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Discomfort Glare from Several Sources: A Formula for Outdoor Lighting
Joffrey Girard, Céline Villa, and Roland Brémond

Université Paris Est, IFSTTAR, Dept. CoSys, LEPSIS Lab, Champs sur Marne, France

ABSTRACT
Many models have been developed to predict the discomfort glare generated by one light source
in the visual field. Some of them were generalized to predict discomfort glare from several
sources, but they were not directly built from multi-source data. In their generalization, they do
not consider the potential interactions due to the fact that the light sources are switched on
together. In the present work, a psycho-visual experiment was conducted for a better under-
standing of the glare produced by several sources using a matching task at the Borderline
between Comfort and Discomfort (BCD). A formula is proposed to compute the photometric
and geometric characteristics of an equivalent source which generates the same level of discom-
fort glare as several sources switched on together. This formula is the first step towards a multi-
source model of discomfort glare. The practical implications are discussed.
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1. Introduction

LED technology is nowadays employed in most
lighting applications. This type of light source
has many advantages over previous technologies,
such as high luminous efficiency, great flexibility
for the design of lighting installations, and a longer
operational life. It also has some drawbacks, which
need to be under control. For instance, LED lamps
are very small (compared to previous technolo-
gies), which leads to higher levels of luminance
and to more discomfort glare (Van Bommel
2015, pp.56–57).

Discomfort glare is defined by the CIE
(2013a) as “ the glare that causes discomfort
without necessarily impairing the vision of
objects”. It occurs when the luminance or the
luminance contrast between the light source
and the background, is too high. Many compu-
tational models have been proposed in order to
predict a mean level of discomfort glare on
a rating scale from the photometric and geo-
metric characteristics of the visual scene (e.g.
de Boer and Schreuder (1967); Einhorn (1969);
Hopkinson (1972); Einhorn (1979); Wienold and
Christoffersen (2006); Bullough et al. (2008)).
Most models were first developed to predict the

discomfort glare caused by a single light source
in the visual field (CIE 1995; Hopkinson 1940;
Lin et al. 2015, 2014; Luckiesh and Guth 1949;
Petherbridge and Hopkinson 1950; Schmidt-
Clausen and Bindels 1974). They share
a general form as follows:

R ¼ a log
Lαsω

β
s

Lγbp
δ
s

 !
þ b (1)

where:

● R is the mean level of discomfort glare (based
on subjective ratings collected from a panel of
observers) on a rating scale;

● Ls is the luminance of the source (cd/m2 or fL);
● Lb is the background luminance (cd/m2 or fL);
● ωs is the solid angle of the source (sr);
● ps is the position of the source in the visual field,

either described by its eccentricity in degrees or
arc minutes (Hopkinson 1940; Lin et al. 2015,
2014; Schmidt-Clausen and Bindels 1974) or by
the Guth position index (CIE 1995; Einhorn
1979; Luckiesh and Guth 1949);

● a, b, α, β, γ and δ depend on each particular
model (see Appendix A for a full index of
notations).
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Some authors have investigated the effect of
more than one source on discomfort glare.
Hopkinson (1940) introduced the concept of adap-
tation additivity. In his experiment, several light
sources were switched on together, and the back-
ground luminance was adjusted by the participants
so as to feel a given degree of discomfort glare.
Hopkinson found that this background luminance
was equal to the sum of the background luminance
values set for each light source switched on alone
at the same level of discomfort. Based on this
observation, some authors have generalized their
single-source model to a multi-source model by
assuming the additivity of the contribution Gi of
each light source i to the discomfort glare
(Einhorn 1979; Hopkinson 1940; Schmidt-
Clausen and Bindels 1974) leading to:

R ¼ a log
1

Lγb

Xn
i¼1

Gi þ b

with Gi ¼ Lαsiω
β
si

pδsi

8>>><
>>>:

(2)

In their study, Luckiesh and Guth (1949) pro-
posed the concept of an “equivalent source”, i.e.
a single source which generates the same degree of
discomfort glare as several sources switched on
together. They computed a model fitted with one-
source data, and speculated that the discomfort
glare with several sources would result from the
addition of the individual contribution to glare
from each source (as in Eq. 2). They tested the
idea with multi-source data, but it did not work
with their model.

Apart from the Glare Control Mark (GCM)
(CIE 1976; de Boer and Schreuder 1967), none of
the available multi-source models were directly
developed from multi-source data. The present
work consists in developing a formula to describe
the photometric and geometric characteristics of
an equivalent light source which generates the
same level of discomfort glare as several sources
switched on together, based on data collected on
multi-source stimuli. For some reasons explained
below, this was made at the Borderline between
Comfort and Discomfort (the BCD).

This work is agnostic with respect to any model
predicting the mean level of discomfort glare. We
were not interested in absolute thresholds, which

are subject to various experimental biases (Poulton
1989, pp. 21–59). Instead, we have focused on
a formula that would help simplifying a complex
visual scene into a simpler one, from several to one
equivalent light source. Both indoor and outdoor
lighting design may benefit from such
a simplification.

2. State of the art

The additivity hypothesis of previous multi-source
models does not consider the possible effect of
spatial interactions between light sources on dis-
comfort glare. Especially, their spatial arrangement
(which can be quantified with the angular distance
between the sources) may have an effect. This is
notably suggested by the recent literature on
source heterogeneity (Donners et al. 2015; Funke
and Schierz 2015; Kasahara et al. 2006; Tashiro
et al. 2015) and by Wilkins’ seminal work on visual
discomfort (Boyce and Wilkins 2018; Wilkins
1986; Wilkins et al. 1984).

Indeed, some authors, focusing on non-uniform
LED luminaires (in terms of luminance distribu-
tion) in indoor lighting, have investigated the
impact of the spatial arrangement on discomfort
glare. Different types of LED arrays have been
studied, and three parameters have emerged to
describe the spatial arrangement: the pitch (i.e.
the distance between two consecutive LEDs), the
area of the array, and the number of LED elements
in the array. The findings differ depending on the
eccentricity of the source: at a given illuminance,
for eccentricities below 10°, a non-uniform lumi-
naire was found to cause more discomfort than
a uniform one (Donners et al. 2015; Tashiro et al.
2015). However, no consensus was established
beyond 10° (CIE 2013b): Waters et al. (1995)
found that non-uniform light sources produce
less discomfort glare than uniform ones with the
same average luminance. On the other hand,
Donners et al. (2015) found no influence of the
luminance pattern of LED arrays on discomfort
glare for eccentricities beyond 10°.

From this literature, these two ranges of source
eccentricity should be considered separately. Up to
10° of eccentricity, increasing the LED pitch causes
an increase in discomfort glare when the pitch is
lower than 0.2° (Donners et al. 2015; Kasahara
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et al. 2006). This effect is not found for LED
pitches above 0.2° (at least up to 5°), in both
eccentricity ranges below and beyond 10° (Funke
and Schierz 2015; Tashiro et al. 2015). Considering
non-uniform sources as a limit case, it is clear that
an effect is present in the central vision for very
small inter-distances.

These results have been obtained by varying either
the area of the array or the number of LEDs.
Unfortunately, these studies focused on luminaire
design and did not investigate the effect of the
pitch independently of other factors (number of
sources and luminaire size). Moreover, these studies
are mainly carried out in photopic lighting condi-
tions with background luminance values above 50
cd/m2, which is typical of indoor lighting. Very few
studies addressed the issue of spatial arrangement in
mesopic or scotopic lighting conditions (i.e. for

background luminance below 10 cd/m2) which
usually qualify outdoor lighting (Tashiro et al. 2015).

When comparing discomfort glare in indoor
and outdoor lighting, the ranges of the main para-
meters differs (background luminance, size, num-
ber and eccentricity of the sources). In an indoor
environment, there is a large variety of light
sources (daylighting, artificial lighting on ceilings,
task lights) with various size and spectrum, which
influence the magnitude of discomfort glare (CIE
2002; Wienold and Christoffersen 2006). The CIE
(1995) introduced the Unified Glare Rating (UGR)
model to predict the discomfort glare from indoor
artificial lighting sources. This model received
some modifications, notably for “small light
sources” (CIE 2002) and for non-uniform light
sources in terms of luminance distribution
(Funke and Schierz 2015; Tashiro et al. 2015); see
Sec. 7.2 for a discussion of the “small sources”
concept. Others models have been developed to
predict the discomfort glare due to dayligthing
(Wienold and Christoffersen 2006).

In outdoor lighting, the situation is somehow
different. There is a large number of similar light
sources, all with a small apparent size, including
alignments of luminaires and vehicle headlamps.
Several-specific models have been proposed. The
Glare Control Mark (GCM), recommended by CIE
for road lighting (CIE 1976; de Boer and
Schreuder 1967) is the only model established

directly from multi-source data. The GCM selects
specific angles (80° and 88°) as features which are
supposed to sum up the complete photometry of
the luminaires. However, these two sample angles
are not representative of all luminaires. For
instance, some luminaires send no light at all at
88°: in this case, the GCM computation does not
make any sense. Moreover, the GCM model can-
not apply to automotive lighting.

The present work will focus on outdoor lighting
conditions, where a multi-source formula seems
both more needed and easier to build. On the
road at night, the drivers’ gaze mainly focuses
towards their trajectory (Lappi 2014; Winter et al.
2017) and they may be disturbed by the numerous
light sources in their field of view, either from
headlamps or luminaires. Thus, they may feel
some difficulties to achieve their driving task,
which may lead to road safety problems. In addi-
tion, the discomfort glare is known to discourage
some users from driving in dark conditions, nota-
bly older drivers and those with a cataract (Keay
et al. 2016; Rubin et al. 1994), which impairs their
mobility.

3. Objective of the work

Several steps are required to develop a model pre-
dicting the level of discomfort glare due to multi-
ple sources. This paper presents the first step
towards such a model, through the identification
of the parameter values associated with the
sources. It focuses on the specificity of a complex
visual scene with multiple sources, especially on
the potential interactions between the sources.
Therefore, we propose a multi-source formula at
a constant level of discomfort glare, where several
sources can be replaced by an equivalent source
which produces the same level of discomfort glare.
Such formula is the main component of a future
model because it quantifies the contribution G of
each source to the glare, and it is directly built
from multi-source stimuli (unlike most of the pre-
vious work). The background luminance is fixed in
this first step because it is not involved in the
multi-source interactions.

Our formula will be computed from experimen-
tal data in the range of outdoor lighting, but the
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proposed methodology, based on an equivalent
source, can be extended to indoor lighting. Based
on previous literature, the contribution to discom-
fort glare of an equivalent source is defined as:

Geq ¼
Lαeqω

β
eq

pδeq
(3)

where:

● Leq is the luminance of the equivalent source
(cd/m2);

● ωeq is the solid angle of the equivalent source
(sr);

● peq is the position of the equivalent source in
the visual field.

We have considered a formula with the follow-
ing mathematical form (n> 1):

Geq ¼
Pn
i¼1

GiDi

Di ¼ 1
n�1

Pn
i¼1

ϕðdijÞ

8>><
>>: (4)

Where:

● Geq is the contribution of the equivalent light
source to the discomfort glare;

● Gi is the contribution of each light source i to
the discomfort glare;

● dij is the distance between sources i and j;
● Di and ϕ are two unknown functions.

This formula means that a single light source (the
equivalent source) produces the same level of dis-
comfort as n light sources.

The present study will test the hypothesis that
the inter-distance between sources have an effect
on discomfort glare. From this experiment, we will
be able to propose a function ϕ in Eq. 4 relevant
for outdoor lighting, and to estimate the para-
meters α and δ in Eq. 3.

The parameter β in Eq. 3 quantifies the influence of
the source’s solid angle on discomfort glare. In order
to ensure the mathematical consistency of the for-
mula, several authors have emphasized that β should
be equal to 1 (Clear 2013; Eble-Hankins and Waters
2005; Einhorn 1979, 1998; Poulton 1979): halving
a light source into two parts should not change the

glare level predicted by Eq. 4. Although some authors
use other values (see Table 4 in the Discussion part in
Section 7 of this paper), we have followed this propo-
sal, and in our formula, we use β ¼ 1.

The methodology of this experiment was to
collect data at a constant level of discomfort glare
using a matching task, in which observers focused
on equalization of sensations, which we expect to
reduce range biases (Fotios and Cheal 2010; Kent
et al. 2019). All stimuli were tuned by the partici-
pants so as to feel the same sensation as the one
caused by a reference source. This reference source
is set at a fixed level of discomfort glare. The
Borderline between Comfort and Discomfort
(BCD, Luckiesh and Guth (1949)) was selected
for this purpose because it is relevant for lighting
design and allows the participants not to experi-
ence too strong glare levels.

4. Material and method

4.1. Participants

Thirty-six participants took part in the experiment
(23 men and 13 women). They were aged between
21 and 58 years (M = 34.5, SD = 10.4). They were
recruited from the IFSTTAR institute; they were
naive to the purpose of the experiment and did not
work in the field of lighting. They wore their usual
ocular corrections (glasses or lenses) if any.
A visual acuity test (ErgoVision, Essilor) was con-
ducted before the experiment: all participants had
an acuity above 6/10, which is the French standard
for driving. After removing the outliers, the final
sample size was 31 for two-source stimuli (20 men
and 11 women) aged between 21 and 58 years (M
= 33.8, SD = 9.8) and 30 for three-source stimuli
(19 men and 11 women) also aged between 21 and
58 years (M = 34.0, SD = 9.8).

4.2. Experimental settings

The experiment was carried out in a dark room
(no window and no light source other than those
described in the experiment). A digital RGB LED
strip was fixed horizontally on a vertical screen
(see Fig. 1, left). We used WS2812B RGB LEDs,
which can be individually controlled with an
Arduino microcontroller. R, G, and B values
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were always identical so that the LED spectral
power distribution was always the same. The
LED intensity could be tuned by changing the
RGB values altogether.

Participants sat at a distance of 1.60 m from the
screen in order to see the LEDs with a solid angle
of about 5� 10�6 sr (see Fig. 1, right). During the
whole experiment, they were instructed to set their
chin on a chin rest in order to ensure
a reproducible line of sight and to stare at
a target positioned in front of them in the middle
of the LEDs strip. The eyes of the participants were
at the same height as the light sources, and the
target was designed to be easily visible in the dark.
A halogen lamp was located behind the partici-
pants in order to create a homogeneous back-
ground luminance of 1 cd/m2, a recommended
value for street lighting by the European standard
(CEN 2003).

4.3. Experimental design

This experiment aimed at testing the influence of the
inter-distance between two or three sources on the
discomfort glare. To that purpose, different multi-
source stimuli, with two or three sources and different
inter-distances were presented to the participants (Fig.
2). A multi-source stimulus was composed of:

● One or two sources of fixed luminance: their
luminance value LF was fixed during each trial
for each participant;

● One variable source (i.e. the test source): its
luminance L?V was adjusted by the participant
in such a way that the multi-source stimulus
(i.e. when all the sources were switched on
together) caused a sensation of glare at
a specified level of discomfort (BCD in this
study).

Fig. 1. Left: Photograph of the screen with the target and the LEDs strip. Right: Framework of the side view.

Fig. 2. Photographs of the experimental settings: (a) the Reference source; (b) example of a single-source stimulus; (c) example of
a two-source stimulus; (d) example of a three-source stimulus.
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The position of the variable source was varied in
a way which allows to present different inter-
distances between the sources (see Fig. 3 in the
case of three-sources stimuli). As the eccentricity
of the source is known to impact the discomfort
glare (a smaller eccentricity increases the discom-
fort), the luminance of the variable source at BCD
is expected to change with the inter-distance. This
is why the BCD value (i.e. the luminance of the
variable source at the BCD) was not considered
a relevant dependent variable. We have considered
instead as our dependent variable the ratio of the
variable source luminance when it is switched on
with another source(s) at BCD and the luminance
of this same source alone at BCD. This ratio does
not depend on the source position, only on the
inter-distance.

To do that, the luminance LVij of each variable
source i switched on alone was preliminarily tuned
at the BCD by each participant j (see Fig. 2(b)).
This allowed to use the Luminance Ratio rL as our
dependent variable:

rLij ¼
L?Vij
LVij

(5)

Where:

● L?Vij is the luminance of the variable source i
(cd/m2) that allows the participant j to feel at
the BCD when the variable source is

simultaneously switched on with the light
source(s) of fixed luminance (see Fig. 2(c)
and (d));

● LVij is the luminance of the same variable
source i (cd/m2) at the BCD for the partici-
pant j when it is switched on alone (see Fig. 2
(b)).

To study the effect of the distance between light
sources on the discomfort glare, we have com-
pared rL-values for various inter-distances.

The luminance value of each source of fixed
luminance was chosen in order to generate alone
a level of discomfort lower than the participant’s
BCD. Its intensity was arbitrarily selected from
classical models of discomfort glare (Bennett
1977; Luckiesh and Guth 1949; Schmidt-Clausen
and Bindels 1974), where the contribution to dis-
comfort glare is proportional to the source lumi-
nance (i.e. α= 1 in Eq. 1). Using such a formula,
for a two-source stimulus, the luminance value of
the source of fixed luminance was set for each
participant j to half the luminance value at BCD
for the same source i alone:

LFij ¼
LVij
2

(6)

For three-source stimuli, the same formula led to
one-third of the single-source luminance for each
of the sources of fixed luminance:

Fig. 3. Example of a DUO: 2 three-source stimuli with the same sources of fixed luminance. Top: Center configuration, where the
variable source is located between the sources of fixed luminance. Bottom: Right configuration, where the variable source is located
on the right side of the two sources of fixed luminance.
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LFij ¼
LVij
3

(7)

This does not mean that α ¼ 1. On the contrary,
the experiment is built in order to estimate the
value of α. At this stage, we had no hypothesis
about the value of α. We just needed to provide
a luminance to the source(s) of fixed luminance
which generates less than each participant’s BCD.
This choice does not affect the value of α estimated
from the luminance ratios.

To remove potential co-variables, various inter-
distances have been tested with the same sources
of fixed luminance. Therefore, the experimental
design was different for two and three-source sti-
muli. For two-source stimuli, the experimental
design included two experimental factors:

● The distance between the two light sources,
with four values: 0.6°; 1.2°; 2.3° and 4.6°;

● The eccentricity range, with two modalities:
< 10° and > 10°.

The characteristics of the two-source stimuli are
provided in Table 1. All luminance values were
computed from vertical illuminance measure-
ments collected with a LMT B520 luxmeter situ-
ated at the position of participant’s eyes facing the
target (a chin rest was employed to ensure all
participants had the same eye position). For each
LED involved in the experiment, seven values of
the LED intensity were sampled between the mini-
mum and the maximum available intensity. The
illuminance was found linear with respect to the
LED intensity, and a regression allowed estimating
illuminance for each intensity value. From this, the
source luminance could be computed.

The three-source stimuli have been compared
by pairs (labeled as “DUO”). In each DUO, the
sources of fixed luminance were the same in the
two configurations, and the variable source was
different, resulting in different inter-distance (see
Fig. 3). The fact that we computed luminance
ratios ensures that the comparison in each DUO
only tested a potential effect of the source inter-
distance. Six DUOs were considered, the charac-
teristics of which are given in Table 2.

4.4. Experimental protocol

The experiment was divided into four successive
sessions: BCD setting, single-source stimuli, two-
source stimuli, and three-source stimuli. For each
session, the participants were constantly reminded
by the experimenter to keep their gaze on the
target. In all trials, the initial value of the variable
source was set to the minimal possible intensity of
the LED.

In a first session, the participants were asked to
adjust the brightness of the Reference source with
a potentiometer until they felt at their own BCD
level. This source was the same for all participants
and was located 11.3° left from the target (see Fig.
2(a)). This tuning was repeated six times. The
mean luminance was computed for each partici-
pant j and the Reference source was set to this
luminance LRefj for the rest of the experiment. It is
employed as the reference to equalize the sensation
(in the matching tasks) in the next three sessions.

Table 1. Geometric characteristics of the two-source stimuli.

Eccentricity of the source of
fixed luminance

Eccentricity of the
variable source

Distance
between
sources

2.3° 2.9° 0.6°
2.3° 3.5° 1.2°
2.3° 4.6° 2.3°
2.3° 6.9° 4.6°
11.3° 11.9° 0.6°
11.3° 12.5° 1.2°
11.3° 13.6° 2.3°
11.3° 15.9° 4.6°

Table 2. Geometric characteristics of the three-source stimuli.

Config.
(see
Fig. 3)

Eccentricity
of the 1st
fixed source

Eccentricity
of the 2nd
fixed source

Eccentricity
of the
variable
source

Inter-
distance

DUO 1 Center 2.3° 3.5° 2.9° 0.6°
Right 2.3° 3.5° 4.6° 1.2°

DUO 2 Center 2.3° 4.6° 3.5° 1.2°
Right 2.3° 4.6° 6.9° 2.3°

DUO 3 Center 2.3° 6.9° 4.6° 2.3°
Right 2.3° 6.9° 11.3° 4.6°

DUO 4 Center 11.3° 12.5° 11.9° 0.6°
Right 11.3° 12.5° 13.6° 1.2°

DUO 5 Center 11.3° 13.6° 12.5° 1.2°
Right 11.3° 13.6° 15.9° 2.3°

DUO 6 Center 11.3° 15.9° 13.6° 2.3°
Right 11.3° 15.9° 20.5° 4.6°

LEUKOS 7



During the second session, participants were
presented with single LEDs at different eccentrici-
ties, switched on alternatively with the Reference
source (10 alternations of 1-s periods for each
side). Three seconds were left between each trial.
This protocol is inspired from Luckiesh and
Guth’s seminal paper (Luckiesh and Guth 1949).
The 1-s duration was chosen based on findings
from Ahmed and Bennett (1978). The participants
had to adjust the luminance L?V of the variable
source with the potentiometer until they felt the
same sensation of discomfort glare as the one
generated by the Reference source. This tuning
was repeated three times.

The third and fourth sessions of the experiment
were, respectively, composed of 8 two-source (see
Table 1) and 12 three-source stimuli (Table 2),
each presented with three repetitions. The partici-
pants were asked to adjust the luminance L?V of the
variable source so that the degree of discomfort
glare generated by the whole multi-source stimu-
lus on the right side was the same as the one from
the Reference source on the left side. Each stimu-
lus lasted 14 s (i.e. seven alternations of 1-s periods
for each side). Three seconds were left between
each trial.

In sessions 2 and 3, the stimuli were presented
in a random order for each participant. In session
4, the DUOs were presented in a random order for
each participant with a counterbalanced presenta-
tion of the stimuli of each DUOs among the
participants.

Before each session, the participants received
a training in order to get accustomed to the task.
The training was intended to get the participants
used to all aspects of the experiment (stimuli, chin
rest, target, potentiometer, etc.).

5. Results

5.1. Two-source stimuli

Five participants were detected as outliers by
a Hierarchical Ascendant Clustering (Euclidean
distance and average linkage) and were removed
from the data.

Figure 4 shows the luminance ratios for the
two-source stimuli (rL2S) with 95% confidence
intervals for the different inter-distances and for

each range of eccentricity. Mean rL2S values are
almost constant whatever the distance between
the sources and the eccentricity range: the mean
rL2S is 0.82, and the intersection of all confidence
intervals is [0.78; 0.87]. The mean BCD and mean
ratios are given in Appendix B.

The luminance value of each source of fixed
luminance was set to LF ¼ LV=2 (see Eq. 6).
However, the participants adjusted L?V to
around 80% of LV , meaning that the source of
fixed luminance only contributed to 20% of the
total discomfort glare. This result shows that
there is no direct proportionality between the
luminance of the source and the perception of
discomfort glare. Therefore, α should differ
from 1 in our formula (Eq. 3).

A repeated measures ANOVA was performed
with two intra-subject factors: the sources inter-
distance (with four values: 0.6°; 1.2°; 2.3° and
4.6°) and the eccentricity range (with two mod-
alities: θLED < 10° and θLED > 10°). Normality was
satisfied according to the Kolmogorov–Smirnov
test. The Mauchly test was employed to test for
sphericity and the Greenhouse-Geisser correction
was employed when sphericity was not satisfied.
The analysis did not yield a significant effect of
the inter-distance (F(2.20, 66.14) = 0.07, p = .95)
or of the eccentricity range (F(1, 30) = 1.87, p =
.18). There was no interaction either (F(3, 90) =
0.42, p = .74).

Fig. 4. Luminance ratios rL2S for the two-source stimuli as
a function of the inter-distance (degree) for eccentricity ranges
< 10° (light grey) and > 10° (dark grey) with 95% confidence
intervals.

8 J. GIRARD ET AL.



5.2. Three-source stimuli

Based on another Hierarchical Ascendant
Clustering (Euclidean distance and average link-
age), six outliers (the same as before + 1) were
removed from the data. Figure 5 shows luminance
ratios for the three-source stimuli (rL3S) for each
DUO, with 95% confidence intervals. Similar to
Fig. 4, the visual inspection of the plot leads to
postulate that these mean values are almost con-
stant. The mean ratio for three-source stimuli is
rL3S = 0.81, and the intersection of all confidence
intervals is [0.79; 0.87].

The luminance of the variable source L?V was
adjusted by the participants around 80% of LV .
Thus, the two sources of fixed luminance contrib-
uted together to 20% of the total discomfort glare.
Again, this is not consistent with the hypothesis
that α ¼ 1, which would have resulted in each
source contributing to one-third of the total dis-
comfort glare.

A paired t-test was carried out for each of the
six DUOS, to test for a possible effect of the
sources inter-distance. Normality was satisfied
according to Kolmogorov–Smirnov test.
Homogeneity of variances was checked with the
Levene test. As multiple t-tests were performed, we
used the Holm Bonferroni Method in order to
adjust the probability of making a type I error.
Analysis did not yield any significant effect as
shown in Table 3. Moreover, the confidence inter-
vals of all DUOs intersect (see Fig. 5). Therefore,
the inter-distance does not impact the discomfort

glare when three sources are simultaneously
switched on in the range of inter-distance of this
study.

Given that all twelve 95% confidence intervals
intersect, we can be confident that the ratio is con-
stant across experimental conditions. To be sure,
a one-factor ANOVA was conducted on these
ratios, and no effect was found (F(6.66, 193.28)
=1.69, p =.11). In the following, we have considered
that the ratios were the same, and we used the
mean value for the computation of α.

5.3. Conclusion

Either with two-source or three-source stimuli, no
effect of the inter-distance on the discomfort glare
was found. Therefore, the spatial arrangement of
the sources does not impact the discomfort glare,
in the inter-distance range from 0.6° to 4.6°. This
result was found for both eccentricity ranges below
and above 10°. This also extends previous findings
on non-uniformity in the mesopic range.

In the next section, we use these results to
build a quantitative formula in order to link
the discomfort glare from several light sources
to the discomfort glare from a single source at
the BCD level. Considering the parameters
ranges in our experiments, this formula will be
restricted to outdoor lighting at night (with
a fixed background luminance Lb=1 cd=m2).

6. Analytical formula

The results of our experiment allow simplifying
the formula described in Eq. 4. According to the
experimental data, there is no effect of the inter-
distance between two or three sources on discom-
fort glare. So, the function ϕ in Eq. 4 is unneces-
sary. Considering that β was set to 1 for

Fig. 5. Luminance ratios rL3S for each DUO (see Table 2 and Fig.
3), with 95% confidence intervals. Data in light grey correspond
to the “center” configuration. Those in dark grey correspond to
the “right” configuration.

Table 3. Student’s t, p-value and the adjusted probability of
Type I error for each DUO: all p-values are greater than the
corresponding adjusted probability threshold.
DUO Student’s t p-value adjusted probability of Type I error

DUO 1 0.4110 0.6841 0.0250
DUO 2 2.5284 0.0172 0.0083
DUO 3 2.0930 0.0452 0.0100
DUO 4 1.0659 0.2952 0.0125
DUO 5 0.2220 0.8259 0.0500
DUO 6 0.4586 0.6499 0.0167
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mathematical consistency (Clear 2013), our spec-
ulative initial formula is changed to:

Geq ¼
Lαeqωeq

pδeq
¼
Xn
i¼1

Lαi ωi

pδi
(8)

where eq denotes the properties of the equivalent
source.

6.1. Estimation ofα

The parameter α quantifies the influence of the source
luminance on the discomfort glare. With data col-
lected from two-source stimuli, Eq. 8 becomes:

Geq ¼ LαFωF

pδF
þ ðL?VÞαωV

pδV
(9)

During this experiment, the solid angle of the
sources was constant: ωF ¼ ωV ¼ ω. Moreover, all
data were collected at the BCD. This leads to:

GBCD ¼ LαFω

pδF
þ ðL?VÞαω

pδV
(10)

Using the data collected at BCD from single-
source stimuli, we have:

GBCD ¼ LαVω

pδV
(11)

Given that rL2S ¼ L?V=LV (see Eq. 5) and LF ¼
LV=2 (see Eq. 6), we can write from Eq 10 and 11:

LαFω

pδF
¼ ðLV=2Þαω

pδF
¼ GBCD

2α

ðL?VÞαω
pδV

¼ ðrL2SLVÞαω
pδV

¼ rαL2S � GBCD

8>><
>>: (12)

It follows that:

GBCD ¼ GBCD

2α
þ rαL2SGBCD (13)

and then:

rL2S ¼ 1� 1
2α

� �1=α

(14)

The parameter α can thus be estimated from rL2S
(Eq. 14 would be identical if β�1).

The same reasoning can be applied when three
sources are simultaneously switched on. This leads to:

rL3S ¼ 1� 2
3α

� �1=α

(15)

Again, α can be estimated from rL3S.
From Eq. 15, the ratio rL3S is expected to be the

same for all three-source conditions. This is not
a theoretical constraint but derives from the shape of
our model (see Eq. 8), and it is also expected in most
models from the literature based on similar formulas.
Based on our results in Section 5.2, we can use the
mean value of the ratio for the computation of α.

The mean value of rL2S obtained with our data
was 0.82 (CI95% = [0.78; 0.86]). According to Eq.
14, the corresponding value of α is 1.77 (CI95% =
[1.62; 2.00]). The mean value of rL3S obtained with
our data is 0.81 (CI95% = [0.78; 0.85]). According
to Eq. 15, the corresponding value of α is 1.71
(CI95% = [1.62; 1.84]).

α2S and α3S are two estimates of the same para-
meter α, based on two different sets of data. Then,
the best guess for α is the mean value of the two
estimates α2S and α3S: α=1.74. The true value of α
should be included in both confidence intervals, for
α2S and α3S. The intersection of these two confidence
intervals is [1.62; 1.84], which is consistent with the
proposed value. This value of α is also included in the
range [1; 2.21] found in the literature (see Table 4).

6.2. Estimation of δ

The parameter δ quantifies the influence of the
position of the source on discomfort glare. In out-
door lighting, most models describe the position of
the light sources in terms of eccentricity (Bennett
1977; Hopkinson 1940; Lin et al. 2015, 2014;
Schmidt-Clausen and Bindels 1974) see Table 4.

To estimate δ in our formula, the data from the
single-source stimuli were used (ranging from 2.3°
to 15.9°). Data were collected at BCD level and
consequently, Eq. 8 can be re-written as follows:

Table 4. Values of α, β and δ from various models of discomfort
glare (Bennett 1977; CIE 1995; Hopkinson 1940; Lin et al. 2015,
2014; Luckiesh and Guth 1949; Schmidt-Clausen and Bindels
1974).
Model α β δ position parameter

Hopkinson 1.30 1.00 0.75 eccentricity (degree)
Luckiesh & Guth 1.00 0.21 1.00 Guth position index
Schmidt-Clausen 1.00 1.00 0.46 eccentricity (arc min)
Bennett 1.00 0.60 e0:05θ eccentricity (degree)
UGR 2.00 1.00 2.00 Guth position index
Lin 2.21 2.21 1.62 eccentricity (degree)
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Leq ¼ GBCD

ωeq

� �1=α

� pδ=αeq (16)

Here peq corresponds to the eccentricity θs of the
source (in degree). A regression was conducted on
our data, leading to δ=0.42 (IC95% = [0.39; 0.45])

and R2=0.90, which is close to the value in Schmidt-
Clausen’s model (with δ=0.46, see Table 4).

7. Discussion

7.1. A multi-source formula of discomfort glare

We propose a formula which computes the char-
acteristics of a single source which generates the
same level of discomfort glare as several sources.
This formula is built from multi-source data repre-
sentative of outdoor lighting conditions (Lb=1 cd/
m2). It can be expressed as follows:

Geq ¼
L1:74eq ωeq

θ0:42eq

¼
Xn
i¼1

L1:74i ωi

θ0:42i

(17)

This formula has been derived from data at the
BCD: all participants were at their own BCD level.
We can reasonably assume that this formula is
valid for other levels of discomfort glare because,
in most models, the shape and parameters values
of the model do not depend on the glare level.
Further work is however needed: the same experi-
ment should be reproduced at various levels of
discomfort glare (i.e. other levels than the BCD),
firstly to assess the value of our formula at another
discomfort level, secondly in order to build
a general model for multi-source glare out of this
formula.

This formula allows replacing several sources in
a scene with an equivalent source which produces
the same level of discomfort glare. This equivalent
source is described by three parameters (Leq, ωeq,
θeq) which means that there is a set of possible
equivalent sources. For example, we can choose
one such equivalent source by fixing two para-
meters, and the model would compute the third
one. The most straightforward approach is to set
ωeq as the average solid angle of the sources and
θeq as their average eccentricities, and then to use
the model to compute the equivalent lumi-
nance Leq.

In order to calculate the value of Geq at BCD in
Eq. 17, the formula was applied to our data. Table 5
shows the predicted contribution to the discomfort
glare Geq at BCD: it is roughly constant (around

Geq=25) whatever the number of sources, which
shows that the formula consistently represents the
glare level from one to three sources. However, it
would be hazardous to use this value as a threshold
for visual comfort in outdoor places. Firstly, it has
been calculated for white LEDs only, and secondly,
although our stimulus range was included in the
wide range of what happens in outdoor lighting,
Geq value was calculated from the limited stimulus
range generated in laboratory conditions.

Importantly, Eq. 17 is a formula, not a model of
discomfort glare. Indeed, it is not possible to
directly match the computed Geq value to
a rating scale of discomfort glare: our experiments
only addressed one level of discomfort glare.
Consequently, our formula is not informative
about the degree of discomfort. It just classifies
a lighting environment into one of two distinct
classes: the “comfort area” and the “discomfort
area”. Further work would be needed at other
levels of discomfort in order to predict the glare
level of multi-source stimuli on a discomfort scale,
that is, to make a multi-source glare model out of
this formula.

The parameter β quantifies the influence of the
source’s solid angle on discomfort glare. Some
authors (Clear 2013; Eble-Hankins and Waters
2005; Einhorn 1998; Poulton 1979) have argued
that in order to ensure the mathematical consis-
tency, β should be equal to 1: halving a light source
into two parts should not change the glare level
predicted by Eq. 2. We have collected more data in
an additional experiment which is presented in the
next section; these data confirms that β ¼ 1 is
a consistent value so that we use it in our formula.

Table 5. Contribution to the discomfort glare at BCD, from Eq.
17.
Type of stimuli Mean Geq (M) SD (σ) σ/M

Single source 25.8 3.0 0.12
Two sources 25.3 1.6 0.06
Three sources 23.6 2.4 0.10

All stimuli 24.8 2.6 0.10

LEUKOS 11



The proposed formula was built at a specific
background luminance (Lb ¼ 1 cd/m2), while an
increase of the background luminance is known to
decrease the discomfort. In previous models pre-
dicting a de Boer glare rating, multiplying the
background luminance by 10 results in an increase
around +1 on the de Boer scale (Schmidt-Clausen:
+0.9; GCM: +0.97; Lin et al.: +1.02).

The parameter γ quantifies the influence of the
background luminance on discomfort glare in
Eq. 1. Values of γ from previous models are pro-
vided in Table 6 (Bennett 1977; CIE 1995;
Hopkinson 1940; Lin et al. 2015, 2014; Luckiesh
and Guth 1949; Schmidt-Clausen and Bindels
1974). From this Table, the ratio α=γ is often
close to 2. Based on this consideration, our γ-
value should be 0.87 to have a ratio α=γ=2.
Further work is however needed to test this
speculation.

7.2. Source size

The experiment was conducted with a fixed solid
angle. But according to previous work, for “small”
sources (below a size threshold), the discomfort
glare only depends on the vertical illuminance at
the observer’s eyes, which would lead to α ¼ β in
our formula (Eq. 2). In the sparse literature inves-
tigating discomfort glare due to small sources,
various threshold values have been proposed on
either the solid angle ω (3� 10�4 sr (Einhorn
1991)), the angular size (0.3° (Bullough and

Hickcox 2012)), or the effective area (0.005 m2

(Paul and Einhorn 1999)). Moreover, in the 1991
Glare Symposium, Einhorn (1991) reported the
work of Benz’s thesis (in German) which showed
that eccentricity also comes into play: for solid

angle between 10�6 sr and 10�4 sr, at 0°

eccentricity, the discomfort glare mainly depends
on the source luminance, while at 10° eccentricity,
it depends on the vertical illuminance at the obser-
ver’s eyes alone. As no consensus emerged so far,
an additional experiment was conducted in the
range of solid angles and eccentricities relevant
for outdoor lighting.

Experimental data were collected on 16 partici-
pants (4 women and 12 men). They were asked to
adjust the luminance of a LED presented with var-
ious solid angles (5� 10�5, 10�5, 5� 10�6 and 10�6

sr) and eccentricities (2.5° and 10°) using a matching
task with a reference LED previously set to the
individual BCD. We used the same LEDs as in the

main experiment, also with Lb = 1 cd/m2.
A Friedman test conducted on the four paired

samples associated with the solid angle factor
yielded a significant effect
(Fðn ¼ 15; dl ¼ 3Þ ¼ 69:72; p< 0:05). Non para-
metric post-hoc test reveals three groups for
which the difference is statistically significant:
10�6sr;5� 10�6 sr and 10�5sr;5� 10�5 sr.
Therefore, our results do not confirm previous
results from the literature about “small sources”:

for sources ranging from 10�6 to 5� 10�5 sr (i.e.
from about 4 to 27 arc-minutes in size) and eccen-
tricity ranging from 2.5° to 10°, we found that
both the luminance and the solid angle of the
source have an impact on the discomfort glare,
not only the illuminance at the observer’s eyes.

From these new data, the value of β could be
estimated from linear regressions. Two regressions
on the experimental data led to β ¼ 1:16 at 2.5°
(R2 ¼ 0:99) and β ¼ 1:15 at 10° (R2 ¼ 0:97).
Linear regressions on the same data with β ¼ 1
led to R2=0.99 at 2.5° and R2=0.98 at 10°. This
result supports the hypothesis mentioned above
that β ¼ 1, which is used in our formula.

7.3. Source position

7.3.1. Guth’s position index
For a source with a given eccentricity, the sensa-
tion of discomfort glare is not the same if the
source is situated on the horizontal, diagonal or
vertical axis (Kim et al. 2009; Kim and Kim 2010;
Luckiesh and Guth 1949). This is why Luckiesh

Table 6. Values of γ from various models of discomfort glare
(Bennett 1977; CIE 1995; Hopkinson 1940; Lin et al. 2015, 2014;
Luckiesh and Guth 1949; Schmidt-Clausen and Bindels 1974).
Model Value of γ Ratio α=γ

Hopkinson 1.00 1.30
Luckiesh 0.44 2.27
Schmidt-Clausen 0.50 2.00
Bennett 0.30 3.33
UGR 1.00 2.00
Lin 1.02 2.17
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and Guth (1949) developed the position index
pGuth, for which an analytical form was proposed
by Levin (1975). The position index is defined as
the ratio between the BCD luminance for a given
source position and the BCD luminance for θ¼ 0°.
It was adopted by the CIE (1995) in the Unified
Glare Rating to predict the discomfort glare in
indoor lighting. In outdoor lighting, pGuth was
mostly ignored up to now.

We have considered using pGuth to describe the
position of the source in the visual field because it
is more consistent, both with respect to azimuth
and near θ¼ 0�. To estimate δGuth, a regression
was conducted, considering pGuth in Eq. 16. From
our data, this led to δGuth=3.87 (IC95% = [3.61;
4.10]), but with R2=0.67, it hints at a poor fit.
Moreover, unlike the UGR and Luckiesh’s model,
we found α�δGuth. Thus, we have conducted
another regression to test the consistency of value

δGuth ¼ α (i.e. δGuth=1.74). This led to R2=0.46,
which is an even poorer correlation. This is why
we have used the source eccentricity as the rele-
vant parameter to estimate a multi-source discom-
fort glare. From these preliminary results, it is
difficult to conclude about the use of this position
index, which would deserve further investigations
in the luminance and angular range relevant to
outdoor lighting.

7.3.2. Comparison with previous studies
As a tentative, we have compared our data with
the ones from previous studies at the BCD
(Bennett 1977; Luckiesh and Guth 1949). Given
that the three studies do not consider the same
ranges of parameters, we have considered a BCD
luminance ratio in order to normalize the data.
First, a common eccentricity was chosen as
a reference (θ¼ 5�, leading to pGuth=1.035),
because it was present in all three studies. Then,
the ratio LBCD(pGuth)/LBCD(1.035) was computed
with the available data in the range [0°; 20°] (see
Fig. 6).

Our data are consistent with Bennett (1977) up
to 12° (see Fig. 6), after which it seems to reach
a plateau in our data. Such a plateau is not entirely
unexpected, as it was found in a previous study on
peripheral vision up to 20° (Havey and Pöppel
1972). The data from Luckiesh and Guth (1949)

have a different pattern, but a full comparison is
uneasy because their eccentricity sampling is
sparse (only three eccentricity values for this
range). Moreover, their study included more spa-
tial arrangements of the sources (on the horizon-
tal, vertical and diagonal axis).

7.4. Methodological issues

Various sources of variability were involved in our
data. During the experiments, the experimenter con-
stantly reminded the participants to focus on the
target. The best target for a fixation task has been
discussed in previous studies in the context of photo-
pic vision (Hirasawa et al. 2016; Thaler et al. 2013).
The current experiments were in mesopic vision,
and it was decided to have the highest possible con-
trast and a large enough target, in order for the
fixation task to be as easy as possible. It has been
proposed in the literature to use a dual-task para-
digm, where the main task is a visual performance in
central vision (e.g. a Landolt ring in Bargary’s study
(Bargary et al. 2015)), and the secondary task is the
discomfort judgment. This allows filtering out the
trials where the participants fail in the foveal task
(presumably because they did not fixate the target).
The unwanted feature of this approach is the possible
impact on the discomfort itself (Sivak et al. 1991).
Using an eye tracker would probably have led to
more consistent data, removing the trials where the
participants did not look at the target without this
task effect. But if we consider that the unintended eye
movements are randomly distributed, they should

Fig. 6. Comparison of three available studies at the BCD
(Luckiesh and Guth (1949), Bennett (1977), and this study).
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have affected both the estimations L?Vij and LVij leav-
ing the ratio rLij mostly unaffected. Consequently,
the estimation of the parameters would be roughly
the same (fitting with the ratios would result in the
same estimation of δ).

In Luckiesh and Guth’s work, in order to identify
equivalent sources, the Reference source was set to
the same luminance for all participants: thus, it gen-
erated various levels of discomfort glare depending
on the participant’s sensitivity to glare. Conversely,
in our study, the Reference source was set at each
participant’s BCD. The advantage is that our data
truly described the equivalent source at a constant
level of discomfort glare. This protocol may have
introduced some noise in the data because each
participant’s BCD luminance was estimated with
some level of uncertainty. However, in our study,
the dependent variable was a ratio of two settings
own to the participants. This allowed to remove the
large inter-individual variability of discomfort sensi-
tivity. Some variability remains (inter- and intra-
participants), mostly due to the accuracy in the
adjustment matching task.

We have considered a constant solid angle equal to
5� 10�6 sr. But as the LED strip was stuck on
a vertical screen, the solid angle actually decreased
slightly as the eccentricity of the stimuli increased
(for instance, stimulus at θ¼ 15:9� was seen with
a solid angle ω ¼ 4:3� 10�6 sr). Also, the three test
sessions were carried out in strict order (single, two
and three sources). We needed the results of the first
session (one-LED) in order to tune the two other
sessions, but we could have counterbalanced the
2-LEDs and 3-LEDs session. A posteriori, no effect of
inter-distance was found neither for 2-LED nor for
3-LED stimuli and both sets of data lead to the same
value of α. This suggests that no learning or fatigue
effect occurred in the experiment.

The reference LED was situated on the left-hand
side; therefore data may be affected by an experimen-
tal bias (Poulton 1989). This can be checked with
a null condition, comparing this Reference LED with
the single-source stimulus at the same eccentricity on
the right-hand side (see Fig. 2(a,b)). The mean lumi-
nance ratio (test LED/Reference LED) of this null
condition is 0.80 (SD=0.22,N=31), and a sample two-

tailed t-test reveals a significant departure from unity
(p< 0:0001). However, correcting the data would
have led to the same results, as the ratio rL is the
same after correction.

7.5. Limits and perspectives

Our formula is only valid so far for the specific
conditions of our experiment: for instance,
a maximum number of three sources and
a spatial arrangement of the sources on the hor-
izontal axis. Thus, this formula deserves to be
tested in more experimental conditions, including
different spatial arrangements, more sources, other
inter-distances, and background luminance values.

We have focused on the relative positions of
light sources with the same spectral distribution.
In future work, it would be important to investi-
gate spectral heterogeneity, in order to also predict
the discomfort from more realistic visual
environments.

Our work is the first step towards a model of
the discomfort glare due to multiple sources. The
proposed formula allows to quantify the contribu-
tion G of each source to the glare and is directly
build from multi-source stimuli (unlike most of
the previous work). It is the main component of
a future multi-source discomfort glare model. In
the next step, the background luminance and the
logarithm transformation of the individual source
contribution G will be investigated to determine
a full model, predicting the level of discomfort,
based on our formula.

We have adopted the traditional point of view
on discomfort glare, where each light source is
described individually in term of spatial and
photometric characteristics. The CIE (2013b) has
recently suggested that image-based approaches
are an alternative to this source-based approach.
Some promising work has already been proposed,
based on human vision models (Donners et al.
2015; Safdar et al. 2018; Scheir et al. 2018), but
such image processing cannot yet predict discom-
fort glare, they are limited to correlation studies.
In some sense, our multi-source formula may be
seen as a first step to bridge the gap between pure
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single-source models and the future image-based
models.

8. Conclusion

A formula which predicts the contribution to dis-
comfort glare of more than one source in the visual
field was introduced in this paper. To that purpose,
a psychovisual experiment has been conducted. No
effect of the spatial arrangement of the sources was
found for inter-distances ranging from 0.6° to 4.6°,
neither below nor above 10° of eccentricity.

The parameters of the proposed formula have
been estimated from the collected data. This for-
mula allows to predict the characteristics of an
equivalent source which produces the same level
of discomfort glare (BCD) than several sources
switched on together (with the same spectrum).
It is only relevant for outdoor lighting with
a background luminance of 1 cd/m2. However,
the methodology proposed in this paper can be
extended to others situations, including indoor
lighting. Especially, contrary to the common
approach in the previous work, the formula was
directly derived from data collected on multi-
source scenes. To complete this work and develop
a multi-source discomfort glare model for outdoor
lighting, further data at other levels of discomfort
glare is needed.
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Appendix A: Index

● R: mean level of discomfort glare;
● a, b: parameters of discomfort glare models;
● Ls: the luminance of the source (cd/m2 or fL);
● ωs: the solid angle of the source (sr);
● ps: the position of the source in the visual field (described

by the eccentricity θs or by the Guth position index pGuth
of the source);

● α: exponent parameter on the source luminance in dis-
comfort glare models;

● β: exponent parameter on the solid angle in discomfort
glare models;

● γ: exponent parameter on the background luminance in
discomfort glare models;

● δ: exponent parameter on the source position in discom-
fort glare models;
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● n: number of sources;
● Geq: the contribution of the equivalent light source to the

discomfort glare;
● Leq: the luminance of the equivalent source (cd/m2);
● ωeq: the solid angle of the equivalent source (sr);
● peq : the position of the equivalent source (degree);
● Gi: the contribution of each light source i to the discom-

fort glare;
● θs: eccentricity of the source (degrees or arc minutes);
● dij: the distance between sources i and j (degree);
● Di: unknown function;
● ϕ: unknown function;
● LRefj : the luminance of the reference LED adjusted by

participant j;
● LFij : the luminance of the source of fixed luminance i for

each participant j;
● L?Vij: the luminance of the variable source i (cd/m2) that

allows the participant j to feel at the BCD when the
variable source is simultaneously switched on with the
light source(s) of fixed luminance;

● LVij: the luminance of the same variable source i (cd/m2)
at BCD for the participant j when it is switched on alone;

● rLij : luminance ratio L?Vij=LVij of participant j for variable
source i;

● rL: Mean luminance Ratio;
● rL2Sij: dependent variable of the two-source stimuli;
● rL3Sij : dependent variable of the three-source stimuli;
● GBCD: Geq at BCD level;
● N: number of participants.

Appendix B: Mean BCD and mean ratios

Tables 7 and 8 provide themeans and standard deviations of the
BCD luminance of the variable sources, and the mean lumi-
nance ratios, respectively, of the two- and three-source stimuli.

When the position of the source varies, and if one tries to
keep the discomfort at the BCD, the source luminance
changes. In the two-stimuli and three-stimuli experiments,
when varying the inter-distance, the variable source position
changed, and consequently the luminance tuned at the BCD
level by the participants. It is highlighted in Tables 7 and 8
that the mean BCD luminance increases with the eccentricity.

The BCD luminance is different for each participant due
to the large inter-individual variability of discomfort sensi-
tivity: it explains the large standard deviation. The coefficient
of variation (mean SD/mean of mean values) is around 0.74.

In order to investigate the effect of inter-distance inde-
pendently of the source position, we have considered the
ratio of the luminance of the source when it is switched on
with another source(s) at the BCD, and the luminance of this
same source alone at the BCD. This ratio does not depend on
the variable source position, only on the inter-distance.
Computing the ratio for each participant also removes the
variability due to the difference of discomfort sensitivity
among the participants: the coefficient of variation is around
0.38, nearly half of what was found with the BCD luminance
data (see also Section 7.4).

Table 7. Mean values of two-source stimuli: Mean luminance of
the variable sources and mean luminance ratios defined in Eq.
5. Standard deviations are under the bracket.

Eccentricity range
(deg)

Inter-distance
(deg)

Mean LBCD
(cd/m2)

Mean Ratio
rL

< 10° 0.6° 7835.2 [6242.4] 0.85 [0.40]
< 10° 1.2° 7710.3 [5960.6] 0.82 [0.34]
< 10° 2.3° 7661.3 [5178.0] 0.86 [0.40]
< 10° 4.6° 9206.7 [6215.6] 0.86 [0.22]
> 10° 0.6° 10852.2 [8285.8] 0.80 [0.29]
> 10° 1.2° 11103.2 [8260.8] 0.82 [0.26]
> 10° 2.3° 11783.5 [9110.4] 0.81 [0.28]
> 10° 4.6° 10832.9 [7579.9] 0.77 [0.28]

Mean 9623.2 [7104.2] 0.82 [0.31]

Table 8. Mean values of three-source stimuli: Mean luminance
of the variable sources and mean luminance ratios defined in
Eq. 5. Standard deviations are under bracket.

DUO
Eccentricity
range (deg)

Inter-
distance
(deg)

Mean LBCD
(cd/m2)

Mean
Ratio rL

DUO 1 < 10° 0.6° 7523.9 [6651.3] 0.86 [0.39]
DUO 1 < 10° 1.2° 7383.7 [5381.6] 0.83 [0.35]
DUO 2 < 10° 1.2° 8129.7 [6487.6] 0.90 [0.35]
DUO 2 < 10° 2.3° 8737.7 [7983.5] 0.78 [0.34]
DUO 3 < 10° 2.3° 8608.8 [6254.7] 0.91 [0.32]
DUO 3 < 10° 4.6° 11022.5 [8123.3] 0.82 [0.31]
DUO 4 > 10° 0.6° 10291.1 [8587.6] 0.81 [0.43]
DUO 4 > 10° 1.2° 10718.1 [9011.7] 0.75 [0.36]
DUO 5 > 10° 1.2° 10,562.5 [8407.2] 0.79 [0.29]
DUO 5 > 10° 2.3° 11242.7 [9206.1] 0.78 [0.32]
DUO 6 > 10° 2.3° 10439.4 [9095.1] 0.77 [0.36]
DUO 6 > 10° 4.6° 9904.4 [8816.8] 0.75 [0.35]

Mean 9547.0 [7833.9] 0.81 [0.34]
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