 

• • E • ::J 

• • 
.,' • just noticeable 

'" just uncomfortable 

• just intolerable 

.... -. - null hypothes is 

--Linear Oust noticeable) 

- - - - - Linear Oust uncomfortable) 

- " - _. Linear Oust intolerable) 

1 000.0 +------'----'---'----'-----'----'---'---'--f------'----"-------1---'----'--'---'--y 

1000 10000 100000 

luminance of neutral screen 

Figure 3 Comparison betw een luminance of blank screen causing glare and luminance of image causing the same level of 
glare . The higher the y-axis (image) val ue above the diagona l line the greater the glare tole rance of the image 

likely to be affected by image content of a 
glare source. We note some factors specific to 
this experiment that affect interpretation of 
the results: 

First, a uniform source was compared 
with one that varied in luminance and 
colour. If a small uniform screen is com­
pared with an image of the same size and 
same mean luminance that varies in bright­
ness across the surface, both glare formulae 
predict that the non-uniform image would 
produce a higher glare index because L s has 
a higher exponent than OJ . Waters et aI., J 8 

confirmed this experimentally for sources on 
which the subject's eyes were fixated (as in 
this case) but found the opposite effect with 
peripheral sources. The differences in Table 1 
between image and blank screen glare GI 
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and UGR values are likely therefore to be 
conservative. 

Second, although the eight stimuli (four 
images, four neutrals) were presented in ran­
dom order, the thresholds were determined 
with each source increasing incrementally in 
luminance. This was done to control adapta­
tion and to avoid error occurring from very 
bright sources and low luminance sources 
being seen in succession; it was also the 
procedure used by Hopkinson. 19,20 The 
UGR and GI thresholds found are not 
necessarily those that would be found in other 
presentation sequences but this does affect the 
conclusions . 
. . We note also that the use of a larger number 

of subjects in this experiment might have 
yielded more s ignifi can teases. 



2.4 Experiment II: discomfort glare and 
images of natural scenes 

2.4.1 Aim 
The images used in the first experiment were 

by no means typical of views from windows. 
Having found that image content can affect 
discomfort glare, Experiment II was used to 
assess images of outdoor scenes which by scale 
and perspective could be views from a build­
ing. The aim was twofold: to confirm the first 
results using a larger group of subjects and a 
different test procedure; and to find out 
whether some types of scene have a greater 
effect on discomfort glare than others. 

It has been reported by several authors lO
- 12 

that natural views are more interesting than 
urban or man-made views. It has also been 
advocated that a view should include the 
nearby ground,14,15 so that with the middle 
distance and sky there are three strata of 
interest. The earlier work seemed thus to 
provide some testable hypotheses and this 
conclusion was reinforced when, in another 
preliminary test, conducted in the same way as 
that preceding Experiment I , subjects ranked 
some pictures of outdoor views more highly 
than others. The most highly scored were 
natural scenes containing some form of water 
and the sky. 

2.4.2 Matched pairs 
To minimize variance between subjects, the 

experimental design used matched pairs of 
images. After the preliminary test, 10 pairs of 
slides were prepared for four cases : 

1) a natural view instead of an urban or 
man-made environment; 

2) the presence of water in a natural view; 
3) the presence of visible sky in a natural 

VIew; 
4) the presence of nearby ground surface in 

a natural view. 

The images of each pair were chosen and 
digitally edited to be similar in subject, 
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c.ompo~ition , hue distribution, colour satura­
tIon, .sIZe and mean luminance; one image 
?OntaI,ne~ the test item, the other, the control 
lffiage , dId not. The 20 images of the natural­
urban set are illustrated in Figure 4. 

The experime.ntal setting and pre-test pro­
cedure were as ill the first experiment. There 
were 24 subjects, equal numbers of men and 
women, all university students aged between 
18 and 31 years but varying in nationality and 
cultural background . Spectacles were worn by 
50% of both men and women but no other eye 
defects or colour-blindness were reported. 

The image pairs were presented on two 
screens, both maintained at mean luminance 
8650 cd/m2

; the background lighting was held 
constant to give a spatial mean luminance of 
65 cd/m2

. SUbjects were instructed to fix their 
view on a point midway between the screens, 
and were asked to say which of the two images 
was the more uncomfortable. 

The four sets of images were presented in 
each session. Within the sets the pairs were 
presented in a randomized sequence, rando­
mized also between the two screens. 

2. 4.3 Results 
There were significant differences in glare 

response between test image and control 
image in three of the four sets. These are 
shown in Table 2, which gives the number of 
subjects who chose each image. 

On a £ test, the results from all four sets 
indicate a highly significant difference from 
the null hypothesis of equal probability. 
With independent binary choices, as used in 
the experiment, the cumulative binomial dis­
tribution provides a more direct and discrimi­
nating one-tailed test. Applying this to the 
totals of each set of pairs in Table 2, it is found 
that for three of the sets there is a highly 
significant probability that choice of images 
with the specific feature differed from the null 
hypothesis of equal preference. The three sets 
were [natural view: urban view], [natural view 
with water: natural view without water] 
[natural view with foreground; natural view 
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Natural Urban Natural Urban 

Figure 4 The 10 pairs of images of the natural-urban view set 

without foreground]. The result was just below 
significance for the fourth set of pairs (with 
and without sky). 

We conclude that elements of natural scenes 
in an image may alleviate the sensation of 
discomfort glare and that descriptive terms 
such as 'water' and 'ground ' may represent 
significant factors. The images were complex 
views and each set included different ways in 
which the item occurred (such as, for water: 
sea, lake, waterfall, river) ; and, because there 
were some pairs of images not consistent with 
the overall result for each set, there is clearly 
scope for larger experiments with a multi-

Lighting Res. Teelmol. 37,4 (2005) pp. 329-341 

factorial design . We note also that the screens 
lay outside the subjects' central visual field 
and peripheral effects of non-uniform illumi­
nance may have occurred; but because the 
number of subject-choices in each set was 
large (240) and the views were presented 
randomly in pairs, this is unlikely to have 
systematically affected the outcome. 

3. Discussion 

The results show that interest in the linage 
content of a bright source can be associated 
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Table 2 Number of subjects (out of 24) choosing image as less glaring in paired . . 
given feature comparison test of Images with and wi hout a 

Image pairs 2 3 4 

Natura l Urban Natural Natural Natural Natural Natural with 
with w ater without w ater with sky without sky foreground 

23 1 16 8 15 9 17 7 11 13 21 3 3 21 16 8 5 19 16 8 17 7 12 12 22 2 12 12 12 12 14 10 7 17 19 5 11 13 24 0 6 18 9 15 4 20 21 3 22 2 22 2 21 3 11 13 
20 4 14 10 15 9 11 13 
18 6 7 17 13 11 8 16 
20 4 20 4 19 9 19 5 

Totals 154a 86 156a 84 131 109 153a 87 

aHighly significant differen ce between pair of tota l values (P < 0.01 ) in the cumulative binomial distribution with number of trials 
10 x 24, P=O.5. 

with an increased tolerance of discomfort 
glare. They support Hopkinson's conjecture2 

and, with particular reference to screens, add 
to the observation by Markus2 1 quoted in 
Boyce3 that 'people frequently sit for h ours 
in front of a television set by free choice 
even though it should, according to the 
formula, be producing intolerable glare '. 

It follows that, if a glare source contains 
some information regarded as interesting, 
the degree of discomfort predicted by stan­
dard glare index formulae is likely to be an 
overestimate. The results do not, however, 
indicate whether the increased tolerance is a 
short-term effect, which m ay fade after 
prolonged viewing, or one that persists; 
and this unknown affects the immediate 
practical implications of the findings. 

Current knowledge of the mechanisms of 
discomfort glare is incomplete;22 this inhibits 
any generalization of the results but we found 
no indication that the effect is peculiar to 
small sources. If an association between image 
content and glare could not have been found 
in a highly controlled laboratory test it would 
be unlikely that real windows would show a 
measurable effect. This, h owever, was not the 

case so the results strengthen the hypothesis 
that the nature of a window view is a factor 
affecting the sensation of discomfort from the 
window 

The work has brought together two lar­
gely independent streams of research: dis­
comfort glare and preferences for wind ow 
views. The findin g that images of natural 
scenes invoke less glare discomfort than 
urban images supports the work of Ul-
. h 10 II 'T' C · . ]? nc " l ennessen and lll1pnch, - and 

Orland.13 Knowing that simple descriptors 
like 'water', 'sky', 'ground', and 'view stra­
tification' are related to decreased glare 
sensitivity may be useful in eventually giving 
practical guidance on window design. Con­
versely, the fmding that a decrease in glare 
discomfort is an indicator of interest in a 
view may provide a useful objective tool in 
research on view content. 

\Vhile the patterns of the results are 
consisten t and their implications important 
it is necessary to note two particular limita­
tions of the experiments. First , the subjects 
participating were university studen ts, a 
group of subjects distinctive in age-range 
and educational backgrounds. Second , the 
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stimuli in this study were not actual lumi­
na~es. or wind?ws, and the setting was 
artIficIal; extensIOn of the results into a 
real situation remains conjectural. These 
provide a clear programme for the next 
stage of research. 
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Discussion 

Comment 1 on 'Discomfort glare from 
interesting images' by N Tuaycharoen 
and P Tregenza 
AI Slater (Building Research Establishment, 
Garston, Watford, Herts, UK) 

This study of glare has revealed new properties 
that could be particularly significant in real 
world circumstances. It has demonstrated that 
the sensation of discomfort glare caused by 
'interesting' images containing a wide range of 
luminances is different from that caused by 
neutral uniform images of the same average 
luminance. But is this really a result of the 
'interest' content of the image or could this 
difference in sensation be a result of the wider 
range of luminances contained in the complex 
images? A future study that compared an 
'interesting' image with an 'uninteresting' 
image of, say, random dots but covering a 
similar range of luminances would address 
this issue. 

The subjective glare responses shown in 
Figure 3 demonstrate the wide range of scatter 
usually associated with sUbjective studies. The 
fitted lines appear to show a deviation from 
the null hypothesis, but statistical analysis of 
the data to provide some measure of the 
scatter would be helpful in showing how 
important the difference is likely to be under 
practical situations in real buildings. 

The second experiment presented matched 
pairs of images to the viewer. Although these 
were matched for many parameters, including 
average luminance, it is not stated in the paper 
whether the range of luminance contained in 
each image of the pair was also matched. If 
not, it could be that the image with the highest 
maximum luminance was found to be the 
most glaring. 

As mentioned in the paper, within each set 
of pairs, for some pairs the image containing 
the test item was more often found to be more 
glaring, and for some pairs the image without 
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the test item .was f?und to ~e more glaring. 
For example, 1D the natural VIew: urban view 
set, for si~ of the pairs more subjects found the 
n~tural VIew to be less glaring than the urban 
VIew, but for the other four pairs more subjects 
found the urban view to be less glaring. It rna 
be that aspects of the content of the imaaes 

b 

other than their interest are important here. 
There is clearly much here for further study. 

This paper has given a useful insight into 
the sensation of glare in a laboratory setting 
and some pointers to effects in the real world. 
The images used were similar in size to 
computer screens. It would be interesting to 
speculate whether the results could also ex­
plain why users of screens often seem relatively 
unconcerned about reflected images or large 
luminance variations when they are trying 
to view images with significant 'interesting' 
content. 

Comment 2 on 'Discomfort glare from 
interesting images' by N Tuaycharoen 
and P Tregenza 
MP Wilsoll (Director of Low Energy Archi­
tecture Research Unit, School of Architecture 
and Interior Design, University of North LOIl­
dOll, London, UK) 

This paper deals in particular with the impact 
of images and the content of those images on 
glare. Its real impact, acknowledged by the 
authors, however will be in the contribution to 
the understanding of glare from windows. If 
interesting images are less glaring than others 
then a window with a view would be likely to 
be less glaring than an equivalent window of 
diffusing glazing. And that might be viewed as 
less glaring than an equivalent bank of 
fluorescents behind diffusing glass because 
the light level will be constantly changing 
where the diffusing glass is lit by daylight. 

There is interest and information. A 'view 
may be traditionally interesting in terms of the 
images used in this research but any view to 
the outside will contain information as to the 
weather outside and thus has some interest. 
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The impact of this changing view on 
window glare may be that glare is not the 
main consideration in the daylighting design 
of windows (apart of course from the actual 
level of daylight). As long as opportunity is 
given to orientate one's work station there is 
no reason to believe that one would not make 
adjustments to find the visually most comfor­
table position. This has severely limited pre­
vious work where the glare was evaluated from 
a position determined by the experimental set 
up. There is other evidence, from the PhD 
thesis of Y Sutter l that a very high level of 
daylight glare can be tolerated, as long as the 
veiling reflections on VDU screens, diffuse 
and specular, are controlled (more disability 
glare than discomfort) . One explanation is 
that the occupants are 'adapting' their envir­
onment to minimize the glare through simple 
orientation. The reflection of TFT and plasma 
screens is much lower than those of CRT 
screens and as the brightness of screens 
increases it may be that the next controlling 
factor may be the potential glare of the screens 
themselves balanced by the veiling reflection 
from the window. The authors themselves 
mention the very high glare values of TV 
screens. 

Reference 

1 Sutter Y. E tude analy tique et experimentale du 
pilotage de stores venitiens en vue d'obtenir des 
conditions de con/ort visuel optimales dans Ie cas 
du travail sur ecran de visualisation. PhD thesis, 
Vaulx-en-Velin, France, ENTPE, 2003, 160 p. 

Authors' response to AI Slater and MP 
Wilson 
N Tuayclzaroell alld P R Tregenza 

We are grateful for these valuable comments, 
unerringly aimed at the difficult topics. . 
Mr Slater raises the possibility of companng 
meaningful unages with random patterns. In a 
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pilot for the first experiment we tested images 
not only against blank screens of the same 
mean lUminance, but also against two other 
series of slides in which the information in the 
image was successively degraded-fust to 
grey-scale images, and second to meaningless' 
patterns where the grey-scale elements of the 
images were randomly dispersed. Although \\'e 
obtained consistent results comparing in1ages 
with uniform screens, we did not do so with 
subjects ' responses to the intermediate slides. 
From discussion it was clear that subjects were 
finding interest in random patterns. 

In the second experiment we did match 
image pairs on their overall pattern of light 
and dark as well as their mean luminance, so 
the maximum brightness was approximately 
the same across each pair of slides. This is 
crucial to interpretation of the results; so on 
receiving Mr Slater's perceptive comment we 
re-examined the data and, taking slides where 
there was a measurable difference, we tested 
the association between maximum luminances 
and choice. There was not a significant 
relationship so we conclude that our pairing 
of images was adequate. 

The point is important, though. In a later 
experiment we have compared subjective as­
sessments of glare from larger sources, screens 
of the same mean luminance but with geo­
metric patterns of different degrees of con­
trast. The screens with the brightest elements, 
the highest contrast within the figure, were 
chosen as the most glaring; this emphasises 
that mean luminance alone is not an adequate 
parameter in assessments of glare from large 
area sources. 

We concur with Professor Wilson that glare 
from a window is in practice less likely to be 
troublesome than unsatisfactory brightness 
relationships within the working area but 
note that U1 tropical climates very bright sunlit 
surfaces can occur. We would be reluctant to 
squeeze more out of the results shown in 
Figure 3 without a larger number of subjects. 

It is clear that much more testing 
is necessary. H aving shown that the sensa-
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tion of glare is modified by a subjective 
response to the content of a scene, the central 
questions are: 

1) What is the mechanism-it is merely 
distraction? Is it more than a short-term 
effect? 

2) What view content is effective? What is 
meant, for example, by 'natural'? 

It would have been surprising if the experi­
ments had given different results. There is a 
very large literature about analogous situa­
tions: we know, for example, that whether a 
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noise source is even noticed depends on a 
person's relationship v. ith the source' that 
distraction can mask pain; that the provision 
in a surgical ward of a natural iew IS 

associated with measurable benefits such as 
higher recovery rates and lower rates of 
analgesic use. 

The study gives evidence in a new context 
that photometric values alone are inadequate 
criteria of lighting quality: quite apart from 
matters of satisfaction or preference the 
experience of discomfort cannot be predicted 
accurately with solely physical parameters. 

L ighting Res. Teclmol. 37,4 (2005) pp. 329-341 
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