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Abstract
With the increased use of LEDs in outdoor lighting, studies have shown that pedestrians often
experience more discomfort glare from these types of luminaires. However, the mechanism
that causes discomfort glare is not well-understood and little research is done in real-world
settings. The present study aimed to identify the luminaire and light characteristics that cause
discomfort glare in pedestrians and tried to find a suitable discomfort glare model for the
outdoor context. To this end, an experiment was done in a shopping street in Middelburg
where participants were asked to rate discomfort glare using the De Boer rating scale, as well
as to perform a facial expression recognition task and to evaluate their lit environment. The
results confirmed that viewing direction has a large influence on discomfort glare, but none
of the other luminaire variables had an influence. In a model comparison, the Glare Index
model predicted subjective ratings of discomfort glare most accurately, but it could not
capture all variety in subjective ratings. Although the present study had some limitations in
terms of measurements and analyses that could be done, it provides a valuable foundation for
future research to elaborate on. More research should be done in more different (outdoor)
settings and with a larger variety of luminaire types to create a general discomfort glare
model for outdoor lighting that can be applied in all contexts.
Keywords: glare, discomfort, pedestrians, outdoor lighting, glare models
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1. Introduction
Have you ever walked or cycled through a street at night and experienced blinding or
discomfort caused by the streetlighting when looking around? In outdoor lighting, preventing
this ‘blinding’ aspect is considered highly relevant to make lighting feel safer and more
comfortable. Typically, researchers distinguish two types of blinding phenomena: disability
glare and discomfort glare. The International Commission on Illumination (CIE) defines glare
as a “condition of vision in which there is discomfort or a reduction in the ability to see
details or objects, caused by an unsuitable distribution or range of luminances, or by extreme
contrasts” (CIE, 2002). Disability glare is more easily understood than discomfort glare as it
is precisely what its name states; a type of glare that reduces visibility.
Discomfort glare is described as the sense of discomfort caused by glare, which might
cause distraction or even migraines (Donners et al., 2015). The CIE defined discomfort glare
as “glare that causes discomfort without necessarily impairing the vision of objects” (CIE,
2019). Since it is not so accurately characterized as disability glare, it has even been
described as “notoriously intractable” (Bullough et al., 2008), which indicates just how
difficult it is to study. Figure 1 shows an overview of the definitions of disability and
discomfort glare and the measures that are currently being used for both. Due to the lack of
understanding about discomfort glare, no standardized objective metric for discomfort glare
exists (Clear, 2013). There is no real theoretical understanding of discomfort glare yet,
meaning that every discomfort glare model evaluates the experience differently. The current
thesis will address and try to clarify the effect of discomfort glare for pedestrians at night.
This introduction will first describe efforts made to understand discomfort glare, then offer an
outline of glare research in different contexts and measurement tools that are being used,
while lastly providing some information on the scope of this thesis.
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Figure 1
Overview of the glare phenomena and their measures

Note. The dotted line implies that the feeling of discomfort may affect visual performance, e.g. through looking
away.

1.1 The Search for Causes and Determinants
A recent hypothesis is that discomfort glare is related to the activity of retinal
ganglion cells after light falls onto the eye (Donners et al., 2015). This conceptualization tries
to understand discomfort glare through patterns of activity in the retina (e.g. Safdar et al.,
2018; Scheir et al., 2018). Ganglion cells in the eye are the first line of processing for visual
stimuli; they calculate an appropriate output based on all the photoreceptor inputs that are
supplied. fMRI (functional magnetic resonance imaging) studies implied that the receptive
field structure of the retinal ganglion cells may be involved in evoking discomfort glare
(Bargary et al., 2015; Donners et al., 2015). A receptive field can be defined as the area of the
retina in which light stimulation changes the firing rate of a specific ganglion cell. In practice,
light will fall onto many receptive fields at the same time, which creates a pattern of
activation (Safdar et al., 2018; G. H. Scheir et al., 2018). This pattern has an edge detection
function; areas of the visual field that are more or less uniform will be considered the same,
resulting in a scene of borders filled with uniform luminances (see Figure 2).
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Figure 2
Visualization of the receptive fields’ activation for one big source compared to four small sources (van Bommel,
2019)

Applying this principle to LED (light-emitting diode) lighting potentially explains
why instances of discomfort glare have risen with the implementation of LED in outdoor
lighting (van Bommel, 2020). In matrix-type LED luminaires, the individual LED points are
visible which can create very high localized luminance contrasts and peaks (Donners et al.,
2015). By definition then, these lamps are less uniform than a more traditional option such as
gas discharge. This implies that the ganglion cells, through the edge detection process, will
recognize more contours due to the high contrast and non-uniformity. Different research
groups now believe that this is the fundamental cause of discomfort glare (e.g. Bargary et al.,
2015; Safdar et al., 2018; G. H. Scheir et al., 2018), as more information needs to be
processed for non-uniform luminaires, which strains the brain more (van Bommel, 2020). It
remains unclear whether this is the exact mechanism behind discomfort glare, but some
evidence has been collected already. One fMRI study showed that discomfort glare is
strongly associated with the spatial properties of the lamp, and less so with the amount of
light entering the eye (Bargary et al., 2014). This close association to spatial properties such
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as luminance-defined contours provides evidence for the ganglion-based account of
discomfort glare.
1.2 Discomfort Glare from LED Lighting
When more discomfort glare studies began to include LEDs, researchers found that
the traditionally used RUG – Unified Glare Rating – as recommended by the CIE was no
longer suitable (e.g. Eble-Hankins & Waters, 2004, 2009). To create a more suitable model
for discomfort glare, researchers turned towards the edge detection response pattern of the
ganglion cells, as described in previous paragraphs. So far, this has resulted in a model based
on receptive fields (Scheir et al., 2018) and a model based on the ganglion cell sensitivity
under different luminances (Safdar et al., 2018). Both of these proposed models outperform
RUG and are promising directions for an improved discomfort glare model.
Although LED seems ubiquitous – most of us have LED luminaires in our homes and
places of work already – it is still a relatively new technology for outdoor lighting. With the
adoption of LEDs for outdoor lighting, research has found that the experience of discomfort
glare has often become more severe, particularly for pedestrians and cyclists (Lin et al., 2014;
Villa et al., 2017). With the first LED installations, citizens complained that “the light that the
unshielded LEDs were shining was essentially too bright for pedestrians. It dazzled dog
walkers and student cyclists alike.” (Johnstone, 2017). Despite these often-occurring negative
side effects, there is a growing need for LED implementation in outdoor lighting, since it
comes with significant energy savings. In the Netherlands, specifically, public outdoor
lighting contributes 30-70% to the total energy consumption of any municipality (Markvica et
al., 2019). With knowledge from new research that assesses the causes of discomfort glare,
LED outdoor lighting can be made safe and comfortable for all road users. Through such
research, improved glare measures can be developed that can also properly evaluate nonuniform luminaires.
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1.3 Discomfort Glare in Different Contexts
Discomfort glare can be assessed in different contexts, the most obvious difference
being indoor and outdoor lighting. Outdoor lighting can be subdivided into various segments.
The segments that are referred to in this thesis are road lighting – characterized as lighting for
motorized traffic – and lighting for open public spaces – characterized as lighting for
residential and public areas. The context of indoor lighting was the basis for much of the
current glare research; as discomfort glare was only studied for indoor lighting since it was
typically more prevalent than disability glare. The main strategy in indoor lighting was to
minimize discomfort glare under the assumption that that disability glare would also be
acceptable under these conditions. The source luminance at which discomfort glare is
experienced is lower than that for disability glare; if the source luminance is adjusted to the
threshold for discomfort glare, disability glare will automatically be prevented (Tashiro et al.,
2015). Although interesting experiments have been done in the indoor lighting context,
elaborating on these is beyond the scope of this thesis, which focuses on discomfort glare in
the outdoor lighting context.
1.4 Discomfort Glare in Outdoor Lighting
1.4.1 Discomfort Glare for Drivers. In outdoor lighting, most glare research has
focused on road lighting and the experience of car drivers. The aim of these studies has
changed over the decades: at first, researchers intended to minimize discomfort glare, while
later the focus shifted to disability glare due to the increasing glare from car headlights
(Schreuder, 1998). With the implementation of LEDs in road lighting, researchers turned
their attention back to discomfort glare. Some non-uniform LED luminaires namely caused
unacceptable discomfort glare although disability glare limits were met. Discomfort glare was
also found to indirectly impact visual performance while driving, which might be associated
with increased crash risk (Bullough, 2009). Traditionally, only disability and not discomfort
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glare was believed to affect visual performance or behavior (see Figure 1). One research
group in the Netherlands showed that discomfort glare might cause changes in driving
behavior through strategic adaptations to reduce discomfort (Theeuwes et al., 2002) (see
dotted line in Figure 1). Considering both the comfort and safety aspects of road lighting, it
makes sense that attention is paid to reducing discomfort glare for drivers.
1.4.2 Discomfort Glare for Pedestrians. Despite the long history of research on
glare for drivers, other road users’ experiences with glare have only gained attention over the
past decades. Typically, all current outdoor lighting standards are based on the driver’s
experience, and these – among other things – take into consideration that the driver is
shielded from glare at certain angles by the roof of their car (Miller & McGowan, 2015; Villa
et al., 2017). Pedestrians do not have this protection, but still want to be able to look around
comfortably to orient themselves, find a destination, or assess the safety of a scene. Besides
different lines of sight, drivers and pedestrians also have different relevant visual tasks,
different regions of interest, different surroundings, and different speeds of movement (Villa
et al., 2017). Shortly put, lighting for pedestrians requires a different approach than lighting
for motorists (Miller & McGowan, 2015); lighting for open public spaces cannot simply rely
on the validated standards for road lighting.
In lighting for open public spaces, designers usually apply a value of maximum
discomfort. This value is then assumed to be an acceptable glare level for a large portion of
the population (van Ratingen, 2020). An installation adhering to this maximum level is
considered sufficiently glare-controlled for outdoor use. Still, in a dynamic situation with
pedestrians walking around, such a maximum value cannot always be guaranteed. Therefore,
more and more practical studies are being executed where hundreds of participants are used
to rate discomfort while trying to approximate real walking conditions as much as possible
(e.g. van Ratingen, 2020).
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1.5 Measuring Discomfort Glare
1.5.1 Subjective Ways to Measure Discomfort Glare. One reason why discomfort
glare is not easily understood might be the subjective evaluation methods. Typically,
discomfort glare is assessed with the De Boer rating scale (De Boer, 1967) (see Table 1), for
which there is a consensus that it is a suitable scale. While seemingly useful to characterize a
subjectively experienced phenomenon, large individual differences have been described in
terms of when discomfort glare is experienced, and when it is considered to be uncomfortable
(Bargary et al., 2014; Bennett, 1987; Donners et al., 2015; Kimura-Minoda & Ayama, 2011;
Stone & Harker, 1973). This might partly be the case because non-experts are not always
entirely clear on what is understood as ‘glare’ or ‘discomfort glare’, or because they interpret
the labels of the rating scale differently than intended (Bullough et al., 2008). Whatever the
cause for these inter-individual differences, they make it difficult to determine concrete
values or ranges for which discomfort glare is experienced. The low quality of subjective data
also makes it nearly impossible for researchers to determine which exact light characteristics
cause discomfort glare.
Table 1
Subjective De Boer rating scale for discomfort glare (De Boer, 1967)

Rating

Label

1

Unbearable

2
3

Disturbing

4
5

Just acceptable

6
7

Satisfactory

8
9

Just noticeable
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1.5.2 Objective Ways to Measure Discomfort Glare. Besides subjective tools,
researchers have also tried to come up with objective measures of discomfort glare. They aim
to compare and correlate subjective ratings with physiological measures of discomfort glare,
such as pupil size, eye movement, or electrical activity from facial muscles. These
physiological measures are more fundamental to the discomfort glare experience than
photometry (see Figure 3), as discomfort glare cannot be predicted with photometric
variables alone (Bullough, 2009). In a study evaluating pupil constriction, the authors found
that it was greater for a higher source luminance, for a glare source located directly in the line
of sight, for larger glare sources compared to smaller sources, and for a lower background
luminance (Tyukhova & Waters, 2019). This is in line with how subjective ratings correlate
to these lighting characteristics, implying that pupil constriction might be a good objective
measure for discomfort glare. Despite this find, the research in this field shows mixed results
for the effectiveness of (other) physiological measures (e.g. Berman et al., 1994; Rahm,
2019). Additionally, even if they were effective, physiological measures are typically less
practical to implement in research in real-world contexts. For now, subjective evaluations in
the form of self-reports remain the most suitable and easily applicable tool for practical
research.
Figure 3
Overview of different types of glare research and their shared goal
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Another line of research approaches the discomfort glare problem by focusing on the
relevant visual tasks for pedestrians (see Figure 3). Most studies on pedestrian discomfort
glare in outdoor environments mention a similar group of visual tasks that are considered
most relevant for the pedestrian, namely: avoiding obstacles/falling, orientation/wayfinding,
and appraising other people to identify any risk (Fotios et al., 2015; Fotios & Gibbons, 2018;
Johansson et al., 2011; Raynham, 2004). Facial expression recognition is considered the most
ecologically valid task for pedestrians (Fotios & Raynham, 2011), as it promotes a sense of
security through being able to judge another’s intentions (Markvica et al., 2019; Raynham,
2004). Approach-avoidance behavior is largely driven by facial expression and experiencing
glare can impede this recognition. Glare restriction and providing sufficient illumination
should be balanced to support this crucial visual task.
1.5.3 Discomfort Glare Models. Since it is the lighting that causes the glare
experience, lighting designers need a tool to predict discomfort glare in the design phase of a
lighting installation. Therefore, researchers try to fit different models based on lighting
parameters to assess and predict the subjective experience of discomfort glare (see Figure 3).
These models usually involve a weighting of different light characteristics; determining the
exact weights for these variables might uncover the mechanisms underlying discomfort glare
which can help in the creation of improved lighting standards. Light characteristics that are
thought to influence discomfort glare include the source luminance (Ls), the solid angle of the
glare source (ωs), the angle between the glare source and the observer’s line of sight (α), and
the background luminance (Lb) (e.g. Clear, 2013).
Overall, there are two types of glare models in discomfort glare research. For indoor
lighting, researchers and designers assume that light sources are relatively large and can be
considered light-emitting surfaces with near-uniform luminance. To this end, the source’s
average luminance can be used to predict discomfort glare, and the RUG model serves this
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purpose very well. For road lighting, however, luminaires are typically farther away, and
lights can thus be considered point sources (Tashiro et al., 2015). Here – in the far-field – the
luminous intensity is important in determining discomfort glare. Unfortunately, pedestrians
encounter both small (farther away) and larger (closer) sources. This raises the question of
whether luminance or luminous intensity is more suitable to predict discomfort glare. One
might assume that trying to fit both into one model might be an appropriate middle ground
for pedestrian discomfort glare. Interestingly, only the daylight model for glare – Daylight
Glare Probability (DGP) – models a situation that is a combination of point and surface
sources (Giovannini et al., 2019) (as seen in (1)), which could potentially also be more
accurate for discomfort glare from outdoor lighting for pedestrians (Bullough, 2011).
𝐿𝐿2𝑠𝑠,𝑖𝑖 𝜔𝜔𝑠𝑠,𝑖𝑖
𝐷𝐷𝐷𝐷𝐷𝐷 = 5.87 ∙ 10 𝐸𝐸𝑣𝑣 + 9.18 ∙ 10 𝑙𝑙𝑙𝑙𝑙𝑙(1 + � 1.87 2 ) + 0.16
𝑝𝑝𝑖𝑖
𝑖𝑖 𝐸𝐸𝑣𝑣
−5

−2

(1)

DGP = Daylight Glare Probability [-]

Ev = vertical illuminance at eye level [lx]
Ls,i = light source luminance [cd/m2]
ꙍ = light source solid angle [sr]
pi = position index [-]

Note. Ev is directly dependent on the luminous intensity of the glare source in the direction of the observer, so
this formula does include a measure for luminance and luminous intensity.

Most review papers include models from both sides of the debate, but models
involving both luminance and intensity are usually not considered. What these reviews
confirm is that RUG is not suitable to predict discomfort glare from non-uniform sources such
as LED (Geerdinck et al., 2016; Yang et al., 2017). Different models and model
modifications have been proposed to deal with these sources. Yang and colleagues created a
modified RUG model that considers the non-uniformity and spectral power distribution of the
glare source, and which outperformed RUG (Yang et al., 2018a). In 2019, the CIE also
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proposed a modified RUG (known as RUG’) as a temporary solution for non-uniform sources
(CIE, 2019). This new model is essentially the RUG (written in two ways in (2)) with a small
adjustment: it replaces the light-emitting surface with an effective light-emitting surface (as
seen in (3)). The reasoning behind it is that RUG underestimates discomfort glare because it
considers the entire luminaire to be the light-emitting area, while the actual light-emitting
area is much smaller for non-uniform sources (Geerdinck et al., 2016). This RUG’ has a high
predictive value for discomfort glare, with coefficients of determination up to 0.91 (Scheir et
al., 2017).
𝑅𝑅𝑈𝑈𝑈𝑈

0.25
𝐿𝐿𝑠𝑠 2 𝜔𝜔
0.25
𝐼𝐼𝑠𝑠 2
= 8𝑙𝑙𝑙𝑙𝑙𝑙 (
� 2 ) = 8log (
�
)
𝐿𝐿𝑏𝑏
𝑝𝑝
𝐿𝐿𝑏𝑏
𝐴𝐴 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑑𝑑 2 ∙ 𝑝𝑝2

(2)

RUG = Unified Glare Rating [-]

Lb = background luminance [cd/m2]
Ls = light source luminance [cd/m2]
ꙍ = light source solid angle [sr]
p = position index [-]

Is = light source luminous intensity [cd]
A = light source light-emitting area [m2]
𝛼𝛼 = angle between horizontal line of sight and light source [°]
d = diagonal distance between observer and light source [m]

0.25
𝐼𝐼𝑠𝑠 2
𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8log (
�
)
𝐿𝐿𝑏𝑏
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑑𝑑2 ∙ 𝑝𝑝2

RUG’ = adjusted Unified Glare Rating [-]
Lb = background luminance [cd/m2]
Is = light source luminous intensity [cd]

Aeff = light source effective light-emitting area [m2]
𝛼𝛼 = angle between horizontal line of sight and light source [°]
d = diagonal distance between observer and light source [m]
p = position index [-]

(3)
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A study that assessed the effects of luminance and illuminance on subjective
discomfort glare ratings resulted in a model based on different illuminance variables (light
source illuminance, surround illuminance, and ambient illuminance) (Bullough et al., 2008).
Although this model is relatively simple, it nonetheless came up as the best alternative for
RUG in various comparison studies (Bullough et al., 2008; Lin et al., 2014; Tyukhova &
Waters, 2018; Tyukhova, 2016; Villa et al., 2017; Yang et al., 2018b). However, upon further
consideration, Bullough and colleagues’ model was not considered useful for this evaluation
after all. In the discussion of their paper, they state that the proposed model is an easy and
very practical method of determining discomfort glare. This is true, but only for lighting
research that is based on measurements of photometric variables. For the present study,
whose purpose is the calculation of photometric properties to get to discomfort glare, the
researcher could not rely on measurements. It is true that the variables included in Bullough’s
model are very easy to measure and that the model is highly effective, but these values are
typically not accessible during lighting design, which is when predictions of expected
discomfort glare should be made. Lighting designers typically work with installations that
still need to be placed in the future, meaning no photometric measurements can be done.
Glare models are usually created for a very specific context, which makes
generalization to other lighting contexts quite difficult. This seems counterintuitive, as the
same eye perceives the light and experiences discomfort glare, regardless of the context.
Therefore, the CIE started a committee to work on a psychophysical model for discomfort
glare that can be used anywhere. Until this model is created and validated, the outdoor
lighting industry will have to work with the models that are currently available. To support
this, a 2021 technical report by the CIE summarizes the discomfort glare models that are
advised for use in outdoor lighting (CIE, 2021). This report also mentions Bullough’s model
(Bullough et al., 2008), as well as the European method (RGI, shown in (4)), as models that
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are suitable to apply for pedestrians. The Glare Index - also called the European method for
pedestrians - is an older model that was developed specifically for pedestrians that
experienced discomfort glare from outdoor lighting. It includes the light-emitting area of the
light source, meaning that this model could also be adapted to include the effective lightemitting area (shown in (5)), just like with the RUG’ model.
𝑅𝑅𝐺𝐺𝐺𝐺 =

RGI = Glare Index [-]

𝑅𝑅𝐺𝐺𝐺𝐺 =

𝐼𝐼

(4)

𝐼𝐼

(5)

�𝐴𝐴𝑝𝑝
�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒

I = light source luminous intensity [cd]
Ap = projection of the light source light-emitting area in the direction of the observer [m2]
Aeff = light source effective light-emitting area [m2]

1.6 Research Aim and Scope
This study is part of the Smart Space project that aims to make public lighting for
open spaces in cities more energy-efficient, while also improving ambiance, perceived safety,
and user comfort on the streets considered. TU/e’s Department of the Built Environment will
research the user experience of the to-be-installed lighting installations and smart sensor
platforms in the cities. In Middelburg, one of the specific sites chosen is the Nieuwe Burg
shopping street, where part of the current installation of HPS (high-pressure sodium) lamps
on the Nieuwe Burg has already been replaced with smart LEDs. This provides a unique
opportunity to evaluate the difference between the old and the new installation under the
same seasonal circumstances. A shopping street has never been used before to assess
discomfort glare, although this is a highly relevant issue. The municipality wants to reduce its
energy consumption while making the ambiance more pleasant for visitors and residents
alike. Discomfort glare is a very important metric in this scenario, as it is the number one
predictor for comfort.
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Within the context of this bigger research project, this thesis deals specifically with
the user experience of discomfort glare from LED luminaires. This research direction is
especially relevant for HTI (Human-Technology Interaction) because it deals with technology
in a relatively new field of application – LEDs for outdoor lighting – and the effects this
implementation has on different users. As the renowned lighting researcher Peter Boyce put
it: “Good lighting has two elements, technical and emotional. The technical element deals
with such aspects as the energy efficiency, reliability and safety of an installation. The
emotional element deals with the human response to the installation. Both parts have to be
satisfied for the installation to be considered as good lighting” (Boyce, 2012). This study will
address both of these aspects in the search for a suitable discomfort glare model for outdoor
lighting.
The aim of this study is two-fold: (1) adding to the understanding of which lighting
conditions cause the experience of discomfort glare in pedestrians, and (2), evaluating a set of
discomfort glare models in an outdoor context. The main research question (1) to be
answered is ‘When do pedestrians experience discomfort glare from traditional lighting and
smart LED lighting in a shopping street?’. The expectation is that pedestrians will experience
more discomfort glare from both traditional and LED lighting when (1a) the glare source is
closer to the line of sight, (1b) the source luminance is higher, (1c) the light-emitting surface
of the source is smaller, and (1d) the background luminance is lower (Clear, 2013; Tashiro et
al., 2015). For the LED installation, it is also expected that (1e) pedestrians will experience
more discomfort glare when the individual LED sources are visible and when no diffuser is
used, which means the light-emitting area of the LED source will have a clear non-uniform
luminance.
Since discomfort glare in outdoor lighting is quite a complex problem, there are four
additional sub-research questions. (2) Which discomfort glare models can accurately predict
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pedestrian discomfort glare in a shopping street? The models to be evaluated are the RUG, the
RUG’, RGI, RGI’. It is expected that none of the evaluated models predicts discomfort glare
perfectly, but especially the models for outdoor lighting should outperform RUG and predict
experienced discomfort glare in a shopping street relatively well. (3) How does discomfort
glare influence pedestrian evaluations of the environment? It is expected that under a glare
situation, pedestrians will report a more negative evaluation of the environment, i.e. (3a)
higher environmental brightness (strength) ratings and (3b) lower comfort ratings are
expected (Boyce, 2014; Custers et al., 2010; Painter, 1996; Waters et al., 1998). (4) How does
experienced discomfort glare impact pedestrians’ performance on a facial expression
recognition task through behavioral adaptations? It is expected that pedestrians will engage in
avoidance behavior (e.g. turning their head away or squinting their eyes) when confronted
with strong discomfort glare (Theeuwes et al., 2002). This will indirectly cause a slight
decrease in performance on the task. (5) How does experienced discomfort glare change with
a switch from traditional lighting to LED lighting? It is expected that the experienced
discomfort glare will be higher for the LED installation due to the high level of nonuniformity of the chosen luminaire.
This report will continue with an outline of the experiment used to address the
mentioned research questions in the Method section. Then, in the Results section, the
obtained data will be visualized and described. Lastly, the Discussion will answer the
research questions as well as draw parallels to the literature, and make suggestions for
follow-up research.
Method
2.1 Design
In a field experiment, we studied lighting effects on visual discomfort and
performance. We used a 2 x 2 x 2 cross-over design in which lamp type (HPS and LED) and
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viewing direction (5° and 10°) were within-subjects factors and viewing position (1 and 2)
was a repeated-measures factor. The dependent measures were the experienced discomfort
glare [Discomfort], facial expression recognition correctness [Emotion] and [Distance], and
environmental perception [Strength] and [Comfort]. Other dependent variables that were
considered were [Age], [Gender], cloud cover [Cloudy], wetness of the street [Wet], the
lighting of shop windows [Shops_lit], and the session time [Session].
2.2 Sample
Participants were inhabitants of Middelburg and were recruited through contacts at
the municipality or by randomly asking them on the street. In total, 32 participants were
included in the study: 18 male and 14 female. The mean age of these participants was 46.3
years (SD = 13.99, range: 21-68). 62.5% of the sample had corrected vision through either
glasses or lenses.
2.2.1 Power Analysis. Power analyses in G*Power (version 3.1.9.7) were executed
before data collection to assess the sample size needed to achieve a statistical power of 0.80
with an alpha level of 0.05. Based on the power analyses, the required sample size to reach
sufficient power was 43 participants 1.
We performed an a priori analysis for the main analysis, first for the required N to be
able to detect a large effect size (0.35) in the multiple regression analysis. This rendered 43
participants. This was based on the situation that each participant only rates visual comfort
once, which would have been an underestimation. In fact, participants gave eight ratings, for
eight different situations. In case that these would be independent observations, a sensitivity
analysis (N = 344) indicated this would allow us to detect effect sizes of around 0.04. This

These power analyses were still based on the initial research/analysis plan with a multiple regression as main
analysis (see Measurements and Analyses sections).

1

PEDESTRIAN DISCOMFORT GLARE IN A SHOPPING STREET

19

would have been an overestimation, so we assumed the actual sensitivity to be around the
level of the expected effect sizes.
2.3 Study Setting
The study setting was the Nieuwe Burg shopping street in the city center of
Middelburg. This street has a mixture of light luminaires, (two types of LED and one type of
HPS lamp) which are indicated in Figure 4. This figure also shows the two participant
positions within each condition (LED or HPS); these are 1.5 meters before the light pole on
the east side of the street (black dots in Figure 4). For each of these positions, the participant
considers discomfort glare in two viewing directions: at an angle of 5° and an angle of 10º
towards the east side of the street (yellow and black lines in Figure 4). The order of light
conditions was counterbalanced among participants, the order of position and viewing
directions was always the same. Namely, position 1 and the viewing direction of 5° always
came first.
Figure 4
Map of the Nieuwe Burg with the positions of the light poles and the participant positions
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2.3.1 Light Conditions. Two different luminaires are part of this experiment: one
LED and one HPS. The (new) LED luminaire is the ALMA 5103 Hemispherical, PC, Smooth
– 8 XP-G3@350mA WW 722 230V 00-28-464 334631 manufactured by Schréder. These
luminaires are mounted at a height of 4.0 meters. Figure 5 shows the appearance of the LED
luminaire, while Figure 6 illustrates the light distribution curve of the luminaire. This
luminaire has a luminous flux of 1377 lumen, a correlated color temperature of 2200 K, and a
color rendering index Ra of 70.
Figure 5
The appearance of the LED luminaire, without and with the diffuser

Figure 6
The light distribution curves of the LED luminaire (with diffuser)

The HPS lamp on the Nieuwe Burg is the Master SON-T PIA Plus 70W/220 E27
manufactured by Philips, placed in the Hellux 03X luminaire manufactured by Hellux. These
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luminaires are also mounted at a height of 4.0 meters. Figure 7 shows the appearance of the
luminaire in daylight and at night, while Figure 8 shows the light distribution curve of the
luminaire. This lamp has a luminous flux of 6600 lumen, a correlated color temperature of
2200 K, and a color rendering index Ra of 29. One should keep in mind that at the time of the
experiment, these luminaires are at their end-of-life, which is why the luminous intensity
values for this luminaire were adjusted with a maintenance factor of 0.7 (CIE, 2003).
Figure 7
The appearance of the HPS luminaire

Figure 8
The light distribution curves of the HPS luminaire

Besides the public lighting luminaires on the street, it is important to note that this
street has a variety of shops that can have their lighting either switched on or off. This will
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likely influence the background luminance on the evenings of the experiment and will thus
influence the level of discomfort glare participants experience.
2.4 Measurements
2.4.1 Photometric Measurements. The light properties for both the HPS and LED
lamps were measured with a Canon EOS 77D luminance camera with EX Sigma circular
fisheye lens. Photos were taken in each of the four positions (see Figure 4) at a height of 1.35
meters as this was the maximum height of the Alpha 2500 tripod. The DSLR Remote Pro
Multi-Camera software was used in combination with the Oracle VM VirtualBox software,
which was running the bps-radiance-2014 program. This created the HDR images and
calculated different glare indices (see Figure 9 for an example). The luminance photos were
calibrated with measurements from the handheld Minolta Luminance Meter LS-100 (see
Figure 10). This handheld meter was used every evening to measure the luminance on each of
the landmarks that were used to indicate the viewing directions from the two positions in
each lighting condition (e.g. a flowerpot in front of a store). These values were measured to
calibrate the images from the luminance camera for each evening.
Figure 9
Example of an HDR image created based on the photos taken
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The luminance photos were taken to get specific values for source luminance,
background luminance, and source area for every evening of the experiment. This would
have allowed the analyses to account for any day-to-day differences that might be present in
the background luminance. However, the photos taken were not usable, so only the values
from the handheld luminance meter could be used for analysis. When it became apparent that
the luminance images did not provide enough detail to determine the source luminance of the
luminaires, the luminance meter was used to measure this the last evening. From each
observer position, the luminance meter was pointed straight at the luminaire at eye height to
measure the source luminance. The source luminance values mentioned later are averages
from the two measurements done per luminaire type.
Figure 10
Taking luminance measurements with the handheld meter

2.4.2 Subjective Ratings of Discomfort Glare. Discomfort glare [Discomfort] was
assessed by the participants using the 9-point De Boer rating scale (De Boer, 1967), more
specifically the reversed and the translated version of the scale (Gellatly & Weintraub, 1990;
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Tekelenburg, 1980). Three versions of the scale – the original, the reversed, and the Dutch
translation – can be found in Table 2.
Table 2
Three versions of the De Boer rating scale

original (De Boer, 1967)

reversed (Gellatly &

Dutch translation

Weintraub, 1990)

(Tekelenburg, 1980)

Rating

Label

Label

Label

1

Unbearable

Just noticeable

Ondraagbaar

Disturbing

Satisfactory

Storend

Just acceptable

Just acceptable

Net toelaatbaar

Satisfactory

Disturbing

Bevredigend

Just noticeable

Unbearable

Niet merkbaar

2
3
4
5
6
7
8
9

There has been much debate about the validity of the De Boer scale in the literature
(Fotios, 2015; Kent et al., 2019; Kent & Fotios, 2021). The reversed scale was created based
on how non-expert users would order the labels, so this has typically been accepted as being
more intuitive and understandable. The exact scale used is a combination of the reversed and
translated scales shown above (Table 2) and can be found in Table 3. It was chosen to label
all numbers of the scale, to communicate to participants that all numbers had a meaning.
Additionally, participants were instructed that 1 corresponded to no discomfort glare at all,
while 9 corresponded to the worst discomfort glare they could imagine.
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Table 3
Reversed Dutch De Boer rating scale

Rating

Label

1

Niet merkbaar

2

Tussen ‘niet merkbaar’ en ‘acceptabel’

3

Acceptabel

4

Tussen ‘acceptabel’ en ‘net toelaatbaar’

5

Net toelaatbaar

6

Tussen ‘net toelaatbaar’ en ‘storend’

7

Storend

8

Tussen ‘storend’ en ‘ondraaglijk’

9

Ondraaglijk
2.4.3 Facial Expression Recognition. Facial expression recognition was assessed

with a procedure similar to that used in previous research (Rahm & Johansson, 2018). The
participant had to stay in their position, while an experimenter holding a photograph of a
facial expression walked towards the participant. The participants were instructed to tell the
experimenter to stop when they could recognize the facial expression on the photograph.
Both the correctness of the identification [Emotion] and the identification [Distance] were
then recorded. The facial expressions were taken from the FACES database (Ebner et al.,
2010), from which three emotions (fear, disgust, and anger) from the A set were selected,
making 18 photographs in total (see Appendix A). These were printed (175 x 223 mm, nonglossy paper) and presented at a height of 1.70 meters, to simulate an encounter with an
actual average-sized person.
The starting point for the experimenter was 13.5 meters from the participant (see
Figure 10), on the east side of the street. This distance was selected because Rahm and
Johansson did this task with the experimenter being 12 meters behind the light pole (Rahm &
Johansson, 2018). Since the participants in the current study were standing 1.5 meters in front
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of the light source, the total starting distance between participant and experimenter with
photograph was 13.5 meters.
Figure 10
Overview of participant locations 1 and 2 with viewing directions, the light sources, and facial expression photo

2.4.4 Evaluation of the Environment. The participants’ experience of the ambiance
under different light sources was assessed with the POLQ - perceived outdoor lighting
quality - tool (Johansson et al., 2014). This tool is an adaptation of the Semantic
Environmental Description (SBM) (Küller & Wetterberg, 1996). Johansson and colleagues
simplified this tool to only include ten 7-point bipolar scales, which are clear-drab, strongweak, unfocused-focused, subdued-brilliant, dark-light, mild-sharp, hard-soft, warm-cool,
glaring-shading, natural-unnatural (see Table 4). These items factor onto two dimensions;
perceived strength (brightness) quality ([Strength]; clear-drab, strong-weak, unfocusedfocused (R), subdued-brilliant (R), and dark-light (R)) and perceived comfort quality
([Comfort]; mild-sharp (R), hard-soft, warm-cool, glaring-shaded (R), and natural-unnatural).
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The seven points of the scale are graded 1 to 7 from left to right, and the other way around for
the reverse-coded (R) items (see Appendix B for the answer form with the scale that
participants used). For both factors, the Cronbach’s alpha was calculated. The Strength factor
yielded alpha scores of 0.66 and 0.65 for the LED lighting and the HPS lighting condition,
respectively. This implies a questionable internal consistency for both conditions. The
Comfort factor yielded alpha scores of 0.77 and 0.68 for the LED and HPS condition,
respectively. This implies acceptable to questionable internal consistencies.
The final scores on [Strength] and [Comfort] are the average of the grades given for
the items corresponding to each factor. This tool is considered valid because the factors show
high internal reliabilities (0.80 or higher) and capture important aspects for outdoor lighting,
such as perceived brightness in [Strength] and pleasantness in [Comfort]. Since the POLQ is
in English, this tool had to be translated into Dutch. The translation can be found in Table 4.
Cross translations were used to verify the accuracy of the scale, but especially clear-drab,
unfocused-focused, and glaring-shading showed some issues. In the end, it was decided to
translate these items into words that were easily understood by Dutch speakers and that were
appropriate to describe lighting. This was also verified in a small pilot (N = 3) in which
participants were asked to use the tool on the streetlighting in their street and determine
whether the words were appropriate for evaluating light sources.
The POLQ factors [Strength] and [Comfort] were created for both the LED and HPS
lighting conditions, according to the procedure described before. The variable [Strength] was
created by adding the values for clear, strong, unfocused, subdued, and dark for each
participant, and then dividing this sum by 5. The variable [Comfort] was created by adding
the values for mild, hard, warm, glaring, and natural for each participant, and then dividing
this sum by 5.
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Table 4
The original POLQ scale labels and their Dutch translations

POLQ tool English

POLQ tool Dutch

Clear – drab

Helder – somber

Strong – weak

Sterk – zwak

Unfocused – focused

Egaal – contrastrijk

Subdued – brilliant

Ingetogen – schitterend

Dark – light

Donker – licht

Mild – sharp

Vriendelijk – scherp

Hard – soft

Hard – zacht

Warm – cool

Warm – koel

Glaring – shading

Verblindend – afgeschermd

Natural – unnatural

Natuurlijk – onnatuurlijk

2.5 Procedure
The participant was asked to come to the Nieuwe Burg on either the Lange Delft side
or the Long John side, depending on in which lighting condition they had to start. Participants
joined every night at 10 PM and 11 PM, and occasionally at midnight. They were first
welcomed by the experimenter and informed about the experiment and its procedure.
Notably, discomfort glare was described to the participant as the feeling of discomfort that
can arise from light sources in the field of view. They were allowed to ask questions and then
read and signed the informed consent form. At times, multiple participants were present at
once (e.g. couples, families, roommates who participated at the same time). In that case, the
participants were asked not to talk with each other throughout the experiment, to limit
influencing each other. Then, the participant was guided to the first position (whether in the
LED or HPS lighting condition).
With the De Boer scale printed in front of them, the participant was told that ‘1’ on
the scale meant no glare, while ‘9’ implied the worst glare they could imagine. They were
then shown the two viewing directions (5º and 10°), which were indicated by landmarks on
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the opposite end of the street. They were asked to write down in numbers how much
discomfort glare they experienced for these two viewing directions. All participants were
given the two viewing directions at once, with the 5º angle always being indicated as viewing
direction 1.
After judging the discomfort glare, the participant remained in the same position for
the facial expression recognition task. The participant was shown the list of six emotions they
could choose from, which was printed on their answer form (see Appendix B). The
participant was told that they had to identify the emotional expression on the printed face and
say ‘stop’ when they made the identification. Now the experimenter’s assistant started at the
13.5 meters mark and moved towards the participant with a printed face. As soon as the
participant said ‘stop’, the experimenter wrote down the distance at which the identification
was made, while the participant noted the emotion on their answer form. In the case of
multiple participants, the participants took turns during this specific task, meaning each got a
different facial expression picture to identify.
The same procedure for rating discomfort glare for two viewing directions, as well as
the facial expression recognition task, was repeated in the second position of that lighting
condition. Note that the landmarks used to indicate the viewing directions were the same for
this position compared to the first one. Then the participants were told to complete the scale
on their perception of the lighting. They were told that all words printed on the left side of the
scale were opposites of the words printed on the right and that ‘neutral’ meant neither of the
two. They were asked to color one bubble for each row – one for each contrasting pair of
words. Lastly, they were told that they could complete this scale while walking freely around
in the area indicated by the experimenter (this was demarcated by the light poles belonging to
the lighting condition the participant was currently in). This completed the tasks for the first
lighting condition.
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Now the participant was asked to follow the experimenter to the other side of the
street, where they were told that the entire procedure would be repeated there. Upon
finishing, they were asked to complete the demographic items on their form (age, gender,
wearing glasses/lenses, having night blindness). The participant was then thanked for their
participation, debriefed about the study’s goals and the lighting conditions, and compensated
for their time with a bank transfer.
2.6 Analysis
2.6.1 Evaluated Models. A set of models was selected to be compared and evaluated
on their accuracy in predicting the subjective experience of discomfort glare. The following
models were included: RUG, RUG’, RGI, and RGI’. These models were already introduced and
described in the Introduction. For the creation of the discomfort glare model predictions, the
formula for each model was filled in with the required variables. This was done separately for
the LED and HPS conditions.
2.6.2 Data Preparation.
2.6.2.1 Creation of photometric variables. Several photometric variables had to be
calculated/deduced based on luminaire specifications and measurements made on the street
(see Appendix C for the complete calculations). These included the angle between viewer
position and the light source (α, calculated from observer distance and luminaire height), the
diagonal distance between viewer and light source (d, calculated from observer distance and
luminaire height), the Guth position index (p, determined based on observer distance and
luminaire height), the solid angle (ꙍ, calculated from the projected light-emitting area), the
luminous intensity (I, determined based on the light distribution curves), the luminous flux
(Ф, given for each luminaire), the source luminance (Ls, measured with luminance meter), the
background luminance (Lb, measured with luminance meter), and the (effective) lightemitting area of the light source (A / Aeff, determined from photos from luminaires).
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2.6.2.2 Outlier analysis. Before the data analysis, the dataset was analyzed and
checked for outliers. Boxplots were created for each variable to check whether any data
points could be considered outliers. Values that were 1.5 times the IQR (interquartile range:
between 25th and 75th percentile of the data) above the 75th percentile or below the 25th
percentile were considered outliers.
Additionally, the standardized z-scores were computed and evaluated to check for
outliers. Z-scores with values three standard deviations above or below the mean are highly
unlikely and were considered outliers. Only one case was removed in the data due to being a
true outlier.
2.6.3 Statistical Analyses. STATA 16.1 software was used for the data analysis,
where a significance value of α = .05 was used for all tests. After data collection, the
feasibility of the study was assessed with a sensitivity analysis to evaluate which effect sizes
could be detected with the achieved sample size of 32 in a repeated-measures ANOVA. A
power level of 0.80 allowed for detection of effect sizes of Cohen’s f = 0.21 and higher,
meaning that the medium to large effects are detectable.
The original research plan included a multiple regression analysis to analyze the
contribution of each of the photometric variables to the subjective experience of discomfort
glare, as well as correlation analyses to assess the accuracy of the discomfort glare models’
predictions. This multiple regression would have been valuable to demonstrate the extent to
which each variable contributes and could have been the basis for a new discomfort glare
model for outdoor lighting. However, there was not enough variety in the collected data
because of issues with the luminance camera. This resulted in several binary variables (with
one value for the LED condition and one value for the HPS condition), which made ANOVA
a more suitable analysis method for this research goal. Similarly, the correlation analyses
were dropped, and instead, the trends in predictions were compared to the subjective ratings.
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To make the analyses more meaningful, the influence of the lighting from shop windows was
considered in several of the tests.
2.6.3.1 Contribution of photometric properties to discomfort glare. The extent to
which the photometric properties influenced the subjective experience of discomfort glare
was assessed using a repeated-measures ANOVA. This model included [Discomfort] as the
target variable and [Lamp type] and [Viewing angle] as within-subject factors. The variable
lamp type was created as a dummy variable since all lamp variables (source luminance,
source area, and background luminance) only had two values: one for the LED lamp and one
for the HPS lamp. Before this analysis, the assumptions of normality, independence of
observations, and sphericity were checked.
2.6.3.2 Explorative analyses. The discomfort glare models were evaluated on the
accuracy of their predictions by comparing the model predictions to the subjective ratings on
the De Boer scale. This was done in an explorative manner by checking whether the same
installation was thought to create the most discomfort glare by both the participants and the
models. The effects of luminaire type on the POLQ ratings and the facial expression
recognition task were evaluated through t-tests. Before each analysis, the assumptions of
normality, homogeneity of variance, and independence of observations were checked.
To see whether the POLQ ratings were different under discomfort glare conditions,
the Comfort and Strength factors were correlated with the discomfort glare ratings. To ensure
sufficient data points, the four ratings within a lighting condition were combined in an
average discomfort glare variable. To see whether the correctness of expression recognition
and the distance at which identification was made were influenced by discomfort glare, more
correlation analyses were performed. Before each analysis, the assumptions of linearity and
normality were checked.
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3. Results
This section will first describe the results from the measurements with the luminance
camera. Then it will go through the results of each of the different analyses: the influence of
shop lighting on discomfort glare, the influence of luminaire properties on discomfort glare,
the influence of discomfort glare on facial expression recognition, the influence of discomfort
glare on the evaluation of the environment, and the discomfort glare models’ outcomes.
3.1 Photometric Properties
Luminance photos were taken in four locations each evening around 9.45 PM before
the first participant arrived. One evening, photos were also taken at midnight to get a sense of
how the lighting changed throughout the evening. Figure 11 shows two photos from this
evening for one observer position. These photos show that although the street lighting was
static, the shop window lighting and sky luminance changed throughout the evening. Figure
12 shows the HDR images that were created based on these luminance photos.
Figure 11
Photos at 10 PM and midnight to show differences in sky luminance and shop lighting
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Figure 12
HDR luminance images for the photos (shown in Figure 11)

Mainly the manufacturer specifications were used to determine the photometric
properties of the two different luminaires. The variables and their values are given in Table 5,
for each of the eight combinations of observer positions and viewing angles. Because of the
incomplete measurements, some variables had to be calculated (see Appendix C).
Table 5
Overview of the photometric variables determined for each of the eight rating locations

Source

Background Solid

Luminous

Light-

Effective light-

luminance

luminance

angle

intensity

emitting area

emitting area

(Ls, cd/m2)a

(Lb, cd/m2)b

(I, cd)

(Ap, m2)

(Aeff, m2)

LED 1.5

4475

1.0

(ꙍ, sr)
.0079

262

.034

.013

LED 1.10

4475

1.0

.0019

275

.013

.01

LED 2.5

4475

1.0

.002

262

.034

.013

LED 2.10

4475

1.0

.000045

207

.013

.01

HPS 1.5

1970

1.5

.017

739

.071

.069

HPS 1.10

1970

1.5

.0039

693

.069

.058

HPS 2.5

1970

1.5

.0042

508

.071

.069

HPS 2.10

1970

1.5

.00024

462

.069

.058

Note. The rows in the table indicate the eight different conditions: the positions 1 and 2 for the LED and HPS
lighting, combined with the 5º and 10º viewing direction. LED 1.5 means position 1 in the LED condition with a
viewing direction of 5º.
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Source luminance was measured once with the handheld luminance meter pointed directly at the light source

from the observer position 1.5m before the luminaire.
b

Background luminance was determined based on four daily measurements per condition with the handheld

luminance meter. For these measurements, the meter was pointed at the landmarks that indicated the viewing
directions from each position.

3.2 Influence of Shop Lighting on Discomfort Glare
To assess the influence of the lighting from shop windows – and more specifically the
difference in shop lighting between the evenings – an ANOVA was conducted. This included
three levels for shop lighting to indicate no shop lighting switched on (0), half of the shop
lighting switched on (1), and all shop lighting switched on (2). This was quantified by noting
each night how many windows were lit, which revealed these three patterns of windows
being lit. There was no significant effect of the presence of shop lighting on experienced
discomfort glare at the p<.05 level for the two lighting conditions [F(2,9) = 0.22, p = .8082].
3.3 Relation Light Properties and Subjective Ratings of Discomfort Glare
The re-reversed average ratings of discomfort glare on the De Boer scale [Discomfort]
can be found in Table 6. These average values vary between 3 (‘acceptable’) and 4 (‘between
acceptable and just acceptable’).
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Table 6
Values for the re-reversed De Boer ratings, the correctness of expression recognition, and the recognition
distance

Discomfort (De Boer)

Emotion

Distance –

Distance –

average (m)

correct (m)

M

SD

min

max

% correct

M

SD

M

SD

LED 1.5

3.5

1.93

1

8

68.8

6.2

1.85

6.7

1.85

LED 1.10

2.7

1.17

1

7

LED 2.5

3.8

2.11

1

9

53.1

5.8

1.95

5.6

2.01

LED 2.10

3.0

1.74

1

8

HPS 1.5

3.6

2.08

1

7

59.4

6.3

1.85

6.3

1.80

HPS 1.10

2.9

1.28

1

6

HPS 2.5

3.6

1.93

1

8

62.5

5.9

1.47

6.0

1.51

HPS 2.10

3.1

1.56

1

7

Note. N = 32. The condition names here indicate the LED versus HPS lighting installation, either position 1 or
position 2, and either the 5° or the 10° viewing direction. A more detailed explanation of the lighting conditions
can be found in the Method section, especially Figures 4 and 10.

Figure 13 shows a scatterplot of all ratings given for discomfort glare in the LED and
HPS lighting conditions, while Figure 14 shows the same data sorted by the height of the
LED ratings. These figures illustrate that there is a wide variety in glare ratings between, as
well as within participants. Additionally, only eight of these ratings in Figure 14 indicate
discomfort glare (values of 5 or higher), meaning that most people experienced no discomfort
glare in any of the conditions.
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Figure 13
Scatterplot for average discomfort glare ratings given per participant in each lighting condition

Figure 14
Scatterplot for average discomfort glare ratings, sorted by height

A two-way factorial repeated-measures ANOVA was conducted to compare the effect
of [Luminaire] on [Discomfort] for the LED versus HPS light conditions and the effect of
viewing angle [Angle] on [Discomfort] for the 5º versus 10º degrees angles. There was no
significant effect of [Luminaire] on [Discomfort] at the p<.05 level for the two lighting
conditions [F(1,34) = .00, p = .9848]. There was a significant effect of [Angle] on
[Discomfort] at the p<.05 level for the two viewing angles [F(1,34) = 13.18, p < .001], with
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an effect size η2 = .13 indicating a medium to large effect. The interaction between
[Luminaire] and [Angle] had no significant effect on [Discomfort] at the p<.05 level [F(1,34)
= .06, p = .8048].
A two-way repeated-measures ANCOVA for the same model was done with the
covariates [Age], [Gender], [Glasses], [Cloudy], [Wet], [Session], and [Shops_lit]. Only the
presence of shop lighting seemed to contribute minimally to the experience of discomfort
glare with a coefficient of .03, but this effect was not statistically significant at the p<.05
level [F(1,11) = .06, p = .8018]. None of the other covariates included had a significant effect
on discomfort glare.
To assess the influence of the variables mentioned in Table 5 on [Discomfort], a twoway repeated-measures ANOVA was conducted with [Ls], [Intensity], [Lb], [Solid_angle],
and [Area_eff]. None of the variables included had a significant effect on discomfort glare.
3.4 Discomfort glare and facial expression recognition
Table 6 shows the scores for facial expression recognition correctness [Emotion] and
the corresponding [Distance] at which identifications were made. Percentages for correct
identification vary between 53% and 69%, implying that this task was rather difficult.
Surprisingly, both the best and worst performances were found under LED lighting, in
position 1 and position 2, respectively. The mean identification distances are all rather close
together, varying between 5.8 and 6.3 meters. Figure 15 shows a bar chart for the percentages
of correct identification per position, as well as the distances at which these correct
identifications were made.
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Figure 15
Bar chart for the facial expression recognition correctness and distances

A paired samples t-test showed that [Emotion] under LED lighting (M = 1.22, SD =
.14) and HPS lighting (M = 1.22, SD = .12) are not statistically significantly different, t(31) =
.00, p = 1.0000. Participants were not better at identifying facial expressions in either of the
two conditions. Additionally, there was no significant difference in [Distance] for LED (M =
11.96, SD = .58) and HPS (M = 12.26, SD = .53) lighting, t(31) = -.68, p = .5007.
Participants did not require a shorter distance to make their identifications in either of the two
conditions.
A Pearson’s correlation was run to assess the relationship between [Emotion] and
experienced [Discomfort] (see Figure 16 for scatterplots). There was a very small 2 nonsignificant positive correlation between [Emotion] and [Discomfort] under LED lighting,
r(30) = .07, p = .7076. There was a very small non-significant negative correlation between
[Emotion] and [Discomfort] under HPS lighting, r(32) = -.04, p = .8170. This implies that
discomfort glare did not influence the correctness of facial expression recognition in either of
the lighting conditions.
A Pearson’s correlation was run to assess the relationship between [Distance] and
experienced [Discomfort]. There was a very small non-significant positive correlation

2

Correlation coefficients smaller than |.15| were considered ‘very small’.
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between [Distance] and [Discomfort] under LED lighting, r(30) = .13, p = .4999. There was a
very small non-significant negative correlation between [Distance] and [Discomfort] under
HPS lighting, r(32) = -.12, p = .5234. This implies that discomfort glare did not influence the
recognition distance in either of the lighting conditions.
Figure 16
Scatterplots for the correlations between Discomfort and Emotion and Distance, for the LED and HPS lighting

Note. Participants were all given two faces to recognize per lighting condition, so on [Emotion], they could
score 0 (none correct), 1 (one out of two correct), or 2 (both correct).

Two-way repeated-measures ANCOVAs were done with the covariates [Age],
[Gender], [Glasses], [Cloudy], [Wet], [Session], and [Shops_lit], to assess their influence on
[Emotion] and [Distance]. No significant effects were found here.
3.5 Discomfort glare and POLQ factors Comfort and Strength
Table 7 gives an overview of the [Comfort] and [Strength] means and standard
deviations for the discomfort versus no discomfort conditions. This table shows that while the
LED luminaire scores higher on [Comfort], it scores much lower on [Strength]. For the HPS
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luminaire, the values for the two factors are closer together, with [Strength] being rated
slightly higher than [Comfort]. Figure 17 visualizes these values in a bar chart.
Table 7
Values for POLQ factors Comfort and Strength

POLQ – Comfort

POLQ – Strength

M

SD

M

SD

LED

4.1

.42

3.3

.85

HPS

3.9

.46

4.1

.93

A paired samples t-test shows that [Comfort] is not significantly different under LED
lighting (M = 4.11, SD = .07) compared to HPS lighting (M = 3.91, SD = .08), t(31) = 2.00, p
= .0549. Participants did not experience a different feeling of comfort while being in the LED
or HPS lighting condition. There is a statistically significant difference in the [Strength]
under LED lighting (M = 3.28, SD = .16) compared to HPS lighting (M = 4.12, SD = .17),
t(31) = -3.43, p = .0017. This has an effect size Cohen’s d = .64, indicating a medium to large
effect (Cohen, 1998).
Figure 17
Bar chart visualizing the Comfort and Strength ratings for the LED (L) and HPS (H) conditions

A Pearson’s correlation was run to assess the relationship between [Comfort] and
experienced [Discomfort] (see Figure 18 for scatterplots). There was a very small non-
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significant correlation between [Comfort] and [Discomfort] under LED lighting, r(30) = .05,
p = .7904. There was a very small non-significant negative correlation between [Comfort]
and [Discomfort] under HPS lighting, r(32) = -.03, p = .0909. Surprisingly, this implies that
discomfort glare did not influence the comfort ratings provided by the participants.
A Pearson’s correlation was run to assess the relationship between [Strength] and
experienced [Discomfort]. There was a very small non-significant negative correlation
between [Strength] and [Discomfort] under LED lighting, r(30) = -.02, p = .9338. There was
a very small non-significant negative correlation between [Strength] and [Discomfort] under
HPS lighting, r(32) = -.08, p = .6779. This implies that discomfort glare did not influence the
strength ratings provided by the participants.
Figure 18
Scatterplots for the correlations between Discomfort and Comfort and Strength, for the LED and HPS lighting

PEDESTRIAN DISCOMFORT GLARE IN A SHOPPING STREET

43

Two-way repeated-measures ANCOVAs were done with the covariates [Age],
[Gender], [Glasses], [Cloudy], [Wet], [Session], and [Shops_lit], to assess their influence on
[Comfort] and [Strength]. No significant effects were found here.
3.6 Model evaluations
Table 8 shows the predicted values for experienced discomfort glare that were given
by each of the models included in this evaluation (see Appendix D for the calculations), as
well as the subjective discomfort glare ratings. Comparing the De Boer ratings to the model
predictions shows that none of the models predicts accurately: participants’ ratings show no
clear difference in discomfort glare for the two lighting conditions, while all models do
predict a difference.
Table 8
Model predictions of discomfort glare

RUG

RUG’

RGI

RGI’

De Boer

LED 1.5

31

34

2477

3541

3.5

LED 1.10

19

32

2163

3092

2.7

LED 2.5

19

22

1421

2298

3.8

LED 2.10

15

22

1421

2298

3.0

HPS 1.5

27

33

3827

4018

3.6

HPS 1.10

11

30

2592

2722

2.9

HPS 2.5

15

22

2773

2813

3.6

HPS 2.10

10

19

1906

1934

3.1

For the RUG rating scale, model predictions are overall are lower for the HPS
compared to the LED lighting condition. Within lighting conditions, the model predicts lower
discomfort glare for position 2. The RUG’ model predictions show similar results within
conditions, but here the HPS predictions are not different from the LED predictions (see
Figures 19 and 20).
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Figure 19
Graph depicting the RUG and RUG’ predictions for each of the eight rating locations, sorted by rating height

Note. The rating locations on the x-axis indicate the condition (LED or HPS), position (1 or 2), and viewing
direction (5º or 10º).
Figure 20
Graph depicting the RUG and RUG’ predictions, relative to the De Boer ratings

Looking at the RGI and RGI’ predictions (see Figures 21 and 22), one can see that the
viewing angle makes a difference in the prediction of discomfort glare: the 10° angle results
in lower predicted discomfort glare ratings. Additionally, position 2 for both lighting
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conditions gets lower discomfort glare predictions. However, for these models, the
predictions show higher discomfort glare for the HPS compared to the LED lighting. The
only difference between the RGI and RGI’ models’ predictions is that the values for the latter
are higher.
Figure 21
Graph depicting the RGI and RGI’ predictions for each of the eight rating locations, sorted by rating height

Note. The rating locations on the x-axis indicate the condition, position, and viewing direction.
Figure 22
Graph depicting the RGI and RGI’ predictions, relative to the De Boer ratings
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Although none of the subjective discomfort glare ratings as measured with the De
Boer scale indicate the presence of discomfort glare, there are some interesting patterns to be
observed (see Figure 23 for a graph). For both LED and HPS lighting, participants give lower
discomfort glare ratings for the 10° viewing directions compared to the 5° ones. However, the
subjective ratings show that discomfort glare was experienced as slightly higher in position 2
for each lighting condition, in contrast to the models’ predictions. Additionally, the subjective
ratings show no clear difference in discomfort glare between the LED and HPS lighting
conditions.
Figure 23
Graph depicting the De Boer subjective ratings for each of the eight rating locations, sorted by rating height

The RGI models seem to capture the subjective ratings best, especially in terms of the
difference between viewing directions. However, the graphs show that it is very difficult to
conclude which model predicts best because the average subjective ratings vary only between
2.7 and 3.8 on a 9-point scale. Surprisingly, the models predict a variation up to three times
larger for discomfort glare (e.g. a variation between 1421 and 3827 for the RGI model), while
the subjective ratings do not show such large differences.
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4. Discussion
This study examined the experience of discomfort glare in a shopping street with LED
and HPS luminaires to add to the understanding of the discomfort glare phenomenon. The
main aim was to assess which lighting variables cause the experience of discomfort glare and
to evaluate existing discomfort glare models in an outdoor context. Discomfort glare from
LED luminaires is increasingly problematic for pedestrians (Miller & McGowan, 2015; Villa
et al., 2017), which implies that more research is needed to make outdoor lighting
comfortable for all road users.
4.1 Results and Implications
There are three key findings in the obtained results. First, only the viewing direction
had a significant influence on the experience of discomfort glare. Second, the compared
luminaires were more similar than expected, but participants still showed a large variance in
glare ratings between and within individuals. And third, the model evaluation shows that
none of the models can capture the subjective experience accurately. The following
paragraphs will elaborate on these findings.
The analyses showed that viewing angle influenced discomfort glare, which is in line
with previous research (Clear, 2013; G. H. Scheir et al., 2018; Waters et al., 1998). However,
it was also hypothesized that more glare would be experienced for a smaller light-emitting
surface, higher source luminance, and lower background luminance. Contrary to the literature
on this topic, the present study could not confirm the influence of these variables (e.g. Clear,
2013). Still, one should consider that viewing angle can be seen as an operationalization of
luminaire properties such as source area and luminance. With a change in viewing direction –
moving away from the luminaire – an observer perceives different luminaire characteristics,
which inevitably changes the discomfort glare experience.
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It is still expected that source luminance, background luminance, and light-emitting
area influence the experience of discomfort glare. However, no significant effects for these
variables could be found in the present study. This implies that the most important factor
determining the glare experience can be found at the observer level, rather than the
installation level. Future research should focus on determining the influences of any relevant
individual characteristics. For example, noting down the length of participants would be
valuable as this influences the angle between the eye and the luminaire and might thus
explain part of the variance found. Some research focusing more on psychophysiology
suggests that the responses of the ganglion cells in the retina or brain could be the key to
understanding why discomfort glare arises (Bargary et al., 2015; Donners et al., 2015).
Improved glare models for outdoor lighting should attempt to model the individual response
to come to better glare predictions. In the same vein, the CIE started a committee to look into
a psychophysical model of discomfort glare, which is centered entirely around the observer
rather than the lighting installation. This is in line with what would be recommended based
on the results found in this study.
A second key finding is that there was a large variance in discomfort glare ratings,
although the LED and HPS luminaires were not as different as expected. The hypothesis was
that the LED luminaire would cause more glare, but it was outfitted with a diffuser, so its
surface was uniform. This showed in the comparisons, as no differences were found in
subjective discomfort glare ratings, facial expression recognition, or environmental
perception. These results confirm that LED luminaires with a proper diffuser can prevent the
experience of discomfort glare, in line with previous work on diffusers and covers (GagoCalderón et al., 2018). The only difference between the luminaires was that the HPS
installation scored higher on the POLQ strength factor, which contrasts earlier studies stating
that LED lighting is considered brighter than traditional light sources (Vidovszky-Németh &
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Schanda, 2012). The similarity of the luminaires means it is not unexpected that no
differences were found, but it also makes the comparison between the two luminaires less
interesting. Fortunately, this implies that the residents and visitors of the Nieuwe Burg will at
least not experience more discomfort glare from the new lighting installation compared to the
old installation.
Large individual differences in discomfort glare ratings have been described in the
literature before (Bargary et al., 2014; Donners et al., 2015; Kimura-Minoda & Ayama,
2011). Interestingly, participants showed such a large variance (see Figure 24), despite the
luminaires not being very different. This suggests that for the solution to the discomfort glare
issue, researchers should turn more towards the observer perceiving the light, instead of the
installation itself. Not all variance can be explained with the current dataset, but the analyses
at least allow for the exclusion of several variables. We can rule out the source luminance,
luminous intensity, light-emitting area, background luminance (both from shop windows and
sky), and street wetness as influencing discomfort glare. This contradicts previous research
that did find an influence of these variables (e.g. Clear, 2013; Lin et al., 2014). Since the
variance to be explained is likely found at the individual level, it is surprising that the
demographic variables age, gender, and the wearing of glasses were also found to not
influence discomfort glare experience.
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Figure 24
Scatterplot for average discomfort glare ratings, sorted by height

The last key finding was that none of the evaluated models captures the subjective
discomfort glare experience accurately (see Figure 25). The results provide support for the
hypothesis that the models for outdoor lighting (RGI) outperform the indoor models (RUG)
since they most accurately capture the difference in discomfort glare ratings between
positions and viewing directions. However, the RGI models also predict the LED installation
to cause more glare, which is not what participants experience. The individual variability
discussed before is not captured by these discomfort glare models at all. This is because these
models do not include any variables on the individual level, so obviously, they cannot
account for individual variability. Instead, they are based on luminaire characteristics, which
in the present study are not the decisive factor for whether an observer experiences
discomfort glare or not. Still, one should also notice that it is rather difficult to make
comparisons based on these graphs, as the average De Boer ratings vary only a little on the 9point scale.
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Figure 25
Graphs for the RUG, RUG’, RGI, and RGI’ model predictions, relative to the De Boer ratings

Besides not accounting for individual variance, the models also cannot predict very
well for a sample average, as was tried in this study. Since discomfort glare is a subjective
phenomenon that we can currently most accurately capture through subjective measures, we
should assume that the participants’ ratings are the truth and that these can be used to validate
quantitative predictions made by models. Since all of the included models are based on
photometric properties, and none of them predict the subjective experience accurately, this
again suggests the importance of other variables in discomfort glare. It also implies that a
different model is required to be able to predict discomfort glare from installations in the
design phase.
Taken together, the findings indicate that luminaire characteristics might not be
responsible for causing discomfort glare in a shopping street. Most of the variance lies at the
individual level, which cannot be captured by discomfort glare models purely based on
photometric variables. Of course, the results in this study are based on less accurate data, as
values for luminaire variables had to be calculated rather than measured. However, even with
a complete and accurate dataset (had the luminance camera not failed), it is not expected that
the results would be very different. The analyses were done with 8 values for each variable,
which was fewer than desired, but still should have shown a significant effect if it were there.
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The fact that no such effect was found implies that the cause of discomfort glare does not lie
with these luminaire properties, but with other variables altogether. In the author’s opinion,
these variables are most likely found with the observer.
4.2 Limitations and Future Research
The present study represents a first attempt to address the issue of pedestrian
discomfort glare in a shopping street. There are two potential limitations concerning the
results of this study. These will be discussed in the following paragraphs, as well as
recommendations for future research.
The first limitation is related to the accuracy of the data gathered and analyses that
were done. The luminance camera had not been calibrated for nighttime measurements,
meaning that its sensitivity was not sufficient to detect the lower luminances that are
characteristic for evening and night. These HDR images were taken to determine some
photometric properties, but the fact that they were not very informative meant some educated
guesses had to be made and that more variables had to be calculated rather than measured
(see Appendix C). This severely impacted the ability to run the planned analyses. The plan
had been to fit a multiple regression model to assess which luminaire and light properties
affected discomfort glare, but this was not possible with the current dataset. This would have
been a statistical model based purely on light characteristics that are easily obtainable for
lighting designers and would thus potentially have resulted in a very practical and easy-to-use
tool to predict pedestrian discomfort glare.
The second – and most important – limitation concerns the variety of luminaires
included in this study. The idea was that the two luminaires (LED and HPS) would be
different enough to warrant a comparison and to result in interesting differences. However,
the luminaires were actually very similar, which made the comparison less relevant. It would
have been more interesting to compare a larger set of a variety of luminaires and assess
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whether subjective discomfort glare ratings were different for each of them. Additionally, the
present protocol only included forward-viewing directions, which might not have resulted in
a true glare experience. Judging by the ratings gathered, participants did not experience
discomfort glare in this study. Assessing more critical viewing directions – such as upwards
into the luminaire – might have resulted in clearer differences in glare ratings between
conditions. Of course, one should always consider the balance between ecological validity in
the study context and what is relevant for research. It might be very interesting to see how
people respond to viewing directions that will certainly cause glare, but the question remains
whether this is a situation that occurs generally when walking through a shopping street.
We feel that further research examining discomfort glare from outdoor lighting may
shed light on the extent to which luminaire and lighting properties influence the experience of
discomfort glare in a real-world setting such as this one. Especially when such studies extend
the current findings by including a wider variety of luminaires in terms of their uniformity,
spectrum, light distribution, source area, and intensity. Future research should focus on
obtaining proper photometric measurements to ensure the luminaire and light properties that
are believed to play a role indeed do so.
An interesting avenue for follow-up research would be to extend and improve the
current protocol to other complex outdoor lighting contexts. The methodology as described
here is quite easy to perform for both researcher and participants, but it still provides plenty
of data, which makes it highly scalable. Combining results from the same protocol in
different outdoor contexts and for a variety of luminaires would be the best approach to
eventually find a discomfort glare model that can be applied universally in outdoor lighting.
The RGI model did relatively well in predicting subjective ratings, which suggests luminous
intensity and source area in the direction of the observer are especially relevant to the
experience of discomfort glare, although these variables were not found as significant
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predictors in this study. As mentioned before, an improved model should include more
person-based variables, rather than only focus on photometric properties, to deal with the
large inter-individual variability.
4.3 Conclusion
Although the generality of the current results must be established by future research,
especially the results that contradict the existing body of work, the present study has provided
support for the importance of an easily applicable and generalizable discomfort glare model
for outdoor lighting. The evaluation of existing models was hampered by the difficulty in
obtaining the required variables, but the present results only show evidence for the influence
of viewing direction on discomfort glare. It is very likely that characteristics at the level of
the individual observer play a larger role in the experience of discomfort glare than was
previously thought. It is still expected that other light properties also influence discomfort
glare, but further research is needed to confirm this. Much work remains to be done before a
full understanding of pedestrian discomfort glare from outdoor lighting is established, and the
present results should be considered carefully, but our research contributes to a growing body
of work on suitable methods and procedures to assess pedestrian discomfort glare. Especially
the causes and consequences of discomfort glare in a real-world setting have been addressed
by this study. It provides a foundation for further investigations and will hopefully contribute
to a general model for pedestrian discomfort glare for various outdoor contexts.
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C. Calculations of Photometric Variables
Table C1 gives an overview of the variables that were given by the manufacturers of
the luminaires, that were measured during the experiment, or that had to be calculated
following the calculations in this section.
Table C1
Overview of variables that were given a, measured b, or calculated with their descriptions.

Variable

Description

Value

ФHPS

Luminous flux of the HPS luminaire

6600 lm a

ФLED

Luminous flux of the LED luminaire

1377 lm a

h

Mounting height of the luminaires

4.0 m a

Ls,HPS

Source luminance of HPS, for observer 1.5m away from the luminaire,

1970 cd/m2b

looking straight ahead
Ls,LED

Source luminance of LED, for observer 1.5m away from the luminaire,

4475 cd/m2b

looking straight ahead
Lb,HPS

Background luminance of HPS, for observer 1.5m away from the

1.5 cd/m2 b,c

luminaire, looking straight ahead
Lb,LED

Background luminance of LED, for observer 1.5m away from the

1.0 cd/m2 b,c

luminaire, looking straight ahead
I5,20,HPS

Luminous intensity for HPS, with elevation angle 20° (for the first

739 cd

luminaire in sight), observer position 1.5m away from the luminaire,
viewing direction 5º
I5,77,HPS

Luminous intensity for HPS, with elevation angle 77° (for the second

693 cd

luminaire in sight), observer position 1.5m away from the first luminaire,
viewing direction 5º
I10,20,HPS

Luminous intensity for HPS, with elevation angle 20º, observer position

508 cd

1.5m away from the luminaire, viewing direction 10º
I10,77,HPS

Luminous intensity for HPS, with elevation angle 77º, observer position

462 cd

1.5m away from the first luminaire, viewing direction 10º
I5,20,LED

Luminous intensity for LED, with elevation angle 20° (for the first
luminaire in sight), observer position 1.5m away from the luminaire,
viewing direction 5º

262 cd
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275 cd

luminaire in sight), observer position 1.5m away from the first luminaire,
viewing direction 5º
I10,20,LED

Luminous intensity for LED, with elevation angle 20° (for the first

262 cd

luminaire in sight), observer position 1.5m away from the luminaire,
viewing direction 10º
I10,77,LED

Luminous intensity for LED, with elevation angle 77° (for the second

207 cd

luminaire in sight), observer position 1.5m away from the first luminaire,
viewing direction 10º
ꙍ5,20,HPS
ꙍ5,20,LED
ꙍ5,77,HPS
ꙍ5,77,LED
ꙍ10,20,HPS
ꙍ10,20,LED
ꙍ10,77,HPS

Solid angle for HPS, from observer position 1.5m away from the luminaire, .017 sr
looking 5º to the side
Solid angle for LED, from observer position 1.5m away from the

.0079 sr

luminaire, looking 5º to the side
Solid angle for second HPS luminaire, from observer position 1.5m away

.0042 sr

from the luminaire, looking 5º to the side
Solid angle for the second LED luminaire, from observer position 1.5m

.002 sr

away from the luminaire, looking 5º to the side
Solid angle for HPS, from observer position 1.5m away from the luminaire, .0039 sr
looking 10º to the side
Solid angle for LED, from observer position 1.5m away from the

.0019 sr

luminaire, looking 10º to the side
Solid angle for second HPS luminaire, from observer position 1.5m away

.00024 sr

from the luminaire, looking 10º to the side

ꙍ10,77,LED

Solid angle for the second LED luminaire, from observer position 1.5m

.000045 sr

Ap20,HPS

Light-emitting area of HPS source

.071 m2

Aeff20,HPS

Effective light-emitting area of HPS source

.069 m2

Ap77,HPS

Light-emitting area of the second HPS luminaire in sight

.069 m2

Aeff77,HPS

Effective light-emitting area of the second HPS source

.058 m2

Ap20,LED

Light-emitting area of LED source

.034 m2

Aeff20,LED

Effective light-emitting area of LED source

.013 m2

Ap77,LED

Light-emitting area of the second luminaire in sight

.013 m2

Aeff77,LED

Effective light-emitting area of the second LED source

.01 m2

away from the luminaire, looking 10º to the side
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p20

Guth position index for the first luminaire

12.10

p77

Guth position index for second luminaire

1.26

he

Eye height

1.70 m b

h'

Height of luminaire above eye height (he)

2.30 m b

x

Sideways distance from luminaire to the observer

0.5 m b

y20

Forwards distance from the first luminaire to the observer

1.5 m b

y77

Forwards distance from the second luminaire to the observer

16.5 m b

d20

Diagonal distance between the observer and first luminaire in line of sight

4.27 m

d77

Diagonal distance between observer and second luminaire in line of sight

16.98 m

α20

The angle of incidence for elevation angle of 20°

60°

α77

The angle of incidence for elevation angle of 77°

13°

a

Values were given in the luminaire specifications of the manufacturer.

b

Values were measured (with handheld luminance meter or measuring tape).

c

Values were measured with the luminance meter, once every evening for all combinations of positions and

viewing directions (so four measurements for each luminaire type per evening). Then the average of all these
measurements was taken to use in these calculations.

Determination of Guth Position Index (p). The value of this index is determined
with a table (see Figure C1), for which the ratios h’/y and x/y need to be calculated. For h’/y20
= 1.53 and x/y20 = .33, the table gives a position index p20 of 12.10. For position 1 in each
lighting condition (when the participant sees two luminaires of the same type), the
contribution of the second luminaire should also be considered. For this luminaire, for h’/y77
= .14 and x/y77 = .03, the table gives a position index p77 of 1.26.
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Figure C1
Table for determining the Guth position index based on h’, x, and y. (Kim et al., 2009)

Calculation of Light-Emitting Areas and Solid Angle. The light-emitting areas of
the HPS and LED sources were determined based on photos that were taken from these
luminaires in the observer position (see Figures 5 and 7). Based on the measurements of the
luminaires as provided by the manufacturers, the light-emitting area of the HPS luminaire
was calculated to be .071 m2, while the LED luminaire had a light-emitting area of .034 m2.
Similarly, the effective light-emitting areas (Aeff) were determined. This resulted in .069 m2
for the HPS luminaire, and .013 m2 for the LED luminaire. For position 1, the light-emitting
area of the second luminaire in the line of sight should also be considered. This resulted in
areas of .058 m2 for the HPS luminaire, and .01 m2 for the LED luminaire.
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The solid angle for both types of luminaires was calculated with (C1). R here is
essentially the same as the variable d mentioned in Table 12, the diagonal distance from the
luminaire to the observer.
𝜔𝜔 =

𝐴𝐴𝑝𝑝
𝑅𝑅 2

(C1)

R can be calculated with the schematic in Figure C2. Using Pythagoras’ theorem, this
results in a value of 4.27 m. Similarly, R (d) also needs to be calculated for the situation in
Figure 13, which results in a distance of 16.98 m.
Figure C2
Schematic for calculation of d, for position 1 and position 2 in each lighting condition, when only the
contribution of the closest luminaire is considered.

φ
h = 4.0 m

d

α
y = 1.5 m

Filling in the formula for solid angle (see (6)), for the viewing direction of 5º, results
in a solid angle of .017 sr for the HPS luminaire and .0079 sr for the LED luminaire. For the
second luminaire, this results in a solid angle of .0042 sr for the HPS luminaire and .002 sr
for the LED luminaire.
For the viewing direction of 10º, this results in a solid angle of .0039 sr for the HPS
luminaire and .0019 sr for the LED luminaire. For the second luminaire in this viewing
direction, this results in a solid angle of .00024 sr for HPS and .000045 sr for LED.
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Calculation of Angle of Incidence and Angle of Elevation. Figure C2 can also be
used to calculate the angle of incidence (α) which is needed for some model calculations and
the angle of elevation (φ) which is used for the luminous intensity. Since the lengths of the
opposite and adjacent sides to the φ angle are known, trigonometry (tangent formula) can be
used to calculate φ, which is 20° for the situation in Figure C2. Then, Figure C3 demonstrates
the situation for the second luminaire in the line of sight, which also contributes to the glare
experience in position 1 in each lighting condition. Using the same tangent formula, φ equals
77° for this situation.
The calculations for the α angles are very similar, with α20 being 60° and α77 being
13° for the situations in Figure C2 and Figure C3, respectively.
Figure C3
Schematic for calculation of d, for position 1 in each lighting condition, where the observer also sees a second
luminaire of the same type.

φ
d
h = 4.0 m
α
y = 16.5 m

Calculation of Luminous Intensity. The luminous intensity for the first and second
luminaires in the LED and HPS conditions can be calculated by using the distribution curves
of the luminaires that were shown in Figures 6 and 8. For the HPS condition, an angle of
incidence of 20° corresponds to a luminous intensity of 160 candela per 1000 lumen (Figure
8). Since the HPS luminaire has a luminous flux of 6600 lumen, this results in I20 for HPS
equal to 1056 cd. With the same calculation, the angle of incidence of 77° corresponds to 150
candela per 1000 lumen, and thus I77 for HPS equals 990 cd. These still values still have to be
adjusted for the age of the luminaire, with a maintenance factor of .7. This then results in an
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I20 of 739 cd, and an I77 of 693. For the LED condition, the distribution curve in Figure 6 is
used to do the same calculations. This results in I20 for LED equal to 262 cd and I77 for LED
equal to 275 cd.
These values hold for the viewing direction of 5º, but for the viewing direction of 10º,
the situation changes. Using similar calculation methods, as well as the maintenance factor of
.7, the values for HPS now equal to 508 cd for I20 and 462 cd for I77. For LED, I20 equals 262
cd and I77 equals 207 cd.
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Appendix D – Calculations of Model Predictions
Overview of Model Formulas.
𝑅𝑅𝑈𝑈𝑈𝑈 = 8log (

0.25
𝐿𝐿𝑠𝑠 2 𝜔𝜔
� 2 )
𝐿𝐿𝑏𝑏
𝑝𝑝

0.25
𝐼𝐼𝑠𝑠 2
𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8𝑙𝑙𝑙𝑙𝑙𝑙(
�
)
𝐿𝐿𝑏𝑏
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑑𝑑2 ∙ 𝑝𝑝2
𝑅𝑅𝐺𝐺𝐺𝐺 =

�𝐴𝐴𝑝𝑝,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑅𝑅𝐺𝐺𝐺𝐺 ′ =
LED position 1 viewing angle 5°.
𝑅𝑅𝑈𝑈𝑈𝑈

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐼𝐼16

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒

0.25
44752 ∙ .0079
44752 ∙ .002
= 8𝑙𝑙𝑙𝑙𝑙𝑙 (
��
�+ �
� = 31
12.12
1.262
1

2752
0.25
2622
+
𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8𝑙𝑙𝑙𝑙𝑙𝑙(
��
�
�
� = 34
0.013 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠60 ∙ 4.272 ∙ 12.12
0.01 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠13 ∙ 16.982 ∙ 1.262
1

𝑅𝑅𝐺𝐺𝐺𝐺 =
′
𝑅𝑅𝐺𝐺𝐺𝐺
=

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�𝐴𝐴𝑝𝑝,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

=
=

𝐼𝐼5,20,𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐼𝐼5,77,𝐿𝐿𝐿𝐿𝐿𝐿

�𝐴𝐴𝑝𝑝20,𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐴𝐴𝑝𝑝77,𝐿𝐿𝐿𝐿𝐿𝐿

=

𝐼𝐼5,20,𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐼𝐼5,77,𝐿𝐿𝐿𝐿𝐿𝐿

√0.034 + 0.013

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒20,𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒77,𝐿𝐿𝐿𝐿𝐿𝐿

LED position 1 viewing angle 10°.
𝑅𝑅𝑈𝑈𝑈𝑈

262 + 275

=

262 + 275

= 2477

√0.013 + 0.01

= 3541

0.25
44752 ∙ .0019
44752 ∙ .000045
= 8𝑙𝑙𝑙𝑙𝑙𝑙 (
��
�+ �
� = 19
1
12.12
1.262

2072
0.25
2622
+
𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8𝑙𝑙𝑙𝑙𝑙𝑙(
��
�
�
� = 32
0.013 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠60 ∙ 4.272 ∙ 12.12
0.01 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠13 ∙ 16.982 ∙ 1.262
1

𝑅𝑅𝐺𝐺𝐺𝐺 =

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�𝐴𝐴𝑝𝑝,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

=

𝐼𝐼10,20,𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐼𝐼10,77,𝐿𝐿𝐿𝐿𝐿𝐿

�𝐴𝐴𝑝𝑝20,𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐴𝐴𝑝𝑝77,𝐿𝐿𝐿𝐿𝐿𝐿

=

262 + 207

√0.034 + 0.013

= 2163
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𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

=

𝐼𝐼10,20,𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐼𝐼10,77,𝐿𝐿𝐿𝐿𝐿𝐿

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒20,𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒77,𝐿𝐿𝐿𝐿𝐿𝐿

=

LED position 2 viewing angle 5°.
𝑅𝑅𝑈𝑈𝑈𝑈 = 8𝑙𝑙𝑙𝑙𝑙𝑙 (
𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8𝑙𝑙𝑙𝑙𝑙𝑙(

262 + 207

√0.013 + 0.01

92

= 3092

0.25
44752 ∙ .0079
��
� = 19
1
12.12

0.25
2622
��
� = 22
1
0.013 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠60 ∙ 4.272 ∙ 12.12

𝑅𝑅𝐺𝐺𝐺𝐺 =
𝑅𝑅𝐺𝐺𝐺𝐺 ′ =

𝐼𝐼5,20,𝐿𝐿𝐿𝐿𝐿𝐿

�𝐴𝐴𝑝𝑝20,𝐿𝐿𝐿𝐿𝐿𝐿

=

𝐼𝐼5,20,𝐿𝐿𝐿𝐿𝐿𝐿

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒20,𝐿𝐿𝐿𝐿𝐿𝐿

262

√0.034

=

LED position 2 viewing angle 10°.
𝑅𝑅𝑈𝑈𝑈𝑈 = 8𝑙𝑙𝑙𝑙𝑙𝑙 (

= 1421

262

√0.013

= 2298

0.25
44752 ∙ .0019
��
� = 15
12.12
1

0.25
2622
𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8𝑙𝑙𝑙𝑙𝑙𝑙(
��
� = 22
0.013 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠60 ∙ 4.272 ∙ 12.12
1
𝑅𝑅𝐺𝐺𝐺𝐺 =
𝑅𝑅𝐺𝐺𝐺𝐺 ′ =

𝐼𝐼5,20,𝐿𝐿𝐿𝐿𝐿𝐿

�𝐴𝐴𝑝𝑝20,𝐿𝐿𝐿𝐿𝐿𝐿
𝐼𝐼5,20,𝐿𝐿𝐿𝐿𝐿𝐿

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒20,𝐿𝐿𝐿𝐿𝐿𝐿

HPS position 1 viewing angle 5°.
𝑅𝑅𝑈𝑈𝑈𝑈

=

262

√0.034

=

262

= 1421

√0.013

= 2298

0.25
19702 ∙ .017
19702 ∙ .0042
= 8𝑙𝑙𝑙𝑙𝑙𝑙 (
��
�+ �
� = 27
1.5
12.12
1.262

6932
0.25
7392
+
𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8𝑙𝑙𝑙𝑙𝑙𝑙(
��
�
�
� = 33
0.069 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠60 ∙ 4.272 ∙ 12.12
0.058 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠13 ∙ 16.982 ∙ 1.262
1.5

PEDESTRIAN DISCOMFORT GLARE IN A SHOPPING STREET

𝑅𝑅𝐺𝐺𝐺𝐺 =
𝑅𝑅𝐺𝐺𝐺𝐺 ′ =

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�𝐴𝐴𝑝𝑝,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

=
=

𝐼𝐼5,20,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐼𝐼5,77,𝐻𝐻𝐻𝐻𝐻𝐻

�𝐴𝐴𝑝𝑝20,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐴𝐴𝑝𝑝77,𝐻𝐻𝐻𝐻𝐻𝐻

=

𝐼𝐼5,20,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐼𝐼5,77,𝐻𝐻𝐻𝐻𝐻𝐻

739 + 693

√0.071 + 0.069
=

�𝐴𝐴𝑒𝑒𝑒𝑒𝑓𝑓20,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒77,𝐻𝐻𝐻𝐻𝐻𝐻

HPS position 1 viewing angle 10°.
𝑅𝑅𝑈𝑈𝑈𝑈 = 8𝑙𝑙𝑙𝑙𝑙𝑙 (
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= 3827

739 + 693

√0.069 + 0.058

= 4018

0.25
19702 ∙ .0039
19702 ∙ .00024
��
�
+
�
� = 11
1.5
12.12
1.262

4622
0.25
5082
+
𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8𝑙𝑙𝑙𝑙𝑙𝑙(
��
�
�
� = 30
0.069 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠60 ∙ 4.272 ∙ 12.12
0.058 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠13 ∙ 16.982 ∙ 1.262
1.5

𝑅𝑅𝐺𝐺𝐺𝐺 =
𝑅𝑅𝐺𝐺𝐺𝐺 ′ =

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�𝐴𝐴𝑝𝑝,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

=
=

𝐼𝐼10,20,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐼𝐼10,77,𝐻𝐻𝐻𝐻𝐻𝐻

�𝐴𝐴𝑝𝑝20,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐴𝐴𝑝𝑝77,𝐻𝐻𝐻𝐻𝐻𝐻

=

𝐼𝐼10,20,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐼𝐼10,77,𝐻𝐻𝐻𝐻𝐻𝐻

508 + 462

√0.071 + 0.069

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒20,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒77,𝐻𝐻𝐻𝐻𝐻𝐻

=

HPS position 2 viewing angle 5°.
𝑅𝑅𝑈𝑈𝑈𝑈 = 8𝑙𝑙𝑙𝑙𝑙𝑙 (

= 2592

508 + 462

√0.069 + 0.058

0.25
19702 ∙ .017
��
� = 15
1.5
12.12

0.25
7392
𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8𝑙𝑙𝑙𝑙𝑙𝑙(
��
� = 22
1.5
0.069 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠60 ∙ 4.272 ∙ 12.12
𝑅𝑅𝐺𝐺𝐺𝐺 =
𝑅𝑅𝐺𝐺𝐺𝐺 ′ =

𝐼𝐼5,20,𝐻𝐻𝐻𝐻𝐻𝐻

�𝐴𝐴𝑝𝑝20,𝐻𝐻𝐻𝐻𝐻𝐻
𝐼𝐼5,20,𝐻𝐻𝐻𝐻𝐻𝐻

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒20,𝐻𝐻𝐻𝐻𝐻𝐻

HPS position 2 viewing angle 10°.
𝑅𝑅𝑈𝑈𝑈𝑈

=

739

√0.071

=

739

= 2773

√0.069

= 2813

0.25
19702 ∙ .0039
= 8𝑙𝑙𝑙𝑙𝑙𝑙 (
��
� = 10
1.5
12.12

= 2722

PEDESTRIAN DISCOMFORT GLARE IN A SHOPPING STREET

𝑅𝑅𝑈𝑈𝑈𝑈 ′ = 8𝑙𝑙𝑙𝑙𝑙𝑙(

0.25
508
� = 19
��
1.5
0.069 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠60 ∙ 4.272 ∙ 12.12

𝑅𝑅𝐺𝐺𝐺𝐺 =
𝑅𝑅𝐺𝐺𝐺𝐺 ′ =

𝐼𝐼10,20,𝐻𝐻𝐻𝐻𝐻𝐻

�𝐴𝐴𝑝𝑝20,𝐻𝐻𝐻𝐻𝐻𝐻
𝐼𝐼10,20,𝐻𝐻𝐻𝐻𝐻𝐻

=

�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒20,𝐻𝐻𝐻𝐻𝐻𝐻

508

√0.071

=

508

= 1906

√0.069

= 1934
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