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a b s t r a c t

The topic of discomfort glare is an important issue in daylit buildings; however, a consensus on the glare
indices and their criteria is hard to achieve, since any measured objective values must show a significant
correlation with perception of the space occupants. Applicability of the criteria for each glare indices is
yet to be determined, considering various demographic and cultural differences and preferences.
However, most studies on discomfort glare from daylight were conducted in regions dominated with
Caucasian population. This research aims to determine the appropriate criteria for discomfort glare in
Indonesia, using high dynamic range (HDR) imaging technique and post-occupancy evaluation. The
objectives are to find correlations between various physical variables and glare indices and to obtain
the comfort criteria for daylighting glare in Indonesia.
Assessment was conducted in the reading hall of the Main Library Building of Institut Teknologi

Bandung. Post-occupancy evaluation was conducted with 99 participants. None of the proposed metrics
have a high correlation with the mean subjective score; the largest squared correlation coefficients are
given by Evalglare-defined mean source luminance (Ls,Evalglare) and daylight glare probability (DGP). The
most significant differences between mean values under comfort and discomfort scenes are also given
by those two metrics. The following values are suggested as borders between imperceptible and percep-
tible glare perception: Ls,Evalglare = 1331–1347 cd/m2, DGP = 0.21; between perceptible and disturbing: Ls,
Evalglare = 1867–1874 cd/m2, DGP = 0.22; and between disturbing and intolerable: Ls,Evalglare = 2760–
3121 cd/m2, DGP = 0.24–0.26.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

It is generally well-known and understood that daylight and
view help to create healthy, comfortable, and productive work
environments for building occupants. Human can obtain many
benefits associated with daylight and view, which are one of the
most important reasons to provide sufficient amount of daylight
and view in buildings. The perceived value of views through day-
light openings such as windows has persisted throughout time.
Windows have great perceived and observable commercial value
in buildings (e.g. Kaplan, 1993; Tennessen and Cimprich, 1995;
Fontoynont, 2002; Leslie, 2003; Kahn et al., 2008; Aries et al.,
2010). Moreover; admission of daylight in buildings is an effective
strategy to save electrical energy from the use of artificial lighting
(e.g. Li and Lam, 2003; Li and Wong, 2007; Dussault et al., 2012;
Sabry et al., 2014; Trząski and Rucińska, 2015; Eke and
Demircan, 2015; Sudan et al., 2015).

Nevertheless, providing daylight and view in buildings should
be done in a way that is acceptable to the occupants, so that a bal-
ance between energy savings and thermal/visual comfort can be
achieved (e.g. Klainsek, 1991; Inanici and Demirbilek, 2000;
Kontoleon and Bikas, 2002; Ghisi and Tinker, 2005; Alwaer and
Clements-Croome, 2010; Ochoa et al., 2012; Van Den
Wymelenberg, 2014; Mangkuto et al., 2016). To ensure this, the
concept of sustainable or green buildings has been introduced
worldwide with many variants of environmental rating systems.
The green building concept has brought back the attention to day-
lighting (Li et al., 2009, 2010; Reinhart and Wienold, 2011); how-
ever, there is still risk of having low level of comfort perceived
by the occupants, particularly in the form of discomfort glare,
which can significantly reduce energy savings (Heschong Mahone
Group, 2006; Leaman et al., 2007; Paul and Taylor, 2008).

The topic of discomfort glare in interior scenes with daylight is
therefore an important issue to assess. However, a final conclusion
on the appropriate glare indices and their criteria is hard to draw,
since any measured objective values must be validated, or at least
show a significant correlation, with perception of the space
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occupants. Since human perception of brightness can be roughly
indicated with luminance rather than illuminance, it is therefore
logical to presume that luminance contributes more to visual
perception, and therefore can indicate visual comfort in general.
Indeed, current research has shown that several luminance-based
indicators are better predictors of visual comfort than
illuminance-based ones (Van Den Wymelenberg, 2012; Van Den
Wymelenberg and Inanici, 2014).

However, there is still no assessment system that can accurately
predict the effects of luminous environment on building occupants
at all situations (Velds, 2002; Galasiu and Veitch, 2006). In partic-
ular, when assessing discomfort glare from daylighting, there is
also a tendency and evidence that glare in controlled laboratory
environments is perceived rather differently from that in field sit-
uations, since there are, among others, various real tasks to per-
form, various sky conditions, various view of the window, and
possibly fixed façade orientation in the field (Tuaycharoen and
Tregenza, 2005; Hirning et al., 2013, 2014). There is therefore a
need to assess discomfort glare perception under real sky condi-
tions in full-scale rooms (Velds, 2002), which can be considered
‘uncontrolled’ compared to laboratory environments. The need of
conducting field tests nowadays is higher compared to the earlier
days before sustainable building practice becomes popular. The
concept of building sustainability, of which daylighting is an inte-
gral part, has become an important issue to consider by architects
and building planners today. Currently, there is not yet an effective
method to predict discomfort glare within daylit open plan spaces;
therefore priority for testing glare indices should be conducted in
those spaces (Hirning et al., 2013, 2014, 2017). Also, applicability
of the criteria for each glare indices is yet to be determined case
by case, since demographic and cultural differences and prefer-
ences play a very important role in that matter.

1.1. Glare indices and visual comfort metrics

Visual comfort in interior spaces is commonly indicated with
(discomfort) glare indices. For indoor daylight in particular, the
most well-known glare indices are Daylight Glare Index (DGI)
and Daylight Glare Probability (DGP). DGI was developed by
Hopkinson (1972) for glare from diffuse daylight coming from ver-
tical openings. DGI values < 18 are perceived as barely impercepti-
ble, while values > 31 are intolerable. The DGI equation reads as
follows:

DGI ¼ 10� log 0:48
Xn
i¼1

L1:6s;i x0:8
pos;i

Lb þ ð0:07x0:5
s;i Ls;iÞ

ð1Þ

where Ls,i is the source luminance (in cd/m2), xs,i is the solid angle
(in sr), andxpos,i is the modified solid angle for glare source position
in the field of view (in sr).

DGP was developed by Wienold and Christoffersen (2006) for
glare from daylight, considering not only luminance contrast, but
also vertical illuminance on the observer’s eye. DGP values < 0.35
are perceived as imperceptible, between 0.35 and 0.40 are percep-
tible, between 0.40 and 0.45 are disturbing, while values > 0.45 are
intolerable. The concept has been tested with subjects in Denmark
and Germany, resulting in statistically high correlations between
the subjects’ vote and the metric, as long as the window size is
not extremely small. The DGP equation reads as follows:

DGP ¼ 5:87� 10�5Ev þ 9:18� 10�2 log 1þ
Xn
i¼1

L2s;ixs;i

E1:87
v P2

i

 !
þ 0:16

ð2Þ
where Ev is the vertical illuminance (in lx), and Pi is the Guth posi-
tion index for the field of view.

Since its introduction, there have been a number of studies
applying DGP (as well as other metrics) to indicate discomfort
glare in real-world, daylit office situations, e.g. Fan et al. (2009),
da Silva et al. (2013), Van Den Wymelenberg et al. (2010), Van
DenWymelenberg and Inanici (2014, 2016). In some of those stud-
ies, DGP has a high correlation with subjective glare perception;
while in some others, the correlation is medium.

The DGP is formally defined within the range of 0.2–0.8, as
Wienold and Christoffersen (2006) suggested based on their origi-
nal experiments. However, Wienold (2012) has proposed a correc-
tion factor for DGP values lower than 0.2, which depends on the
vertical illuminance (Ev). The corrected DGP (DGPlow) is related to
DGP and can be determined as follows:

DGPlow ¼ DGP
e0:024Ev�4

1þ e0:024Ev�4 ð3Þ

Applying the above formula has the advantage of not changing
the existing DGP equation, while extending the usability range to
the low light condition.

Since calculating DGP for annual basis is computationally
expensive, Wienold (2009) proposed the concept of simplified
DGP (written as DGPs), regarding only vertical illuminance to pre-
dict the glare index. This concept may be applied, as long as there is
no direct sunlight and reflected glare. The DGPs equation reads as
follows:

DGPs ¼ 6:22� 10�5Ev þ 0:184 ð4Þ
In their recent study, Hirning et al. (2014) proposed a new glare

index called Unified Glare Probability (UGP), which was a modifi-
cation of the Unified Glare Rating (UGR) suggested by the CIE
(1995). The UGP equation reads as follows:

UGP ¼ 0:26� log
0:25
Lb

Xn
i¼1

L2s;ixs;i

P2
i

ð5Þ

The UGP index is based on a linear transformation (r2 = 0.87) of
the UGR to calculate a probability of disturbed persons, and applies
a background multiplier of five to determine glare sources (Ls -
� 5Lb) (Hirning et al., 2014). The concept of UGP is however
entirely new and is yet to be confirmed with more studies in var-
ious environments, before can be put into (day-) lighting practice.

In that study, it was also found that large luminance contrasts,
in particular the logarithm of the mean luminance of the field of
view, were the main cause of occupant discomfort (r2 = 0.685). In
an earlier study published by the same group (Hirning et al.,
2013), it was suggested that averaged mean luminance and aver-
aged median luminance of a workstation were the significant fac-
tors that distinguish comfort and discomfort perception of the
occupants.

However, in another recent and extensive study by Van Den
Wymelenberg and Inanici (2016), it was found that none of the
commonly known metrics (i.e. glare indices, luminance ratios,
and contrast ratios) based upon the entire scene ranked in the
top 20 squared correlation coefficients (r2). The metric that best
fit human subjective responses to visual preference, based on the
questionnaires, was the standard deviation of window luminance
(r2 = 0.43). The majority of the top 20 r2 for almost all subjective
visual preference questionnaire items was represented by lumi-
nance metrics calculated using the horizontal 40� band and the
window area.

Differences in results of those recent studies suggest that find-
ing the most appropriate metrics that can represent visual comfort
in daylit spaces, while having a high correlation with perception of
the occupant, is a far-from-simple task. Up to now, no assessment
systems can accurately predict the effects of luminous environ-
ment on building occupants at all situations (Velds, 2002;
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