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1
General introduction

The invention of electric light has been of major importance for mod-
ern life. Turning night into day, electric light enables us to see at those
moments that otherwise would be dark. Peculiarly, it may therefore
be its absence that brings recognition for its value most. Aside from
enabling or improving vision, electric light can also affect human be-
ings in other ways. Research has shown that it, for instance, can evoke
a certain mood, affect health and wellbeing, and regulate our biolog-
ical clock (Boyce, 2003; CIE 017, 2011; TM-18-08, 2008). As the scope
of potential effects of electric light is so wide, it can be used to aid
in various activities and support the function of environments. Some
examples of applications where light can truly support the function
of the environment are: a classroom with light that improves the vi-
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2 General introduction

sual performance of children and can be either alerting or relaxing
when needed, a patient room in a hospital with light that makes pa-
tients feel less tense and helps them sleep better, or a retail store with
light that supports the brand image of the store. Also outdoors, at a
town square at night, at festivals, or for building facades, light can be
tailored to the message that needs to be conveyed.

With the advent of LED-based light sources, the possibilities to
create application-tailored lighting designs have increased tremen-
dously. Combining multiple small LEDs in luminaires of different
shapes renders almost endless freedom in varying intensity, chro-
maticity, uniformity, and directionality of the light. Combining such
luminaires and making use of their fast switching capabilities makes
it possible to create almost any light pattern in space and time. How-
ever, this huge amount of freedom also makes creating application-
tailored LED-based lighting designs intrinsically complex.

The large impact of electric light combined with these technologi-
cal advances promises much potential for application-based lighting
designs. At the same time, it also asks for a solid understanding of the
effects of light on humans. Literature shows that light may affect hu-
mans via the image-forming pathway, which is responsible for vision,
and the non-image forming pathway, which among other things regu-
lates our biological clock (Boyce, 2003; Hanifin & Brainard, 2007). The
latter, a relatively recent discovered pathway, raises many new ques-
tions, which are carefully addressed by several researchers. However,
how visual effects of light affect the functioning of the human body
also still provides many unanswered questions. Much research has
focused on visual performance, whereas psychological effects of light
- e.g. effects on mood, behavior, satisfaction, or wellbeing - have been
addressed to a much smaller extent. An important first step towards
a better understanding of those effects is to study how light affects
the impression of a space. Although a growing body of literature
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describes the effects of lighting design on the appearance and appre-
ciation of a space, the literature related to the effects of lighting design
on the affective meaning of a space, also known as the atmosphere,
is less extensive. Several studies have revealed significant effects of
light on atmosphere, but the number of conditions investigated in
these studies is limited (Vogels, 2008, 2009; Vogels, Sekulovski, Clout,
& Moors, 2008; Vogels, de Vries, & van Erp, 2008). In order to design
a intended atmosphere, a larger variation in lighting designs needs to
be studied.

The main aim of this dissertation is to understand and quantify
how an electric lighting design affects the atmosphere of a space. In
many spaces daylight enters, often in an uncontrolled manner. As
daylight may affect the spatial and spectral light distribution, and
the light intensity in a space, it may affect the intended atmosphere.
Therefore, we also investigate the impact of daylight on the atmos-
phere in a space, in a controlled manner. As the title of this disser-
tation suggests, atmosphere relies on the interplay of physical light
and light perception. It is known that the perception of light heavily
depends on the adaptation state of the human eye. People get more
sensitive to high light levels when staying in a relatively bright envi-
ronment for some time, while they get more sensitive to differences
in relatively low intensity levels when staying in a dim environment
for some time. Thus far, much is known about light/dark adaptation,
particularly for adaptation to spatially uniform environments. How-
ever, little is known about light/dark adaptation to spatially non-
uniformly lit environments. Therefore, in a substantial part of this
dissertation, we investigate how light/dark adaptation is affected by
the light distribution in the visual field.

Knowledge on the perception of light and its effect on atmos-
phere may be applied in state-of-the-art smart lighting systems to
create a dedicated atmosphere. In addition, this knowledge is cru-
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cial when the same light experience is required in several spaces with
different environmental characteristics, for instance, different sizes or
layouts of the spaces, different positions of the luminaires or different
amounts of daylight. For instance, for chain stores it is essential to
radiate brand unity at all locations of the chain. Currently, a lighting
designer needs to adapt the lighting design to the particularities of
all these locations. Ideally, the expertise of a professional lighting de-
signer is used to create the desired light for one of the spaces, while
the design for all other spaces is computed automatically such that it
results in the same experience. We had this application in our mind
as a practical implementation, when studying effects of light on at-
mosphere. Therefore, in the next chapters we will occasionally touch
upon how our studies may support this application.

The remainder of this chapter will provide background know-
ledge required to understand the objectives of this dissertation. The
impression of a space has to be viewed in perspective of the capa-
bilities of the human visual system, i.e. what people see. Therefore,
in Section 1.1, the most important components of the human visual
system and its ability to adapt to a wide range of light levels are de-
scribed. The concept atmosphere is introduced in Section 1.2. This
section also presents a theoretical framework on how to systemati-
cally investigate the relation between a lighting system and the re-
sulting atmosphere, and how this may be affected by the capabilities
of the human visual system. Afterwards Section 1.3 introduces vi-
sualizations as a tool to study effects of lighting. Last, Section 1.4
presents an overview on the chapters in this dissertation.

1.1 How do we see?

The human visual system is capable of converting light into vision
by a complex network of cells and nerves. We strictly highlight those
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components required for understanding the work in this dissertation.
As pictured in Figure 1.1, light enters the eye through a transparent
layer called the cornea and then passes the pupil, which is an open-
ing in the center of the iris (i.e., the colored part of the eye). The
iris consists of muscle fibers that control the size of the pupil. After
being refracted and focused by the lens, light strikes the retina, and
excites photoreceptors. Two types of photoreceptors responsible for
vision exist: rods and cones. Rods form the majority of all photore-
ceptors, but are only present in the peripheral area of the retina. They
are most sensitive to wavelengths of around 500 nm, and are active
at light levels from 10−6 cd/m2 to 102 cd/m2 (Hood & Finkelstein,
1986). Vision at these low light levels, enabled through rods, is called
scotopic vision. Cone photoreceptors have the highest density in the
fovea, the center of the retina, but are also present in the periphery to
a more limited extent. Three types of cones exist, each with a peak-
sensitivity to a different wavelength. Color vision is thus enabled
through differentiated activation of each type of cone by light falling
on the retina. Cones are responsible for processing higher light lev-
els, from 10−3 cd/m2 up to 106 cd/m2, termed photopic conditions.
For luminance levels between 10−3 cd/m2 and 102 cd/m2 both rods
and cones are active, a phenomenon referred to as mesopic vision
(Hood & Finkelstein, 1986). The signals from the photoreceptor layer
of the retina are further processed by a number of other cells, and
eventually exit the retina via the optic nerve and travel via the Lateral
Geniculate Nucleus to the visual cortex of the brain.

1.1.1 Light/dark adaptation

Although human beings are able to see a large range of luminance
values (i.e. from 10−6 cd/m2 to 106 cd/m2 (Hood & Finkelstein,
1986)), the human visual system is not able to distinguish intensity
differences over this huge range at one moment in time. Light/dark
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Figure 1.1: This image shows a cross-section of the human eye. At the left, the eye is pictured,
in which the most important components are indicated. The right picture enlarges a small
section of the retina. Image retrieved from webvision with permission (Kolb, 2017).

adaptation is the mechanism that allows detailed vision in this en-
tire range of luminance values. Once adapted to a given luminance,
the human visual system is able to discern light intensity differences
within a range of approximately 2 to 3 orders of magnitude around
the adapted luminance level (Campbell & Robson, 1968). All lumi-
nance levels below the lower limit are perceived as black, and all
luminance levels above the upper limit are perceived as white. When
looking at a luminance level below the lower limit for a longer pe-
riod of time, the human visual system gradually adapts to this lower
luminance level, a process referred to as dark adaptation. As a con-
sequence, the range of light intensities that can be discerned shifts to
lower values. Vice versa, when looking at a stimulus with a higher
luminance level, light adaptation takes place, which shifts the sensi-
tivity of the visual system to higher values.
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Light/dark adaptation mechanisms

Light/dark adaptation is enabled through several mechanisms that
adjust the sensitivity of the human visual system to a certain range of
light intensities. First, the iris adapts the pupil size in order to regu-
late the amount of light falling on the retina. At high light intensities,
the pupil shrinks in order to reduce the amount of light falling on
the retina. This is a protection mechanism against damage. At low
light intensities, the pupil dilates in order to increase the amount of
light falling on the retina, and as such, to reduce the signal to noise
ratio for the visual processing pathway. The change in pupil diam-
eter varies between 2 and 8 mm (A. Watson & Yellott, 2012), which
results in a variation in the amount of light entering the eye of max-
imally a factor 16. This can therefore not be the only mechanism
covering the huge range of luminance levels to which the human vi-
sual system has to adapt. To further support light/dark adaptation,
photochemical processes take place at the level of the retina (Wald &
Clark, 1937). When light hits the photoreceptors, photopigment - the
substance covering the cells and translating a luminance signal into a
neural signal - becomes less sensitive to light, and thus increases the
adaptation level under prolonged exposure to higher light levels. In
darkness, the photochemical reactions are reversed, and as such, the
photoreceptors become more sensitive to light again. A third mecha-
nism that enables light/dark adaptation is through neural processes
that change the transmittance of the neural signals from the photopig-
ment to the brain (Dowling, 1967). These neural processes take place
very fast and may account for up to half of the required change in
sensitivity (H. Baker, 1953, 1963).

Transport of the signal from the photoreceptors to the brain is
different between rods and cones. Research has shown that a num-
ber of rods should be excited simultaneously in order for adaptation
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to occur. For cones, on the other hand, studies with primates have
demonstrated that each cone is able to adapt individually to the light
level in its receptive field (Lee, Dacey, Smith, & Pokorny, 1999). Re-
search in cats, however, has shown that each cone is also affected by
the response of its neighboring cones via horizontal cell connections
(Lankheet, van Wezel, Prickaerts, & van de Grind, 1993). Studies for
the human eye are lacking, but for both rods and cones relatively
small areas of the retina seem to be able to adapt to a given local
light level, which is often referred to as ’local’ adaptation. In contrast,
’global’ adaptation assumes that the entire retina adapts to the same
light level. Despite these fundamental findings, the exact degree of
locality in adaptation is still unknown, in particular for human vision.

1.1.2 Adaptation in context

Considering the capability of the visual system to adapt locally, at
least to some extent, the question is which intensity differences - or
details - the human visual system actually perceives in a spatially
non-uniformly lit environment. Two sources of information can pro-
vide insights in this question. Color appearance models, on the one
hand, translate spatially non-uniform physical stimuli to perceptual
responses (e.g. Fairchild & Johnson, 2002; Moroney et al., 2002). They
factor in local adaptation, but do not account for the temporal beha-
vior of the human visual system. Adaptation studies, on the other
hand, investigate how the human visual system adapts to light, but
they hardly address non-uniform environments (e.g. Hecht, Haig, &
Chase, 1937). These adaptation studies have shown that the eye is al-
most instantly adapted to brighter light, while dark adaptation takes
a considerable amount of time, up to 30 minutes, before the sensiti-
vity is saturated. Particularly during the first minutes after a change
from a light to a dark environment, dark adaption is incomplete and
very low light levels cannot be distinguished. However, the exact
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functional behavior of the sensitivity over time is not yet fully char-
acterized, especially not for adaptation to spatially non-uniform light
environments. This knowledge is crucial to understand what peo-
ple actually see in real contexts. For example, for outdoor lighting
it is important to know how to design road- and headlights in order
to be able to discern dark(er) objects, and for indoor lighting lumi-
naires may produce light levels higher than the adaptation state of
the human visual system, and so produce glare. Apart from that, the
adaptation state of the human visual system also determines whether
an environment is perceived as darker or brighter, and affects color
perception. Since brightness and color perception are related to at-
mosphere (Vogels, de Vries, & van Erp, 2008), we need to understand
temporal adaptation to non-uniformly lit environments in order to be
able to predict atmosphere.

1.2 How do we experience an environment?

In order to create application-based lighting designs, we do not only
need to know what people see, but also how they experience an envi-
ronment. Earlier studies have investigated the subjective experience
of a room by measuring the affective state of a person with various
affective self-report tools (e.g. Bradley & Lang, 1994; Mehrabian, 1995;
Russell & Pratt, 1980; D. Watson, Clark, & Tellegen, 1998; Zuckerman
& Lubin, 1985). A well-known measurement tool for affective state
is the PAD (Pleasure Arousal Dominance) Emotional Model, com-
prising three orthogonal scales of emotion, i.e. pleasure-displeasure,
arousal-nonarousal, and dominance-submissiveness (Mehrabian, 1995).
Rating scales with adjective word pairs linked to each of the dimen-
sions are used to measure how a person feels. Several studies have
investigated the effect of colored samples (printed or displayed) on
the affective state of a person using this methodology. For instance,
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Valdez and Mehrabian (1995) found that green and blue color sam-
ples with equal saturation elicited the most pleasure and yellowish
colors the least. For arousal, the authors showed that green-yellow
color samples were most arousing, and purple-blue and yellow-red
colors least. However, although these effects of colors were quite pro-
nounced, they do not guarantee similar changes in affective state with
colored light.

Other studies have investigated the effect of white light in an
environment to the affective state of a person. Unfortunately, there
is considerable disagreement in the outcomes of these studies. For
instance, Knez (1995) showed that the correlated color temperature
(CCT) of light affected participants’ mood, and found different effects
for males and females. This study did not report significant effects of
illuminance level on mood. McCloughan, Aspinall and Webb (1999)
did find significant effects of illuminance level on mood, and also
confirmed the interaction between the CCT of light and the gender
of the participants. However, in a study performed a couple of years
later, Knez and Hygge (2002) did not find any significant effect of
the CCT of light on mood. Possible explanations for these contradict-
ing findings may originate from differences in the measurement tools
used to assess the affective state, but also from non-environmental
factors affecting a person’s affective state.

1.2.1 Subjective impression of space

Mehrabian and Russell’s model of individuals’ experience of physical
spaces describes that features of the environment may predict emo-
tional states and behaviors. Thus, the impression that a person has of
a space may result in valuable insights about how the person may get
to feel while being in that room for a while. For instance, if persons
are in an environment that they experience as relaxed, they may feel
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more relaxed after a while. In contrast to a potentially rapidly chang-
ing affective state, qualities that are projected onto the environment
are expected to remain more stable (Kuller, 1991).

A relatively large amount of literature has addressed the rela-
tion between light and the visual appearance and appreciation of a
space. For instance, much is known about how light affects the 1)
evaluation (e.g. attractiveness or preference), 2) perceptual clarity
(e.g. radiance or brightness), 3) spaciousness, and 4) perceived com-
plexity (e.g. degree of clutter) of a space (e.g. Durak, Olguntürk,
Yener, Guvenc, & Gurcinar, 2007; Flynn, Spencer, Martyniuk, & Hen-
drick, 1973; Hawkes, 1979; Houser, Tiller, Bernecker, & Mistrick, 2002;
Veitch & Newsham, 1998). However, less attention has been given to
how light may influence the affective meaning attributed to an envi-
ronment. Three studies have developed measurement tools to assess
such affective meaning. Russell and Pratt (1980) found that the af-
fective meaning of an environment can be evaluated with the bipolar
scales pleasant-unpleasant, arousing-sleepy, exciting-gloomy, and distress-
ing-relaxing. Likewise, Kuller (1991) used eight dimensions, pleasant-
ness, complexity, unity, enclosedness, potency, social status, affection and
originality to describe the perceived quality of an environment. Re-
search has demonstrated the effectiveness of both instruments to dis-
criminate the affective meaning of different environments, but did not
particularly address effects of light. Another instrument to quantify
the affective meaning of a space (referred to as atmosphere by this
study) has been proposed by Vogels (2008). Initially the question-
naire was developed in Dutch, but later it was translated and used
in the English language. Almost 200 different terms to describe an
environment were collected and condensed to a smaller number of
latent variables. Experiments revealed that four factors are sufficient
to quantify the atmospheres of various environments. The factors
carry the labels coziness, liveliness, tenseness and detachment. The terms
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with the highest loading on the first factor were cozy, intimate, and
pleasant, on the second factor the terms lively, exciting, and stimulating
loaded high, the third factor consisted of the terms terrifying, threaten-
ing, and tense, and for the last factor the terms formal and business-like
loaded the highest. Lab-based studies have demonstrated significant
effects of light characteristics on the atmosphere of a space (Seun-
tiëns & Vogels, 2008; Vogels, Sekulovski, et al., 2008; Vogels, de Vries,
& van Erp, 2008; Wang et al., 2014). Moreover, Custers, de Kort,
IJselsteijn and de Kruijff (2010) revealed significant effects of light on
atmosphere in a field study of retail environments in spite of large
variations in environmental characteristics like the space’s interior.

Since there is much more empirical knowledge on the effects of
light on the appearance and appreciation of a space than on its affec-
tive meaning, this dissertation aims to extend our knowledge about
the latter. The questionnaire of Vogels (2008) has demonstrated sensi-
tivity and validity in assessing effects of light, therefore in the remain-
der of this dissertation, we choose to use this methodology. To sys-
tematically investigate the relationship between light characteristics
and the atmosphere of an environment we introduce the conceptual
framework of the Atmosphere Circle Model.

1.2.2 Atmosphere Circle Model

Predicting how a lighting system exactly affects a space’s atmosphere
is a quite complicated assignment. The effect of a single light source
on the atmosphere of a space can be measured, but this does not
provide any generic information that can be applied to other light
sources. Neither can a single light source be representatively studied
in isolation, and so the interaction with different light sources should
be investigated. Uncovering the relation between a lighting system
(containing multiple light sources) and atmosphere would be very
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demanding if this would be executed by trial and error methods.

The Atmosphere Circle Model (ACM), derived from the Image
Quality Circle (Engeldrum, 2000, 2004), provides guidance on how
to systematically relate a lighting system to its atmosphere (Vogels,
2009). The ACM explains how the relation between a lighting sys-
tem and the atmosphere can be conceptualized as the result of three
subsequent processes, as schematically depicted in Figure 1.2. The
atmosphere of a space depends on how the light in a space is per-
ceived (i.e., the first relation), which is derived from the physical
spatio-temporal light distribution (i.e., the second relation) created
by the characteristics of the light sources in the lighting system (i.e.,
the third relation). As such, the ACM consists of four elements (rep-
resented by squared boxes in Figure 1.2), i.e., technology characteris-
tics of the lighting system, physical light characteristics, perceptual
light attributes and atmosphere. Technology characteristics describe
the lighting system, for instance in terms of the lumen output and
the optical characteristics of the light sources. Physical light charac-
teristics describe the resulting light in the space, for instance the lu-
minance on the walls, luminous contrasts, and illuminance levels on
particular surfaces. As such, the physical light characteristics do not
only depend on the light emitted by the luminaires, but also on how
the light interacts with spatial characteristics as the space’s dimen-
sions and materials. Perceptual light attributes, on the other hand
are subjectively perceived characteristics of the light in the space, e.g.
the brightness or perceived color of the light. This eventually re-
sults in the atmosphere of the space. These elements are connected
through various models (which Figure 1.2 depicts in circles). A phy-
sical model, for instance a ray-tracing algorithm, predicts the physical
characteristics of the light from the technology characteristics of the
lighting system. Psychophysical models specify objective measures
that predict how the physical light in a space is perceived. As multi-
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Figure 1.2: The Atmosphere Circle Model is a framework to understand the atmosphere of
a space. It consists of four elements (depicted in squared boxes) forming a circle, connected
by various models (depicted in round boxes).

ple perceptual light attributes are required to describe how a person
perceives light in a space, multiple objective measures are needed.
The perceptual light attributes are linked to atmosphere through an
atmosphere model, that predicts the atmosphere of the space based
on the different perceptual light attributes. These three relations are
in more detail described and reflected on in the next paragraphs.

The effect of technology characteristics on physical light characte-
ristics

Once the technology characteristics of a (combination of) light source(s)
are given, ray-tracing algorithms can be used to model the resulting
light distribution in a space. Existing algorithms provide a realistic
simulation of real world behavior of light, by following the path of
the light rays from a specific viewpoint in the space back to the light
sources. These conceptually simple - although often computation-
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intensive - algorithms thus take into account the interaction of light
with the surfaces of the space and objects in it by considering op-
tical effects as reflection, refracting and scattering. Various physical
quantities can be calculated from ray-tracing results, ranging from
the illuminance on desk-height, to luminances of all surfaces of the
space, to full spectral analyses of the light distribution in the space.

The effect of physical light characteristics on perceptual light at-
tributes

The relations on the left side of the ACM are less well established.
Perceptual attributes cannot be objectively measured, since they are
based on the perception of observers, and so may depend on the
characteristics and (adaptation) state of the observer’s visual system.
One particular example of the latter is the effect of age. With age,
degeneration of the human visual system may occur, because, among
others, the lens may become thicker, less clear and yellower, the den-
sity of photoreceptors may be reduced, and the pupil size may be
affected (Boyce, 2014). This decreases visual performance, which in
turn may affect how light in a space is perceived.

Literature has shown that the dimensions bright - dim, non-interesting
- interesting (also referred to as non-uniform - uniform), and peripheral -
overhead for a large part capture how the light in a space is perceived
(Flynn et al., 1973; Hawkes, 1979). The first dimension pertains to
the perceived intensity of light, while the latter two dimensions per-
tain to the perceived distribution of light. Many studies have been
devoted to specify how perceptual light attributes relate to objective
physical light characteristics in a space (Hawkes, 1979; Loe, Mans-
field, & Rowlands, 2000; Noguchi, Takahashi, Yamamoto, & Chatani,
2011; Rea, Mou, & Bullough, 2016). Loe, et al. (2000) for instance,
specified that the mean luminance and the Inter Quartile Range or
the Standard Deviation of the luminance in a 40° horizontal band
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Figure 1.3: How adaptation affects brightness during a change in intensity level.

across the space were acceptable predictors for brightness and interest,
respectively.

The models that are proposed in the studies listed above assume
that the visual system is fully adapted to the stimulus, and thus that
its sensitivity is optimal for the light environment. However, as ex-
plained before, in practice it may take a considerable amount of time
for the visual system to adjust its sensitivity to the stimulus it is ex-
cited with, especially for dark adaptation during large light intensity
changes. In this period, light perception is not (yet) stabilized, which
may in particular have a large impact on the brightness of the light, as
is schematically depicted in Figure 1.3. If the light intensity suddenly
changes from a high level to a low level, the visual system is at first
still sensitive to the high level, which results in the perception of a
very low brightness (Stevens & Stevens, 1963). After gradual adjust-
ment of the sensitivity, the visual system adapts to the new light level.
However, again, as dark adaptation to spatially non-uniform stimuli
is still poorly understood, the exact brightness of the light can rarely
be inferred in realistic environments.

The effect of perceptual light attributes on atmosphere

Previous research has addressed particular relations between percep-
tual light attributes and atmosphere. Warm and dim white light emit-
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ted by halogen lights (perceived as non-uniform) was assessed as co-
zier, livelier, less tense, and equally detached compared to light with
the same perceived color and brightness created by fluorescent lu-
minaires (perceived as uniform). A higher color temperature resulted
in more tenseness and detachment and for medium and high intensity
light conditions in less coziness and liveliness. Increasing the brightness
of the light resulted in more liveliness and less tenseness for warm and
cool white light, in less coziness for warm white light, and in more
detachment for cool white light (Vogels, de Vries, & van Erp, 2008).
Vogels, Sekulovski, et al. (2008) found very similar effects on bright-
ness and CCT, but for the light’s distribution only found an effect
on liveliness, where a non-uniform light distribution resulted in more
liveliness. In addition this study investigated the effect of hue and sat-
uration of decorative lighting, and found that blue light resulted in
less coziness and liveliness, and more detachment than red light, and
a higher saturation resulted in more liveliness and tenseness and less
detachment. Wang et al. (2014) investigated how the atmosphere of a
space was affected by colored and dynamic light (displaying 72 hues
at different speeds), and showed that more saturated light led to a less
tense, cozier and livelier atmosphere, and more dynamic light to more
tenseness and less coziness. Differences with Vogels, Sekulovski, et al.
(2008) on the saturation of the light may be attributed to the dynamics
or the variations in hues. When applied in real retail environments,
a higher brightness resulted in less coziness, and more detachment and
tenseness (Custers et al., 2010), of which the latter finding thus contra-
dicts to what was found by Vogels, de Vries and van Erp (2008) and
Vogels, Sekulovski, et al. (2008). Possibly, the relation of tenseness
and brightness is non-linear, and different brightness levels were em-
ployed in the different studies. Custers et al. (2010) also found that
when participants perceived the light in a space as of higher contrast,
the atmosphere was perceived as less tense. Additionally, the per-
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ception of a higher degree of glare and sparkle yielded more liveliness
and less detachment. Although this research demonstrates that light
can affect atmosphere, it is based on a limited number of light con-
ditions per study. This limits our understanding of how to create a
wide range of atmospheres with light. In addition, the relations be-
tween light attributes and atmosphere are often specified as linear.
However, the seemingly contradicting findings between the studies
of Custers et al. (2010) and Vogels, de Vries and van Erp (2008) and
Vogels, Sekulovski, et al. (2008) may suggest the existence of higher
order relations. To truly understand the complexity of the relations
between perceptual light attributes and atmosphere, research mea-
suring atmosphere for a large range of light conditions is required.

In order to understand how light affects atmosphere, it is also
valuable to know how much variation in the perception of light is al-
lowed before an atmosphere is perceived as significantly different.
Choy (2009) asked participants to adjust the settings of particular
lamps of a lighting design until the atmosphere was perceived as
changed. Results showed that relatively large changes in light cha-
racteristics were allowed; for instance, increases in luminance of the
lamps up to 400% and variations of 800 K in CCT were considered
as not significantly changing a given atmosphere. Choy’s research
(2009) was limited to changes on individual light characteristics, and
did not study the interaction in changes of the various light charac-
teristics on atmosphere. Potentially, an even larger flexibility in the
lighting design is allowed when manipulating multiple perceptual
light attributes simultaneously.

It should be noted that most studies described above typically
used young participants (i.e. under 35 years old) with a particular
nationality. The trends found can, therefore, not be generalized to
all observers. Kuijsters, Redi, de Ruijter, Seuntiëns and Heynderickx
(2012), for example, found systematic differences in atmosphere be-
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tween young people and elderly. Another study demonstrated an
influence of the culture of the observer on these relations too (Liu,
Luo, & Li, 2015).

1.3 Visualizations

In lighting research, various experimental methods have been used
to assess the effects of individual or combinations of lighting de-
sign parameters. In addition to field studies, in which many uncon-
trolled factors may affect the dependent measure, traditionally, lab-
based studies with controlled lighting designs have been conducted.
Effects of light found in lab spaces complement knowledge from
the field, which together are believed to predict light effects in real
life. However, creating dedicated lighting systems/designs in real lab
spaces is very laborious and costly. Moreover, experiments in which
lighting designs are directly compared to a reference design are im-
possible in a lab space, without having participants to memorize
one of the lighting designs. Therefore, alternative methods as scale
models (Rea, Mou, & Bullough, 2016) and photographs (Hendrick,
Martyniuk, Spencer, & Flynn, 1977) have been employed. Recently,
benefiting from increased computer speed, researchers have tested
the validity of computer generated visualizations of environments in
evaluating light effects (Murdoch, Stokkermans, & Lambooij, 2015;
Schielke, 2016; Villa & Labayrade, 2010). Using such visualizations
has marked advantages over the alternative methods. Besides the
ease to create complex lighting designs which can be carefully con-
trolled in different spaces, visualizations may also offer a richer choice
of experimental methodologies. Additionally, visualizations offer the
possibility to test light conditions that would not be physically feasi-
ble in real lab spaces, but may result in very interesting insights. For
instance, Schielke (2010) was able to disentangle the effect of the light
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itself from that of the luminaires. He assessed several light conditions
with and without the presence of luminaires in the ceiling, while re-
taining the light effect, and found that the impression of the space
depended mainly on the light.

In order for a photorealistic visualization of a space to have the
same appearance as a real space, several aspects regarding the presen-
tation of the visualization have to be considered. First, the medium
to present the visualization, typically a display, has a large influence
on its appearance. The display should be calibrated in order to show
the correct colors and luminance. Additionally, features as 3D, high-
brightness, a large size, or even interactivity or VR, may be consid-
ered to enhance the realism. Second, as a display can only present
a portion of the intensity range that human beings are able to see
in the real world, compression of the visualization’s intensity range
through a Tone Mapping Operator (TMO) for presenting it on a dis-
play is needed. Many TMOs using different techniques have been
introduced over the years, all with the purpose to create the best
image quality. Murdoch et al. (2015) showed how choices in ren-
dering engine, display, and TMO affected the perceptual accuracy
of a visualization of (light in) a space compared to the real space.
Other researchers focused on which TMO led to the most faithful
images (Villa & Labayrade, 2010). Both studies pointed out large
differences in perceptual accuracy depending on these choices, but
also showed that for the right combination of rendering engine, dis-
play and TMO, visualizations approximated real-world environments
very closely. Nevertheless, the perceptual accuracy of some attributes
could still be improved, i.e., Murdoch et al. (2015) acknowledged
that brightness of dim light settings in a space was difficult to con-
vey correctly by means of visualizations, as it was overestimated for
those circumstances. Schielke (2016) demonstrated that attributes di-
rected to measure brand-image were conveyed correctly using visu-
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alizations. However, this study pointed out significant differences for
the perceived color of the light in the visualizations compared to the
real environment. Schielke (2016) ascribed this to the lack of color
calibration for the monitor.

1.4 Outline of this dissertation

In order to create application-tailored light atmospheres, we need to
have a deeper understanding on the effect of light on the atmosphere
of an environment. In this dissertation we aim to understand the
effect of the many characteristics of a lighting system on a space’s
atmosphere, using the framework of the Atmosphere Circle Model.
However, even the most basic version of this model has a high level
of complexity due to the numerous relationships and interactions, for
instance with all the characteristics of the physical space. Therefore,
it is unfortunately impossible to present an integral overview of the
effect of the lighting system on atmosphere in this dissertation. Nev-
ertheless, each of the studies performed in this dissertation contribute
to increase our understanding in the various relations of the ACM, as
Figure 1.4 shows.

The first and primary goal of this dissertation is to extend our
understanding on the effect of light in a space on the atmosphere of
that space. Based on the literature reviewed in the introduction one
can conclude that light can have a major influence on the atmosphere
in a space, but current knowledge is insufficient to draw conclusions
applicable for a large range of lighting designs. In the context of
the ACM, the two relations from physical light characteristics to at-
mosphere hold the most uncertain or even unknown parameters in
the process of linking atmosphere to the lighting system. Therefore,
Chapter 2 aims to address these relations in particular. In this chapter
we evaluate the accuracy of psychophysical models from literature to
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Figure 1.4: Overview of empirical chapters of this dissertation in context of the Atmosphere
Circle Model.

describe the relation between perceptual light attributes and physi-
cal light characteristics, and then proceed to measure and quantify
relations between perceptual light attributes and atmosphere.

In Chapter 3 we compare three methodologies to study the effect
of daylight and electric light on the atmosphere of a space. In many
spaces daylight enters, often in an uncontrolled manner. On the one
hand, daylight is known to affect the physical light distribution in
a space, and therefore it may influence how the light is perceived.
As a consequence, the atmosphere created with the electric lighting
design may alter. On the other hand, earlier research (Choy, 2009)
has shown that relatively large variations in light characteristics are
allowed before the perceived atmosphere is changed. Therefore, the
contribution of daylight might also have a minor effect on the at-
mosphere. Chapter 3 assesses the effect of daylight on atmosphere
in a controlled manner, by differentiating between certain daylight
aspects. In addition, this chapter compares and evaluates different
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methodological designs to assess light perception and atmosphere.

In Chapter 4 and Chapter 5, we study the impact of non-uniformity
in the visual field on dark adaptation. The goal is to understand how
dark adaptation is affected by a spatially non-uniform light environ-
ment, since the adaptation state of the human visual system affects
brightness, and hence atmosphere. Additionally, Chapter 5 provides
a simple conceptual model to predict this process. These chapters
particularly focus on dark adaptation in contrast to light adaptation,
because dark adaptation takes much more time than light adaptation,
and as a consequence, insufficient sensitivity plays a more important
role for the former.

All studies in the present dissertation employ visualizations as a
means to study the effects of light. Figure 1.4 illustrates where the
chapters fit in the ACM. For Chapter 2 and 3 the photorealistic visu-
alizations are created with the method described by Murdoch et al.
(2015). Although we realize a visualization presented on a display
does not give exactly the same experience of a space as being in that
real space, we judge the benefits of being able to create a large va-
riety of lighting designs (Chapter 2), to study the effect of daylight
in a controlled manner (Chapter 3) and to apply various experimen-
tal methodologies (also Chapter 3) to outweigh this. Chapters 4 and
5 also employ computer-generated visualizations, but with a much
lower degree of detail. These stimuli are not intended to be photore-
alistic, but to create controlled light distributions.
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2
Relating light perception to atmosphere

Abstract

The impression of a space depends hugely on the light in the space, more specifically on
the intensity, color, beam shape and position of the light sources in that space. This relation
though is very complex. The present study aims at understanding the relation between
parameters of a lighting design and the resulting perceptions, focusing on the effect that
overall brightness and perceived uniformity of the light in the space have on the perceived
atmosphere of that space. Employing high-quality visualizations, we found that atmosphere
perception can be accurately described by a second-order polynomial as a function of the two
perceptual light attributes. In addition, we evaluated how well objective measures reported
in literature predict brightness and perceived uniformity.1

1this chapter has been published with minor changes in Lighting Research and Technology (2017):
"Relation between the perceived atmosphere of a lit environment and perceptual attributes of light",
M.G.M. Stokkermans, I.M.L.C. Vogels, Y.A.W. de Kort and I.E.J. Heynderickx

25
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2.1 Introduction

A substantial number of studies has shown that light has a major
influence on the impression of a space (Flynn, Spencer, Martyniuk,
& Hendrick, 1973; Hawkes, 1979; Vogels, de Vries, & van Erp, 2008;
Veitch, Stokkermans, & Newsham, 2011; Houser & Tiller, 2003; Du-
rak, Olguntürk, Yener, Guvenc, & Gurcinar, 2007; Boyce, 2003). Light
has been found to affect the visual appearance (Flynn et al., 1973;
Veitch et al., 2011; Durak et al., 2007) the affective appraisal (Vogels,
de Vries, & van Erp, 2008; Durak et al., 2007) and the appreciation of a
space (Flynn et al., 1973; Hawkes, 1979; Houser & Tiller, 2003). There-
fore, the lighting in a room should be carefully designed in order to
support its function. For instance, a relaxing light setting may be
desired in a wellness area, whereas an activating light setting would
be more suitable for an office. The recent emergence of LED-based
lighting systems enables us to create almost any desired light design.
Yet, at the same time, predicting what atmosphere users will expe-
rience for a specific light design is not an easy job, especially since
the number of control parameters to create a light design with LED
lighting systems has increased tremendously. Therefore, with this
growing potential and complexity of lighting systems comes a grow-
ing need to deepen our understanding of how light designs translate
into the ultimate experience of a space. This includes insight into
three important types of relationships: (1) the relation between the
control parameters of a lighting system and the resulting spatial dis-
tribution of light in a space, (2) the relation between the distribution
of light and how that light is perceived in terms of attributes such as
brightness and uniformity, and (3) the relation between the perceived
attributes and the impression of a space.

Previous research has gained insight into the above-mentioned
relationships. For the first relationship, ray-tracing algorithms have
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been used to model the effect of various control parameters of a light-
ing system on the distribution of light in a space (Glassner, 1989). To
unravel the second relationship, studies (Flynn et al., 1973; Hawkes,
1979) have uncovered which perceptual attributes of light in a room
are most meaningful to an observer, while others (Hawkes, 1979; Loe,
Mansfield, & Rowlands, 1994, 2000; Noguchi, Takahashi, Yamamoto,
& Chatani, 2011; Rea, Mou, & Bullough, 2016) have investigated how
these attributes relate to objective characteristics of the light distribu-
tion in that room. Hawkes et al. (1979) found that two dimensions
are required to describe the perception of light in a space, namely
brightness and interest, where the first is related to the perceived inten-
sity of the light and the latter to the perceived uniformity. Research
by Flynn et al. (1973) similarly revealed the dimensions dim - bright
and uniform - non-uniform as relevant for characterizing the perceived
light in a space, but also mentioned the importance of a third dimen-
sion, namely peripheral - overhead. Hawkes et al. (1979) also tried to
describe the perceptual attributes of light in terms of objective cha-
racteristics of the light. Brightness was found to correlate highly with
the logarithm of the vertical illuminance on the eye of the observer.
However, for interest, they were not able to find an objective measure
with a high predictive value. Other studies have defined alternative
measures for the brightness of the light in a space; it has been quanti-
fied as the mean luminance in a 40° horizontal band across the space
(Loe et al., 2000), as the spectrally-weighted irradiance at the eye (Rea
et al., 2016), or as the indirect illuminance at the eye (Noguchi et al.,
2011). Loe et al. (2000) found that both the inter quartile range and
the standard deviation of the luminance in a 40° horizontal band were
good predictors of interest.

To understand the third relationship, the effect of the percep-
tual light attributes on the appreciation and subjective impression of
a space has been studied. Hawkes et al. (1979) showed that spaces
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rated high on brightness and interest, were often judged as more at-
tractive. Flynn et al. (1973) asked participants to assess a space with
six different light conditions on 34 semantic scales and found that the
dimensions evaluation, spaciousness and perceptual clarity represented
persons’ appraisals of the room. In addition, their results revealed
that a positively evaluated space typically contained non-uniform and
peripheral light, irrespective of its brightness. Spaciousness depended
on all dimensions, where a space equipped with uniform, bright and
peripheral light appeared to be larger. Perceptual clarity of the space
could be explained by the brightness dimension only.

The studies described above mainly focused on visual aspects
of the space, but the impression of a space can also be described in
terms of its affective connotation. Vogels (2008) developed a method
to quantify the perceived atmosphere of a space, which is a measure
of the affective appraisal of the space. Atmosphere still refers to a
personal opinion, but it does not comprise a value judgment such
as like or dislike. It can be described with four dimensions, namely
coziness, liveliness, tenseness and detachment. Research has shown that
the assessment of the atmosphere in an environment may depend on
age (Kuijsters, Redi, de Ruijter, Seuntiëns, & Heynderickx, 2012) and
culture (Liu, Luo, & Li, 2015). Using homogeneous groups of partici-
pants, Vogels et al. (2008) and Wang, Luo, Liu, Yang, Zheng and Liu
(2014) found systematic relationships between characteristics of the
light in a room and its perceived atmosphere in laboratory spaces,
while Custers, de Kort, IJsselsteijn and de Kruijff (2010) showed the
effect of light on atmosphere perception in the field. However, the
number of conditions investigated in these studies was too low in or-
der to extract generic design rules. Hence, more variations in light
designs and light characteristics are needed to be able to create light
designs that evoke the intended atmosphere.

To create a certain atmosphere with light, the first step is to
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understand the relation between atmosphere and the perceptual at-
tributes of light, similar to what Hawkes et al. (1979) and Flynn et
al. (1973) have done for the visual evaluation of a space. The next
step is to understand how these perceptual attributes of light can
be predicted from the physical light distribution. The main aim of
the current study is to investigate how the brightness and perceived
uniformity of the light in a room affects the atmosphere dimensions.
Additionally, previously reported objective measures to quantify the
brightness and perceived uniformity of the light are evaluated. As the
conditions in the present study only consist of overhead light, the
dimension peripheral - overhead is not considered.

In order to achieve these goals, we performed a study where
participants evaluated the light and the atmosphere of a space under
several light conditions. The light conditions varied in three ways: (1)
by the number and spatial distribution of the luminaires in the ceil-
ing, (2) by the type of luminaires and (3) by the luminance of the light
design. These light conditions served as a way to study the effect of
perceptual light attributes and not to study the effect of the design pa-
rameters per se, although we also report relevant relationships at this
level. We used perceptually-accurate, 3D, computer-generated visual-
izations of a space, presented on a calibrated display, which previous
research has demonstrated to be of a high accuracy compared to as-
sessments in a real space (Murdoch, Stokkermans, & Lambooij, 2015).
This enabled us to accurately control the correlated color temperature
(CCT) and luminance of the light conditions, which is impossible for
most existing luminaires. In addition, it allowed us to present more
than 100 conditions in a fully randomized order, which would be
unfeasible in a physical room.
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2.2 Methods

2.2.1 Design

This study used a five (luminance) by seven (spatial distribution of lumi-
naires) by three (type of luminaire) full-factorial within-subjects design.
The independent variable luminance consisted of five light levels. The
spatial distribution of luminaires comprised seven levels, varying in the
number and position of the luminaires. Last, the type of luminaire
consisted of three levels, namely halogen luminaires emitting direc-
tional light with a full width half maximum (FWHM) beam angle of
either 24° or 12°, and fluorescent luminaires emitting diffuse light.
All independent variables were assessed in a random order.

2.2.2 Participants

Twenty-four Dutch participants (fifteen females and nine males) took
part in the study. Their average age was 22.5 years, ranging from
19 to 38 years, with a standard deviation (SD) of 4.0 years. None
of the participants showed color vision deficiencies on the Ishihara
color test. The study was approved by the ethical board of Eindhoven
University of Technology, adhering to the Code of Ethics of the Dutch
Institute for Psychologists.

2.2.3 Visualizations

We used computer-generated visualizations of a space with several
light conditions. The visualizations were displayed on a calibrated 46-
inch NEC P463 Full-HD display (1920 x 1280 pixels), with a minimum
and maximum luminance of 0.1 cd/m2 and 277 cd/m2, respectively.
The participants were seated at a distance of 1m from the display.
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Dim ambient lighting (78 lux measured vertically on the eye of the
participant) was used during instructions, but this was turned off
during the main experiment.

2.2.4 The virtual space

The virtual space was based on a real laboratory space with a size of
6.3 (length) x 3.8 (width) x 3.0 (height) m3, using software package
3Ds Max. The space had white walls, white ceiling tiles, a grey carpet
on the floor and a table located in the centre of the space. It was
fitted with ten identical luminaires flush with the ceiling. A top view
of the space is shown in Figure 2.1(a). The observer’s view of the
space was identical to that of an observer sitting on a chair at the
position indicated in the image. The resulting image was rendered
with Indigo renderer and tone mapped with the Reinhard ’02 Tone
Mapping Operator before it was shown on the display. This method
has been described and validated in previous research (Murdoch et
al., 2015). Figure 2.1(b) shows a photograph with a participant in
front of the display showing an example visualization.

2.2.5 Light conditions

A total of 105 light conditions were used in this study. The light
was generated by three different types of luminaires: fluorescent lu-
minaires (TBS 770 6x14W HFD CVC ACMLO) emitting diffuse light,
and halogen luminaires with a FWHM beam angle of 24° (LBS 244
1xHAL-C 50W K ET MB24° SI WH) and 12° (LBS250 1xHAL-TC 60W
K ET 12 36 SI WH), both emitting directional light. For all types of lu-
minaires, seven configurations of the spatial distribution of the luminaires
in the ceiling were presented (see Table 2.1). Two, four, six, eight or
ten luminaires could be enabled. The position of the luminaires was
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Figure 2.1: (a) A plan of the virtual space, including the position of the virtual observer. The
ceiling luminaires are numbered L1 to L5. (b) A photograph of a participant in front of the
display showing an example visualization. This photograph has been published before in
Stokkermans et al. (2015).

chosen such that they were symmetrically (left-right and front-back)
distributed over the space. Hence, there was one condition with two
luminaires, positioned at L3 (Figure 2.1(a)); two conditions with four
luminaires, namely one with positions L1 and L5 and one with po-
sitions L2 and L3; two conditions with six luminaires, namely one
with positions L1, L3 and L5, and one with positions L2, L3 and L4;
one condition with eight luminaires, positioned at L1, L2, L4 and L5;
and one condition with ten luminaires, where all luminaires (L1, L2,
L3, L4 and L5) were enabled. All conditions were presented at five
levels of luminance. The levels were selected based on a pilot study



Relating light perception to atmosphere 33

2

(N=19) ensuring that the brightness between successive luminance
levels was visually different. The luminance averaged over all pixels
of the visualization was 16, 36, 61, 88 and 115 cd/m2 for the five lu-
minance levels, respectively. For all conditions, the CCT of the light
was 3500 K, which is a commonly used CCT in real applications for
both fluorescent and halogen luminaires.
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Table 2.1: Overview of the seven levels of the spatial distribution of the luminaires in the
ceiling. The first column presents the name of the level; the second column denotes the
number of luminaires; the third and fourth columns indicate the positions of the luminaires.
The three last columns show the resulting computer visualizations for the halogen luminaires
with a beam angle of 12°, 24°, and for the fluorescent luminaires for a luminance level of 61
cd/m2
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2.2.6 Dependent measures

Light perception was assessed by means of two perceptual attributes,
namely brightness and perceived uniformity. Both were assessed on a
7-point semantic differential scale, which for the former was assessed
on a double-ended scale ranging from dim to bright and for the latter
was assessed on a single-ended scale ranging from non-uniform to
uniform.

The perceived atmosphere of the space was measured by means
of the atmosphere perception questionnaire developed by Vogels (2008).
This questionnaire sampled each of the four dimensions (i.e. coziness,
liveliness, tenseness and detachment) with two or three items, as listed
in Table 2.2. For this study, all items belonging to a particular dimen-
sion were presented together in one question. Hence, the task of the
participant was to assess the applicability of, for instance, the items
cozy, pleasant and intimate to the space. A 7-point Likert scale ranging
from not applicable at all to very applicable was used to evaluate each
dimension.

2.2.7 Procedure

The experiment was divided in two sessions. In the first session,
the participant first gave informed consent and received instructions.
Next, the dim ambient lighting in the laboratory space was turned
off and a short practice run with three example light conditions was
conducted. After that, the main part of the experiment started. All
light conditions were shown in a random order, and in between, a
neutral light condition (i.e. a visualization with 10 fluorescent lumi-
naires at an average luminance of 61 cd/m2) was shown for 4 sec-
onds, to eliminate adaptation effects. Participants were instructed to
look at the image on the screen for 4 seconds, in order to adapt to
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Table 2.2: Overview of perceived atmosphere dimensions and corresponding items.

dimensions coziness liveliness tenseness detachment

items
cozy lively tense formal
pleasant stimulating threatening business-like
intimate exiting terrifying

the presented light condition, and then to evaluate the atmosphere of
the virtual space via a Graphical User Interface presented on a note-
book. In total, the first session lasted approximately 50 minutes. The
second session resembled the first, the only difference being that this
time participants evaluated the brightness and perceived uniformity of
the light in the virtual space. This session lasted approximately 40
minutes. The order of the sessions was chosen to not steer the partic-
ipant in evaluating the atmosphere based on the light attributes. There
was at least one day in between the sessions to avoid fatigue. At the
end of the second session, participants were debriefed and thanked
for their time.

2.3 Results

As mentioned before, our main objective was to find the relation be-
tween perceptual attributes of the light in a room and the perceived
atmosphere of that room. In order to create rooms with differently
perceived light attributes, we selected three independent variables
that were varied in a controlled way. In the next subsections, we first
determine the effect of the independent variables - and so of the dif-
ferent light conditions - on the perceptual light attributes. In the next
step, we determine the effect of the different light conditions on the
perceived atmosphere. Then, we model the relationship between the
perceptual attributes of light and the perceived atmosphere, address-
ing the main goal of this study. And, finally, we evaluate various
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Figure 2.2: Mean ratings and 95% confidence intervals split for luminance, type of luminaire
and spatial distribution of luminaires on brightness and perceived uniformity.

objective measures of the light distribution that are reported in litera-
ture as being accurate in describing the perceptual attributes of light
in a room.

2.3.1 Effects of light condition on perceptual attributes

of light

Figure 2.2 presents the ratings averaged across participants for the
perceptual attributes of light (brightness and perceived uniformity) as a
function of the independent variables (type of luminaire, luminance and
spatial distribution of the luminaires). From this figure, we may conclude
that brightness is mostly affected by variations in luminance, whereas
perceived uniformity is more affected by the type of luminaire and spatial
distribution of the luminaires. A repeated measures analysis of variance
(ANOVA) was conducted to test for the effect of type of luminaire,
luminance and spatial distribution of the luminaires on the dependent
measures brightness and perceived uniformity.

Brightness was significantly affected by luminance (F(4,92) = 706,
p < 0.001, η2

g = 4.2). Paired comparison analyses showed that all lu-
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minance levels were significantly different from each other, and con-
ditions with a higher luminance resulted in a higher brightness. The
spatial distribution of the luminaires also significantly affected brightness
(F(6,138) = 7.14, p < 0.001, η2

g = 0.03), but the effect size was much
smaller than for luminance. In addition, two interaction effects were
significant: the interaction between type of luminaire and the spatial
distribution (F(12,276) = 2.57, p < 0.001, η2

g = 0.01) and the interaction
between type of luminaire, spatial distribution and luminance (F(48,1104)
= 1.80, p < 0.001, η2

g = 0.02). However, the effect sizes were also very
small and no systematic trends were observed. The other main and
interaction effects were not significant at a level of p = 0.05.

Perceived uniformity was significantly affected by all three inde-
pendent variables. Type of luminaire was the most important predictor
(F(2,46) = 191, p < 0.001, η2

g = 1.6), followed by spatial distribution
(F(6,138) = 60.3, p < 0.001, η2

g = 0.27) and luminance (F(4,92) = 44.5,
p < 0.001, η2

g = 0.10). A paired comparison test revealed that all lev-
els of luminaire type were significantly different from each other. The
light from the fluorescent luminaires was perceived as most uniform
and the halogen luminaires with a beam angle of 12° were assessed
as least uniform. Further, perceived uniformity was significantly diffe-
rent for several configurations of spatial distribution of the luminaires.
In general, the light was perceived as more uniform when more lu-
minaries were enabled. However, this tendency did not hold for all
configurations. For instance, the conditions with eight luminaires
were assessed as less uniform than the conditions with six luminaires.
Moreover, the position of the luminaires in the conditions with four
or six luminaires significantly affected ratings of perceived uniformity.
The light was perceived as less uniform when (a number of) the lu-
minaires were placed adjacent to the walls of the room. Lastly, con-
ditions with a higher luminance were generally perceived as more
uniform. In addition, three interaction effects were significant: the
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interaction between type of luminaire and spatial distribution (F(12,276)
= 5.41, p < 0.001, η2

g = 0.02), the interaction between spatial distribution
and luminance (F(24,552) = 2.38, p < 0.001, η2

g = 0.01) and the three-
way interaction (F(48,1104) = 1.62, p = 0.005, η2

g = 0.02). Again, these
interaction effects were quite small and did not reveal any systematic
effects. No significant effect was found for the interaction between
luminance and type of luminaire.

2.3.2 Effects of light condition on perceived atmosphere

Figure 2.3 presents the ratings averaged across participants for the
four atmosphere dimensions (coziness, liveliness, tenseness and detach-
ment) as a function of the independent variables (type of luminaire,
luminance and spatial distribution of the luminaires). As can be seen,
each atmosphere dimension depends on at least one of the indepen-
dent variables. Coziness is mainly affected by the spatial distribution
of the luminaires, liveliness and tenseness are mostly influenced by the
luminance, and the luminance and type of the luminaires have a large
effect on detachment. No statistical analysis is presented for these ef-
fects, as we are more interested in the relations between, on the one
hand, brightness and perceived uniformity and, on the other hand, each
of the four atmosphere dimensions.



40 Relating light perception to atmosphere

1
2
3
4
5
6
7

1
2
3
4
5
6
7

1
2
3
4
5
6
7

1
2
3
4
5
6
7

C
o
z
in

e
s
s

L
iv

e
lin

e
s
s

T
e
n
s
e
n
e
s
s

D
e
ta

c
h
m

e
n
t

m
e
a
n

Fluorescent Halogen 24° Halogen 12°

16 36 61 88 115

luminance (cd/m2 )
16 36 61 88 11516 36 61 88 115 16 36 61 88 115 16 36 61 88 115 16 36 61 88 115 16 36 61 88 115

Figure 2.3: Mean ratings and 95% confidence intervals split for luminance, type of luminaire
and spatial distribution on coziness, liveliness, tenseness and detachment.

2.3.3 Relation between perceptual attributes of light

and perceived atmosphere

For each atmosphere dimension, a second-order polynomial was fit-
ted, using the least squares method, as a function of the brightness and
perceived uniformity rating averaged over the participants, as shown in
the following equation:

f (b, u) = p0 + p1 ∗ b + p2 ∗ u + p3 ∗ b ∗ u + p4 ∗ b2 + p5 ∗ u2 (2.1)

where b is the brightness and u the perceived uniformity of the light
in the space, employed on a scale from 1 to 7. The best fitting func-
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Figure 2.4: Plots showing iso-contours for the atmosphere dimensions coziness, liveliness,
tenseness and detachment as a function of brightness and perceived uniformity. The numbers
and colors differentiate the atmosphere dimension ratings.

tions (based on adjusted R-squared, AIC and BIC statistics) are pre-
sented in Figure 2.4.

Table 2.3 presents the values of the fitted parameters, their con-
fidence intervals, and the adjusted R-squared. For coziness, the first-
and second-order parameters for brightness (p1 and p4) are compara-
ble to those for perceived uniformity (p2 and p5), indicating that both
perceptual attributes are approximately equally important as predic-
tors. The space is perceived as most cozy for intermediate values of
brightness and perceived uniformity. Coziness reduces if either one of
the perceptual light attributes increases or decreases. For liveliness,
increasing the brightness (p1) of the light results in a livelier space.
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Table 2.3: Fit statistics and fitting parameters (and 95% confidence intervals) for the second-
order polynomial relations of coziness, liveliness, tenseness and detachment with the perceptual
light attributes brightness and perceived uniformity.

Fitting parameters (95% confidence intervals)
Adjusted
R-squared

p0 p1 p2 p3 p4 p5

coziness 0.50 1.16 0.79 0.84 0.08 -0.15 -0.14
(0.10,
2.23)

(0.38,
1.20)

(0.45,
1.22)

(0.03,
0.12)

(-0.20,
-0.10)

(-0.19,
-0.09)

liveliness 0.92 0.34 0.68 0.39 0.08 -0.04 -0.09
(-0.43,
1.12)

(0.39,
0.99)

(0.11,
0.68)

(0.05,
0.11)

(-0.07,-
0.002)

(-0.13,
-0.05)

tenseness 0.72 8.60 -1.36 -1.07 -0.09 0.17 0.15
(7.49,
9.71)

(-1.79,
-0.93)

(-1.48,
-0.67)

(-0.14,
-0.05)

(0.12,
0.22)

(0.10,
0.20)

detachment 0.94 -0.34 1.11 0.14 0.08 -0.12 -0.01
(-0.93,
0.25)

(0.88,
1.34)

(-0.07,
0.36)

(0.05,
0.10)

(-0.14,
-0.09)

(-0.04,
0.02)

The second-order parameter of brightness (p4) minimally affects this
linear relation. Perceived uniformity (p2) also significantly affects live-
liness, and the dependency is curved due to the significant second-
order term (p5); intermediate levels of uniformity make the space most
lively. For tenseness, both brightness and perceived uniformity play a
similar role, as well as their interaction (p3). Light with a relatively
high brightness and perceived uniformity results in the least tense spaces,
and decreasing or increasing one of the perceptual light attributes in-
creases tenseness. Last, for detachment both the first-order (p2) and
the second-order (p5) parameters of perceived uniformity are not sig-
nificantly different from zero, indicating that perceived uniformity only
plays a role through the interaction with brightness (p3). At low bright-
ness levels, detachment is hardly influenced by the perceived uniformity
of the light. However, at high brightness levels, detachment increases
with increasing perceived uniformity. So, the space is perceived as most
detached for light with a high brightness and high perceived uniformity.
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2.3.4 Physical measures for the perceptual attributes of

light

The results above show that the appearance of brightness and unifor-
mity depend on the intensity and spatial distribution of the light in
the space. Several researchers have proposed objective measures to
predict these perceptual attributes of light from physical properties
of the light. Here, we test the performance of the objective mea-
sures defined by Loe et al. (2000) for brightness and uniformity. Only
these measures are tested since it was not feasible to measure the
illuminance in the space as we made use of visualizations, and po-
tential illuminance measurements of the display would be influenced
by reflections via the surrounding laboratory space. First, the rela-
tion between brightness and the mean luminance of the 40° horizontal
band is evaluated. The height of this horizontal band approximately
overlaps with the front wall, and excludes the ceiling and floor (at
a distance of 4.2 m of the observer to the front wall and at an eye
height of 1.5 m). Figure 2.5 shows this relation for each of the five
(average) luminance levels, while varying the type of luminaire and
their spatial distribution. Linear functions (y = a ∗ x + b, with y the
mean luminance (in cd/m2) and x the brightness rating) were fitted
with the least squares method through the data points with the same
luminance level. In addition, a linear function was fitted through the
data points of all light conditions. Table 2.4 lists the fitting parame-
ters, the 95% confidence intervals, and the adjusted R-squared values
for all these functions.

The goodness of fit when using all light conditions was very
high, which indicates that the mean luminance in the 40° horizontal
band correlates highly with the brightness ratings. For the individual
luminance levels, the goodness of fit decreases considerably, resulting
in adjusted R-squared values of maximally 0.15. This means that
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Figure 2.5: The relationship between the mean luminance in the 40° horizontal band (depicted
on the y-axis) and the brightness (depicted on the x-axis). The dashed black line shows the
fitted linear relation for all light conditions. The various markers differentiate the different
average luminance levels (of the total image). For each level, a linear relation was fitted as
well, plotted with a solid line in the same color as the marker.

the mean luminance in the 40° horizontal band does not properly
represent variations in brightness originating from variations in the
type of luminaires and their spatial distribution.

Second, the relation between perceived uniformity and the two best
measures for interest as specified by Loe et al. (2000) are evaluated:
the inter quartile range and the standard deviation of the luminance
in a 40° horizontal band. Again, a linear function using the least
squares method was fitted over the data of all light conditions, and
also per type of luminaire. The best fits were found for the inter
quartile range (IQR). The fitting parameters and adjusted R-squared
values of these fits are listed in Table 2.5, and the relations are de-
picted in Figure 2.6. When including all light conditions, a higher
IQR results in a lower perceived uniformity, but the fit for this rela-
tion is very weak. If we consider the individual types of luminaires,
the goodness of fit deteriorates even more. In addition, the relation-
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Table 2.4: Fitting parameters and adjusted R-squared value for the linear functions y =
a ∗ x + b (where y is the mean luminance (in cd/m2) and x is the brightness rating) for all light
conditions, and per individual luminance level.

Adjusted
R-squared

Fitting parameters (95% confi-
dence intervals)
a b

all light
conditions 0.97 23.65 -35.66

(22.81, 24.48) (-39.59, -31.73)

average
luminance
level of the
whole image

16 cd/m2 0.15 4.01 10.42
(0.09, 7.92 (1.88, 18.96)

36 cd/m2 0.03 3.25 28.5
(-2.11, 8.62) (10.88, 46.11)

61 cd/m2 0.08 5.98 40.27
(-1.70, 13.67) (5.24, 75.29)

88 cd/m2 0.00 1.20 90.15
(-10.68, 13.08) (22.27, 158.00)

115 cd/m2 0.12 13.76 34.52
(-1.18, 28.69) (-62.55, 131.60)

ship reverses for the halogen luminaires with a 12° beam angle. For
this condition, the perceived uniformity increases with a higher inter
quartile range of the luminance. A different location or height of the
observer may affect the positioning of the 40° horizontal band. In ad-
dition, a visual inspection of the visualizations in Table 2.1 suggests
that the floor of the lab may also influence perceived uniformity. To
test if this would change the goodness of fit, we also calculated the fit
statistics of the IQR over all conditions when the entire visual floor of
the visualization was added to the 40° horizontal band. However, the
R-squared value of this fit was 0.01, and thus adding the floor lumi-
nance did not improve the goodness of the fit as compared to using
only the 40° horizontal band of luminance.
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Table 2.5: Fitting parameters and adjusted R-squared value for the linear functions y =
a ∗ x + b (where y is the inter quartile range (IQR) of the luminance (in cd/m2) and x is the
perceived uniformity rating) for all light conditions, and per type of luminaire.

Adjusted
R-squared

Fitting parameters (95% confi-
dence intervals)
a b

all light
conditions 0.18 -5.31 46.46

(-7.49, -3.14) (37.31, 55.60)

type of
luminaire

fluorescent 0.00 0.85 7.981
(-3.55, 5.25) (-17.59, 33.55)

halogen 24° 0.09 -8.859 57.64
(-17.56, -0.16) (27.77, 87.52)

halogen 12° 0.40 15.99 -6.598
(9.18, 22.81) (-25.23, 12.03)
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Figure 2.6: The relationship between the inter quartile range (IQR) of the luminance in the
40° horizontal band (depicted on the y-axis) and the perceived uniformity (depicted on the x-
axis). The different markers differentiate between the types of luminaire and for each a linear
relation is fitted (in the same range and color as the marker). The dashed black line shows
the fitted linear relation over all light conditions.



Relating light perception to atmosphere 47

2

2.4 Discussion

This study investigated light and atmosphere perception of a space
while varying the type of luminaires in the space, their spatial distri-
bution and the overall luminance of the light design. These manip-
ulations resulted in different light conditions with different percep-
tual light attributes, which, in turn, resulted in different perceived
atmospheres. The main purpose of the present study was to examine
the predictive power of the light attributes - brightness and perceived
uniformity - on perceived atmosphere, although we also explored rela-
tionships between the light conditions on the one hand and the light
attributes and atmosphere perception on the other directly.

For all atmosphere dimensions, both the attributes brightness and
perceived uniformity emerged as important predictors, although the
nature of the relationship differed. Second-order polynomials of the
light attributes resulted in substantial to even high predictive power
on all four dimensions. A space lit with light of a medium bright-
ness and perceived uniformity was perceived as coziest, and decreasing
or increasing either of these attributes resulted in less coziness. Fur-
ther, increasing brightness resulted in a livelier perceived space, and
medium levels of perceived uniformity led to the highest liveliness rat-
ings. A combination of bright and perceptually uniform light resulted
in the least tenseness, and decreasing either of these attributes affected
tenseness positively. At the same time, bright and perceptually uniform
light led to a highly detached space, while decreasing the brightness
and perceived uniformity resulted in lower levels of detachment. The
least detached spaces were lit with dim and non-uniform perceived
light.

Although earlier studies have also explored relationships between
perceptual light attributes and atmosphere perception, the current
study employs a larger number of light conditions, which may be
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beneficial for creating light designs. For instance, as illustrated by the
plotted polynomials in Figure 2.4, different brightness and perceived
uniformity levels may result in similar assessments on individual at-
mosphere dimensions. As an example, the same level of coziness can
be produced with e.g. bright light of a low perceived uniformity, but
also with dim, perceptually uniform light. For liveliness, the perceived
uniformity may vary to a large extent without affecting the perceived
liveliness of the space. This kind of insight can be very helpful in
creating the right light condition for a desired atmosphere given the
limitations of the lighting system.

To create a dedicated atmosphere, one not only needs to spec-
ify desired levels of perceptual light attributes, but one also needs
to quantify the physical distribution of the light resulting in these
perceptions. However, defining objective measures that accurately
quantify the perceived light in terms of the luminance distribution
in a space has been proven to be very difficult. In our study, the
mean luminance in the 40° horizontal band across the space highly
correlated with brightness. Unfortunately, the correlation drastically
deteriorated when accounting for differences in type and spatial distri-
bution of the luminaires. None of the measures proposed by Loe et al.
(2000) resulted in an adequate prediction of the perceived uniformity.
This clearly demonstrates that more research is necessary to define an
objective measure of the physical luminance distribution for perceived
uniformity. Visual inspection of the visualizations depicted in Table
2.1 suggests that the perceived uniformity of the light can be revealed
by looking at the floor of the room. Hence, the luminance of the floor,
which falls outside the 40° horizontal band, might be of importance.
However, extending the 40° horizontal band to include the floor of
the space, did not improve the accuracy of predicting perceived uni-
formity. Additionally, the results showed that positioning luminaires
adjacent to the outer walls of the space decreased the perceived unifor-
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mity. Perhaps, the way the luminance increases or decreases over the
space (inside or outside the 40° horizontal band) affects the perceived
uniformity more than the IQR of all luminance values. More research
is therefore needed to better understand the how the luminance dis-
tribution in the 40° horizontal band, ceiling or floor affects perceived
uniformity.

For completeness, we also analyzed the direct effects of the in-
dividual design parameters of our lighting configuration on percep-
tual attributes of light and on atmosphere perception. These results,
visualized in Figures 2.2 and 2.3, give insight into the influence of
design decisions on perception, but the results may be different for
spaces in different contexts, of different shapes and sizes, or for dif-
ferent types and arrangements of luminaires. Our assumption is that
the insights on the relationship between perceptual attributes and at-
mosphere perception will prove more consistent and generalizable
across situations. In order to confirm this assumption, more research
is required to understand effects of light on atmosphere perception
beyond the range of our manipulations, for spaces of different shapes
and sizes. Additionally, future research may address the effects of
more furniture in the space, to increase our understanding how fur-
niture influences the effect of the light on atmosphere.

2.5 Conclusions

The present study aimed to investigate how the light attributes bright-
ness and perceived uniformity affect the perceived atmosphere of a space.
We have found that the dimensions of atmosphere can be accurately
described by a second-order polynomial as a function of the two per-
ceptual light attributes. Although these relations are complex, Figure
2.4 depicts them in a very apparent way. In order to create a dedicated
atmosphere, the perceptual light attributes also have to be specified in
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terms of the physical spatial distribution of light in a space. However,
the objective measures for brightness and perceived uniformity reported
in literature did not result in adequate predictions of these perceptual
attributes for our light conditions. Therefore, future research should
concentrate on improving these measures. Nevertheless, this study
is an important first step towards understanding how the numerous
control parameters of LED-based light systems may influence the per-
ceived atmosphere of an environment.



3
A comparison of methodologies

Exploring effects of daylight and electric light

Abstract

The impression of a space depends highly on the illumination in the space, which usually
is a combination of electric light and daylight. In the present study, we compared three
methodologies to study the influence of electric light and daylight on the perception of the
light and the perception of the atmosphere of the space. In two experiments, rating scales
were used (with a blocked and a random design, respectively) and in a third experiment
the paired-comparison method was used to evaluate the light and the atmosphere of the
space. In all experiments visualizations were used to create differently illuminated spaces.
All methodologies showed similar effects of daylight and electric light, which attests the
convergent validity of the research methods. However, the methodologies revealed different
effect sizes, rendering the paired-comparison design most sensitive to detect the smallest
differences. The results also allowed us to explore the contribution of electric light and
daylight in creating an atmosphere. The use of visualizations enabled us to control the
luminance of daylight and to disentangle the effects of daylight entering a window from the
view from a window. The outcomes show that daylight plays a smaller role than electric
light on the perception of light and atmosphere in a space, when the luminance of daylight
is controlled and there is no view outside.1

1this chapter has been published with minor changes in LEUKOS (2017): "A comparison of method-
ologies to investigate the influence of light on the atmosphere of a space", M.G.M. Stokkermans,
I.M.L.C. Vogels, Y.A.W. de Kort and I.E.J. Heynderickx

51
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3.1 Introduction

Atmospheric elements influence the perception and impression of a
space; especially lighting may have a major impact (Countryman &
Jang, 2006; Naqshbandi & Munir, 2011). A space can, for instance,
be perceived as larger, more beautiful, or more pleasant by adjusting
its lighting (Flynn, Spencer, Martyniuk, & Hendrick, 1973; Durak, Ol-
guntürk, Yener, Guvenc, & Gurcinar, 2007). A more beautiful impres-
sion may be very relevant for a high-end hotel to attract customers
(Naqshbandi & Munir, 2011), while a more pleasant impression may
be used in a hospital to make people feel more comfortable (Arneill
& Devlin, 2002). Research in the retail domain has shown that light-
ing can also alter the perceived image of a store; it can make a store
to be perceived as more modern or more high-class (Schielke, 2015).
Hence, the lighting design can be of great value to create a dedicated
impression for a given context.

The emergence of light emitting diodes (LEDs) has introduced
many new possibilities to vary the light in a space. Most LED-based
light systems can easily change the intensity and chromaticity of the
light, and, by means of special optics, the size and shape of the light
beam. In combination with the LED’s small form factor, it is possible
to create almost any desired lighting design. However, these endless
possibilities require a solid understanding of the effect of light on
the impression of a space in order to create pleasant and application-
tailored lighting. Additionally, there is the important contribution of
daylight to the electric light in many spaces. Because daylight affects
the physical intensity, spatial distribution and color of the light in a
space and is highly fluctuating, it may affect the desired impression.

In order to study effects of electric light and daylight on the
impression of a space in a scientific study, methodological choices
have to be made. Good research practice asks for fully randomized
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designs, while controlling as many confounding factors as possible.
However, this is not always practically feasible. In addition, although
a rating scale methodology is often used in this domain, a forced-
choice methodology may offer advantages, but also has certain draw-
backs. Therefore, the aim of the current paper is to compare different
methodologies investigating the effects of light on a space’s impres-
sion. To this end, this study tests three methodologies; that is, two
rating-scale designs and a paired-comparison design. In order to mo-
tivate this study, a literature review is provided describing current
knowledge on the effects of electric light and daylight on affective
appraisal. In addition, the advantages and drawbacks of rating-scale
designs versus paired-comparison designs, including their potential
impact on the outcomes, are reviewed.

3.2 Literature

3.2.1 Measuring environmental assessments and atmos-

phere

Several researchers have measured the subjective impression of an
illuminated room. In the well-known study of Flynn et al. (1973)
three main factors were used to differentiate the impression of illu-
minated spaces: perceptual clarity, spaciousness, and pleasantness.
Others have used adapted and extended versions of the factors used
in the study of Flynn et al. (1973) and also found significant relation-
ships between various light configurations and a space’s impression
(Houser, Tiller, Bernecker, & Mistrick, 2002, Durak et al., 2007). Rus-
sell and Pratt (1980) took a slightly different approach and developed
a questionnaire to measure the affective quality attributed to an envi-
ronment.
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Related to the latter approach, Vogels (2008) developed a Dutch
questionnaire to assess a space in terms of its atmosphere, which is
a measure of the affective appraisal of a space. In later studies, this
questionnaire was used in the English language too. A factor analysis
revealed that atmosphere can be described by 4 dimensions, namely,
coziness, liveliness, tenseness, and detachment. Notice that the concept
of atmosphere describes a person’s appraisal of the space in terms
of its expected affective effect, yet yields no value judgment. Hence,
one atmosphere is not inherently better than another. A preferred
atmosphere may depend on, amongst others, age (Kuijsters, Redi, de
Ruijter, Seuntiëns, & Heynderickx, 2012) and culture (Liu, Luo, & Li,
2015). Subsequent research with the atmosphere questionnaire re-
vealed relationships between the perceived light in a space and its at-
mosphere. Vogels, de Vries, and van Erp (2008) found, among others,
that increasing the luminaires’ intensity in a room resulted in a signi-
ficant decrease in coziness and tenseness, and a significant increase in
liveliness and detachment in that room. A recent study of Stokkermans,
Vogels, de Kort, and Heynderickx (2017) extended this line of work,
and revealed clear relationships between the light’s brightness and per-
ceived uniformity on the four atmosphere dimensions. Others have
used the questionnaire to investigate effects of dynamic light (Wang
et al., 2014) or to address the impact of light in retail environments in
a field study (Custers, de Kort, IJselsteijn, & de Kruiff, 2010).

3.2.2 Daylight and affective appraisal

Most studies that measure the effect of light on the impression of
a space through the use of a lab environment usually only include
electric light, since that can be easily controlled. Field studies often
have to deal with a combination of daylight and electric light. Litera-
ture has shown that daylight in office environments improves users’
satisfaction with the lighting and the space (Veitch, Geerts, Charles,
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Newsham, & Marguardt, 2005). It is also known that people prefer
a space lit by daylight over electric light (Heerwagen & Heerwagen,
1986) and that daylight may result in more positive evaluations on,
among others, aesthetics (Haans, 2014; Moscoso & Matusiak, 2015).
Effects of daylight may be caused by different aspects; for example,
daylight increases the light intensity, it provides dynamics, it has a
particular (varying) correlated color temperature (CCT), and it is of-
ten accompanied by a view outside. However, how daylight per se
exactly affects our environmental appraisal, is not known, because
it is difficult to disentangle this from those other aspects (Beute &
Kort de, 2013). Since daylight alters the spatial distribution, the in-
tensity, and the color of the light in a space, we hypothesize that the
presence of daylight may also affect the atmosphere of a space.

A recent study investigated the effect of adding diffuse daylight
to various electric light conditions on the perception of light and
atmosphere (Stokkermans, Chen, Murdoch, Vogels, & Heynderickx,
2015). In this study only the influence of the daylight itself was inves-
tigated, meaning that participants only saw the daylight that entered
the window of a space, without having a view out of the window.
However, daylight hardly had any effect on the subjective judgments
of brightness, uniformity, color, and atmosphere. This result was sur-
prising in view of the well-documented effects of changes in electric
light on atmosphere perception as well as the often reported appreci-
ation of daylight. As argued in the paper of Stokkermans et al. (2015),
the effects of daylight on light and atmosphere perception may have
been small because diffuse daylight without a direct sunlight compo-
nent was studied, and hence effects on luminance and contrast were
relatively small.
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3.2.3 Methodological considerations

The results found in the experiment of Stokkermans et al. (2015)
may also have been affected by the specific methodology used (CIE
212, 2014). The experiment used a rating-scale method in combina-
tion with a blocked design, where the conditions with daylight and
without daylight were presented in separate sessions. The choice for
the blocked design had a practical reason: to avoid frequent open-
ing and closing of the window blinds. However, this may also have
resulted in smaller differences on the rating scales, compared to a
fully randomized design. Research has shown that the response on a
rating scale for one particular stimulus is influenced by the range of
the other stimuli presented in the same session (Fotios & Cheal, 2010;
Ridder, 2001). Thus in a blocked design, the reference for rating the
light conditions with and without daylight was different, which may
have led to smaller differences on the rating scales than when the
same reference would have been used (Poulton, 1977; Tiller & Rea,
1992; Fotios & Houser, 2009; Fotios & Atli, 2012).

An alternative strategy to avoid response bias on rating scales is
to use a paired-comparison paradigm. In such an experiment, two
stimuli are presented as a pair, and they have to be compared mu-
tually on a particular criterion. After comparing all possible pairs
of stimuli, all stimuli can be ordered on an interval scale. As such,
a paired-comparison experiment does not require a reference and it
usually detects smaller differences between the stimuli, since partici-
pants are forced to choose between two stimuli that might get equal
scores on a rating scale. Additionally, a direct comparison makes dif-
ferences between the stimuli very apparent, which makes a paired-
comparison paradigm more likely to reveal potential effects of day-
light, if present. However, the method also has its disadvantages,
because successively presenting the stimuli requires participants to
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memorize one stimulus in order to compare it to the other stimu-
lus, and when the light conditions are presented simultaneously the
participants need to make eye movements and, hence, will not fully
adapt to the stimulus (Fairchild & Reniff, 1995; Braun, Fairchild, &
Alessi, 1996). Despite these different advantages and disadvantages,
Fotios and Cheal (2010) demonstrated that brightness assessments
did not differ using successive or simultaneous paired-comparison
modes. To increase the robustness of conclusions, it is argued that
since different experimental designs have different weaknesses and
strengths, they should be, whenever possible, used complementary
to each other (CIE 212, 2014; Houser & Tiller, 2003).

Visualizations

The use of computer-generated visualizations allows us to study mul-
tiple methodologies. They make it more convenient to fully random-
ize conditions with and without daylight, and they better suit the
paired-comparison paradigm, as they allow switching between light
conditions with and without daylight without any temporal delay or
even presenting them simultaneously. Besides these advantages, the
effect of daylight can also be studied under better experimental con-
trol, since the introduced daylight is not influenced by fluctuations
in weather circumstances or time of day. Moreover, visualizations
enable to disentangle some of the aspects that daylight entails, facil-
itating a deeper understanding in how daylight may affect the im-
pression of an environment. Also, various types of daylight (that is,
diffuse daylight and daylight with a direct sunlight component) can
be created in any space.

Several studies have investigated the use of visualizations in re-
search as an alternative to using real environments. Murdoch, Stokkermans,
Lambooij (2015) and Schielke (2016) demonstrated that assessments
of electric light from visualizations corresponded to a high degree
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with assessments in a real space. Attributes that were less well con-
veyed were color temperature (warm - cool) and chromaticity (col-
ored - colorless) (Schielke, 2016). The authors attributed this to the
lack of color calibration for the projector and monitor. The largest dif-
ferences found by Murdoch et al. (2015) were for brightness, which
proved to be especially difficult to be conveyed for dimmed light con-
ditions. Others have studied the use of images and visualizations to
assess effects of daylight. Moscoso et al. (2015) demonstrated that
stereoscopic images may be used as an alternative for a real environ-
ment to evaluate the impact of daylight on aesthetics. Stokkermans
et al. (2015) compared the effect of adding diffuse daylight to elec-
tric light in a real space and in computer-generated visualizations.
Except for perceived color, no significant difference was found for the
light and atmosphere attributes. The scenes with daylight were per-
ceived as cooler in the visualizations than in the real space. A reason
for this could be that the daylight in the 3D virtual model was cre-
ated by a blue-sky dome around the space, whereas the color of the
daylight entering the real space changed due to reflections with other
buildings, trees, and other environmental elements.

3.2.4 Objectives of the current study

The present study aimed to investigate the impact of research method-
ology on effects of light conditions on the perception of light and
atmosphere of a space. We included spaces with electric light that
was combined with or without diffuse or direct daylight. To this end,
a rating-scale methodology in which all conditions were presented
randomly was compared to a paired-comparison methodology, both
employing computer-generated visualizations. Within a particular
methodology it is not always practically feasible to fully randomize
all conditions. It is important to better understand the consequences
of such choices in the experimental design. The outcomes were there-
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fore also compared to each other, and to the outcomes of a previously
reported experiment (Stokkermans et al., 2015) in which the condi-
tions with daylight and without daylight were presented in separate
sessions, i.e. in a ’blocked’ order, and rating scales were used to eval-
uate the conditions. The latter experiment has already been described
in Stokkermans et al. (2015), but in order to provide a thorough com-
parison, we include a brief description of its methodology here as
well. We expected a paired-comparison paradigm to reveal larger
effects than any of the rating-scale designs. We also expected that
a rating-scale methodology with a completely randomized presenta-
tion would yield (relatively) larger effects of daylight than one with a
blocked presentation with separate session for daylight and no day-
light condition, because in the first methodology participants would
use the same reference for all spaces, whereas they may use different
ones in the second one.

The light conditions were used as a way to study the impact
of the methodology. However, they also allowed us to compare the
effects of electric light and daylight. Therefore, the second aim of the
study was to compare the contribution of different types of daylight
(direct and diffuse) and electric light on the perception of the light
and atmosphere in a space. The use of visualizations made it possible
to disentangle the light effects from the view that typically comes
along with daylight. Because we were mainly interested in effects of
light, participants were not able to look at or out of the window. In
addition, to further disentangle the effects of the various aspects of
daylight, the average luminance of visualizations with and without
daylight was held constant.
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3.3 Methods

3.3.1 Experimental design

The original, blocked-design experiment, reported in Stokkermans et
al. (2015), used a five (electric light condition) by two (daylight) full fac-
torial within-subjects design. The independent variable electric light
condition consisted of five levels, which were assessed in a random or-
der. The light in the five electric light conditions was varied in inten-
sity, CCT, color, and spatial distribution. The independent variable
daylight consisted of two levels, namely "no daylight" and "diffuse
daylight", assessed in two separate blocks. Several rating scales were
used to assess all ten light conditions.

In the current experiment, a five (electric light condition) by four
(daylight) by two (methodology) fractional-factorial within-subjects de-
sign was used. The independent variable electric light condition con-
sisted of five levels, equal to those of the original experiment. The
variable daylight consisted of four levels: "no daylight", "diffuse day-
light", "direct daylight 1", and "direct daylight 2". No daylight and dif-
fuse daylight were assessed for all five electric light conditions. Ad-
ditionally, the two direct daylight conditions were assessed for only
one particular electric light condition. This resulted in 12 light condi-
tions. Two methodologies were assessed; the first made use of rating
scales and the second used the paired-comparison method. For the
rating-scale methodology, the 12 light conditions were assessed on all
dependent measures in a random order. For the paired-comparison
methodology, all twelve light conditions were compared to each other,
leading to 66 comparisons per dependent measure. All comparisons
were presented in a random order per dependent measure. The de-
pendent measures were assessed in a counterbalanced order.
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3.3.2 Participants

Twenty-eight (13 female and 15 male) participants had joined the
original, blocked-design experiment. Their average age was 25.0 years
with a standard deviation (SD) of 2.7 years. Twenty-six (9 female and
17 male) persons with an average age of 28.1 years and a standard de-
viation (SD) of 7.7 years participated in the current experiment. The
sample size for the current experiment was calculated with a power
analysis using G*Power software (Faul, Erdfelder, Buchner, & Lang,
2009). The effect size of the effect of daylight used in this analysis
was based on that found in the original experiment (the study of
Stokkermans et al. (2015)). None of the participants showed color
vision deficiencies on the Ishihara color test. Participants reported
to have normal or corrected to normal vision. Both experiments were
approved by the review board of Eindhoven University of Technology,
adhering to the Code of Ethics of the Dutch Institute for Psycholo-
gists, and by the ethical committee of Philips Research, adhering to
the declaration of Helsinki.

3.3.3 Experimental set-up

Both the present and the original experiment made use of computer
visualizations of a space in which various light conditions were cre-
ated. All visualizations were presented on a calibrated 46-inch NEC
P462 Full-HD display (NEC Display Solutions, Itasca, IL, USA; min-
imum luminance was 0.1 cd/m2 and maximum luminance was 277
cd/m2), which was placed on a table at one meter from the observer.
For the rating-scale methodology, all visualizations were presented
full-screen (1920 by 1080 pixels). For the paired comparisons, two vi-
sualizations were presented side by side. The images were scaled to
900 x 506 pixels, and surrounded by a grey background with a lumi-
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nance of 36 cd/m2. There was no ambient light present in the room
where the experiment took place.

3D virtual space

To create the visualizations, we used a rendering pipeline that was
previously assessed as most perceptually accurate compared to a real
space by Stokkermans et al. (2015). First, a 3D virtual model of the
space was created using 3DSmax (Autodesk, Mill Valley, CA, USA).
The virtual space was a replication of a real space with a size of 6.3
(length) x 3.8 (width) x 3.0 (height) meter. The space had white walls,
a grey carpet, and was furnished with a table. A schematic floor
plan of the space is shown in Figure 3.1(a). The participants’ view
of the virtual space was equal to that of an observer situated in the
space as indicated in Figure 3.1(a). A photograph of the experimental
setting showing a participant in front of the display is provided in
Figure 3.1(b). This view of the 3D model was rendered using Indigo
Renderer and tone mapped with Reinhard ’02 TMO (Reinhard, Stark,
Shirley, & Ferwerda, 2002). A full description of this imaging pipeline
and justifications for the choices made for every step in this pipeline
can be found in Murdoch et al. (2015).

Electric light

The space could be illuminated by various types of luminaires. The
ceiling contained six fluorescent light fixtures providing white dif-
fuse light, six halogen spots providing white directional light on the
wall (hereafter referred to as small spotlights), and six halogen spots
providing white directional light on the floor (hereafter referred to as
large spotlights). In addition, colored directional light could be pro-
vided on the right wall by six LED spots mounted on the ceiling, and
colored diffuse light could be provided on the left wall by six wall
washers located on the ground. The color and direction of the elec-
tric light in the virtual space was based on measurements of the light
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Figure 3.1: (a) A schematic floor plan of virtual 3D space. (b) A photograph of the experi-
mental setting, with a participant in front of a display on which one of the visualizations is
presented. This photograph has been published before in Stokkermans et al. (2015).

in the physical space. The CCT and color of the light were measured
in the real space with a PhotoResearch SpectraDuo PR 680 camera
(Syracuse, NY, USA) and could be reproduced in 3DSmax and in the
Indigo Renderer software. The direction of the light was created by
the virtual 3D model of the luminaires and based on measured go-
niometry in the real space. The absolute light intensity of the light
in the virtual space was limited by the dynamic range of the display,
and could not match the light intensity in the physical space. There-
fore, the intensity of the light in the virtual space was based on the
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brightness in the real space. This was based on guidelines provided
by Reinhard et al. (2002) and insights of Murdoch et al. (2015). Even-
tual fine-tuning was done by means of a small pilot study in which
observers had to tune the light intensity settings in the virtual space,
such that the brightness of the virtual space matched the brightness
of the real space. Two factors could be varied: 1) the ratio of the in-
tensity of the various luminaires and 2) the key value of the Reinhard
’02 TMO, which is a factor controlling the average luminance of the
whole visualization (Reinhard et al., 2002).

Five electric light conditions were created, varying in spatial dis-
tribution, intensity, CCT, and colored accent light. An overview in-
cluding more details of these light conditions is presented in Table 3.1,
and each condition is depicted in the first column of Figure 3.2. The
light conditions were not created to systematically study variations
in electric light parameters, but were designed to represent a large
variation of electric lighting designs:

• The first electric light condition was fully uniform, created with
six fluorescent luminaires with a high CCT and a low intensity.

• The second electric light condition was also created with six flu-
orescent luminaires with a low intensity but had a low CCT.

• The third electric light condition was created with the large and
small halogen spotlights set at a low intensity with a low CCT,
resulting in a non-uniform distribution of the light. The large
spotlights were directed at the floor, whereas the small spotlights
were directed at the right wall, as seen from the position of the
observer.

• The fourth electric light condition was similar to electric light
condition 3 with the addition of colored accent light created by
means of the LED spots and LED wall washer. The LED spots,
directed at the right wall, were colored orange, and the light
from the wall washer on the left wall was colored blue.
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• The fifth electric light condition was created with the fluorescent
luminaires at a high intensity and high CCT, as well as with the
LED spots and LED wall washer. The LED spots were colored
blue, and the light from the wall washer was colored cyan. Ad-
ditionally, a neutral electric light condition was created, which
was, in the experiments, shown in between the other conditions.
It was fully uniform with a medium CCT, and a low intensity.

Additionally, a neutral electric light condition was created, which
was, in the experiments, shown in between the other conditions, to
avoid a direct comparison to the previous condition. It was fully uni-
form with a medium CCT, and a low intensity, such that adaptation
effects with the previous and subsequent light conditions were mini-
mal.
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Figure 3.2: Visualizations of the light conditions used in the experiments. The first column
depicts all light conditions without daylight. The second column depicts the same light
conditions in the presence of diffuse daylight. The third and fourth column depict light
condition 4 in the presence of two types of direct daylight.

Daylight

The virtual space contained a window, similar to the real space. The
window was situated behind the observer, as indicated in Figure 3.1.
Hence, the observer could see the daylight that entered the space, but
he or she could not look out of the window. The size of the window
was 3.2 x 2.2 m and the bottom of the window was located at 0.8
m from the floor. The window was directed to the north-northwest
in Eindhoven, The Netherlands. Daylight in the virtual space was
created with Indigo renderer’s skylight setting, which allows one to
specify the absence or presence of a direct sunlight component, and
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for this component the azimuth of the sun (that is, the angle of the sun
to the window, where 0° means that the sunlight is perpendicular to
the window) and the elevation of the sun (that is, the angle between
the horizon and the center of the sun, where 0° means that the sun is
at the horizon). Similar to the electric light conditions, the brightness
of the daylight could be varied by the renderer’s ratio of daylight
compared to electric light, and by adjusting the Reinhard TMO’s key
value. Several daylight conditions were created:

• First, diffuse daylight was added to each of the five electric light
conditions and the neutral light condition (i.e., light condition
1d1 to 5d1, and Neutrald1 as described in Table 3.1, and pictured
in column 2 of Figure 3.2).

• Second, direct daylight entering the space perpendicular to the
window was added to light condition 4 (i.e., light condition 4d2
in Table 3.1, and in column 3 of Figure 3.2). This particular condi-
tion was chosen because we visually assessed the effect of direct
daylight to be largest for condition 4.

• Third, direct daylight entering the space at an angle was also
added to light condition 4 (i.e., light condition 4d3 in Table 3.1,
and in column 4 of Figure 3.2).

The amount of diffuse daylight was based on the ratio of the
illuminance of daylight and electric light in the real space. The aver-
age illuminance of the daylight, measured on the floor in the center
of the space, was 1000 lux for a typical cloudy or slightly overcast
day in April. Also the illuminance of the five electric light conditions
was measured at the same location. The renderer’s ratio of daylight
versus electric light (in a 200 x 200 pixel area on the center of the
floor) was kept equal to the measured illuminance ratios in the real
space. The key values of the daylight conditions were kept equal to
those of the no-daylight conditions. Hence, the average luminance
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of the entire visualization was equal for the no-daylight and daylight
conditions.

Luminance calculations of final visualizations

The mean luminances and luminance contrasts of the visualizations
presented on the 46" NEC display are presented in Table 3.1. The val-
ues were calculated by converting the red-green-blue (RGB) values
of the images to the CIE 1931 xyY color space, using the measured
gamma and chromaticity coordinates of the primaries and white point
of the display. In this color space the Y represents the luminance of
the display. Luminance values in a 40° horizontal band of the image
were used to determine the mean and contrast (Loe, Mansfield, &
Rowlands, 1994). This horizontal band approximated the height of
the front wall, and extended to the left wall and right wall (at a dis-
tance of 4.2 m of the observer to the front wall and with an eye height
of 1.5 m). The mean luminance varied between 41.6 cd/m2 and 58.2
cd/m2, with the exception of condition 5 with and without daylight,
which, with 108.0 and 102.5 cd/m2 respectively, had relatively high
luminances. On the other hand, the values of the conditions with di-
rect daylight, particularly for 4d2, were relatively low. The luminance
contrast was calculated as the Michelson contrast with the minimum
and maximum luminance taken along the horizontal dimension of
the image after averaging the luminance across the vertical dimen-
sion. The contrast for most conditions with diffuse daylight was
slightly lower than for the corresponding conditions without day-
light, whereas the direct daylight conditions had a higher contrast
than the diffuse daylight conditions. To place these values in perspec-
tive, Figure 3.3 depicts luminance measurements of light condition 2,
with and without diffuse daylight, in the 40° horizontal band in the
real space on which the light effect of the visualization was based, as
published before in Stokkermans et al. (2015). The relative luminance
distribution of the (day)light over the 40° horizontal band in the vi-
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Figure 3.3: This graph depicts luminance measurements of light condition 2 taken in the
40° high band in the real space on which the light effect in the visualization was based.
Luminance measurements with and without diffuse daylight are depicted, where the y-axis
presents the luminance (in cd/m2), and the x-axis presents the horizontal dimension of the
40° high band in the space. This figure has been published before in Stokkermans et al.
(2015).

sualizations was similar to the luminance measurements depicted in
Figure 3.3.

3.3.4 Dependent measures

The dependent measures were three perceptual attributes describing
the subjective impression of the light and four perceptual attributes
describing the atmosphere of the space. The attributes to measure
the atmosphere were based on the research of Vogels (2008): coziness,
liveliness, tenseness and detachment. For each dimension, two or three
items were selected from the original atmosphere questionnaire that
had the highest loading on the corresponding dimension, as shown
in Table 3.2. For the rating-scale methodology these 11 items were as-
sessed individually, and afterwards aggregated into the four atmos-
phere attributes. The participant indicated for every presented space
how applicable each item was on a seven-point Likert scale ranging
from not applicable at all to very applicable. For the paired-comparison
methodology, all items belonging to one dimension were presented
together, and the participant indicated for which of the two spaces
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Table 3.2: Overview of atmosphere dimensions and their items.

dimensions coziness liveliness tenseness detachment

items
cozy lively tense formal
pleasant stimulating threatening business-like
intimate exciting terrifying

the combination of items was more applicable. Hence, the partici-
pant was asked, for instance, "For which space are the terms cozy,
intimate and pleasant more applicable?".

The three light perception attributes were brightness, perceived
color and perceived uniformity. In both methodologies, all three at-
tributes were assessed individually. For the rating-scale methodology,
participants were asked to assess the light in the space on seven-point
semantic differential scales, ranging from dim to bright, warm to cool,
and non-uniform to uniform. For the paired-comparison methodology,
participants were asked to indicate in which of the two spaces the
light was perceived as brighter, cooler, and more uniform, respectively.

3.3.5 Procedure

In both the original and the current experiment, participants were
welcomed in the experimental room, were given instructions on the
procedure of the experiment and then signed the informed consent
form. Once the experiment started, all ambient light in the room was
turned off.

In the original experiment, 10 visualizations were assessed - five
without daylight (for electric light condition 1 to 5) and five with dif-
fuse daylight (for the same electric light conditions). The daylight
and no-daylight conditions were presented in two separate blocks,
in a counterbalanced order. In each block, all visualizations were
presented consecutively, in a random order, on the display. Parti-
cipants were asked to look at each visualization for a minimum of
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20 s to experience the space, and to then assess the 11 atmosphere
items and the three light attributes, by entering their response in a
Graphical User Interface created with Matlab, presented on a laptop
(MathWorks, Natick, MA, USA). The visualization was presented as
long as the participants were filling in the questionnaire, and they
could take any time to answer the questions. In between these visual-
izations of 20 s or longer, a visualization with a neutral light condition
was shown for 10 s. In the block with only daylight conditions, the
neutral light condition also contained daylight, while the neutral light
condition without daylight was used in the other block.

In the current experiment, 12 visualizations were assessed. Five
without daylight (for electric light condition 1 to 5), the five with
diffuse daylight (for the same electric light conditions), and electric
light condition 4 with two types of direct daylight. All visualizations
were evaluated using the rating-scale methodology and the paired-
comparison methodology. The order, in which the methodologies
were used to assess the visualizations, was counterbalanced over par-
ticipants. For the rating-scale methodology, all twelve visualizations
were assessed in a fully random order and with a procedure equal to
that of the original experiment - with the exception that the neutral
light condition without daylight was used during the entire exper-
iment. For the paired-comparison methodology, we presented the
two visualizations simultaneously, side by side, on the display. The
participants’ task in the actual experiment was to indicate which vi-
sualization was most applicable to the question, using the left and
right arrow keys of the key board. In total seven questions, presented
on a separate paper, were asked in successive rounds in a counter-
balanced order, each round consisting of 66 comparisons. In between
the comparisons, a grey field (36 cd/m2) with a duration of 1 s was
shown. The order of the comparisons and the location (left vs. right)
of the visualizations were presented randomly.
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3.3.6 Analyses

Effect of methodology

Two series of analyses were used to test if different methodologies
yielded different results on the dependent variables for light per-
ception (brightness, perceived color, and perceived uniformity) and at-
mosphere perception (coziness, liveliness, tenseness and detachment).
First, the results of a blocked daylight presentation, as reported in
Stokkermans et al. (2015), were compared to those of a random day-
light presentation in the current experiment. Analyses of variance
(ANOVAs) were used to test for differences between these groups of
rating scale data. An ANOVA is a statistical hypothesis-testing tool
comparing the means of different groups, using least square fitting.
An ANOVA produces a p-value, which gives the probability of con-
cluding that the null-hypothesis is true (i.e. that there is no difference
between two or more groups). For all ANOVA analyses results with a
p-value smaller than 0.05 were considered statistically significant; that
is, small enough to confidently reject the null-hypothesis. Second, the
difference between the rating scales and paired comparisons in the
present experiment was analyzed. For comparisons using data col-
lected employing the paired-comparison methodology, an ANOVA
cannot not be used. Therefore, we analyzed correlations and effect
sizes, to draw conclusions on the degree of similarity between data
collected with rating scales and paired comparisons.

Before running statistical analyses, various factors were checked.
First, outliers were identified and analyses were conducted to test if
including or excluding outliers influenced the outcomes. Second, as-
sumptions necessary for conducting an ANOVA were checked. These
comprised: 1) normality, verified by skewness and kurtosis values,
and 2) homogeneity of variance, verified by the variance ratio test
for between-subjects variables and the Mauchly’s sphericity test for
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within-subjects variables. Last, Cronbach’s alpha values were calcu-
lated to verify the internal consistency of the various items belonging
to each atmosphere attribute (Field, 2009).

Blocked versus random presentation

To evaluate the difference between blocked versus random presen-
tation, a mixed between- and within-subjects full-factorial ANOVA
with three factors was conducted. These factors were electric light con-
dition, daylight and rating-scale methodology. The factors daylight and
electric light condition were both assessed within-subjects, and had
two and five levels, respectively. For daylight, these levels were "no
daylight" and "diffuse daylight", and for electric light condition the five
electric light conditions as specified in Table 3.1 were used. The factor
rating-scale methodology was assessed between subjects. It consisted of
two levels, namely "blocked" and "random". Because running mul-
tiple comparisons, each at a confidence level of 0.05, increases the
chance that we falsely conclude that there is a difference in one of the
comparisons, a Bonferroni correction was applied. Additionally, full-
factorial repeated-measures ANOVAs for the random and blocked
designs separately were conducted to determine the effect sizes (η2

g)
of the light manipulations. The factors daylight and electric light condi-
tion were included in both analyses, using the same levels as for the
mixed ANOVA. Guidelines are provided by Cohen (1988), where an
η2

g of 0.01 is considered a small effect, 0.06 is considered a medium
effect, and 0.14 is considered a large effect (Lakens, 2013).

Rating scale versus paired comparison

To compare the rating scales versus the paired comparisons, we used
correlation analyses and a particular kind of effect-size measure. First,
the results of the paired comparisons were analyzed with a General-
ized Linear Model using the GLM package in R, specifying a binom-
inal distribution with a Probit link function. This model is used to
convert the binary responses for all comparisons of all participants
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(e.g., indicating whether light condition 1 is perceived as brighter
than light condition 2, or vice versa) into a z-score for each light con-
dition and attribute (Thurstone, 1927; Rajae-Joordens & Engel, 2005).
Additionally, the GLM model provides standard errors and p-values
for all 66 light condition comparisons, indicating whether the differ-
ences between the light conditions is statistically significant.

We calculated the Pearson correlation between the rating scales
and paired comparisons per dependent measure by taking the mean
score for each of the 12 conditions for the rating-scale methodology
and the z-scores of the 12 light conditions for the paired-comparison
methodology. Cohen (1988) described that a Pearson correlation co-
efficient between 0.1-0.3 is considered small, a coefficient between
0.3-0.5 is considered medium, and a coefficient larger than 0.5 is con-
sidered large.

Additionally, we used the following method to compare the mag-
nitude of effects found for the paired-comparisons with those found
for the rating scales, for each dependent measure. For the paired
comparisons, the differences in z-scores for each of the 66 compar-
isons were divided by the standard errors of those particular compar-
isons. For the rating scales, a similar approach was taken. First, the
mean rating score of every light condition was subtracted from the
mean rating score of all other light conditions. Hence, this resulted in
66 differences in mean rating score, comparing all conditions to one
another. Also, the sums of squares of the standard errors were calcu-
lated for all 66 comparisons. The effect size was then calculated per
comparison by dividing the corresponding difference in mean score
by the corresponding sum of squares of the standard error. To express
the effect size difference between the paired comparisons and rating
scales in one number for each of the 66 comparisons, we divided the
effect sizes of the paired comparisons by the effect sizes of the rating
scales for each comparison, basically providing an effect size ratio. A
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ratio larger than one means that larger effects were found with the
paired-comparison methodology than with the rating-scale method-
ology.

Effect of light

Effects of daylight and electric light

The effects of daylight and electric light on atmosphere were analyzed
using the rating-scale data of the present experiment. Again, analy-
ses of variance (ANOVAs) were used to test for differences between
these groups of rating scale data, after assumptions were checked.
Two repeated-measures ANOVAs were conducted, using IBM SPSS
Statistics 23 (Chicago, IL, USA). The first ANOVA contained two fac-
tors, namely daylight, consisting of the levels "no daylight" and "dif-
fuse daylight", and electric light condition, consisting of five levels. The
second ANOVA consisted of the factor daylight, based on four levels:
"no daylight", "diffuse daylight", "direct daylight 1" and "direct day-
light 2", and thus only used the data of electric light condition 4. In
both analyses, Bonferroni corrections were applied to adjust for mul-
tiple comparisons. The dependent measures were brightness, perceived
color, perceived uniformity, coziness, liveliness, tenseness and detachment.

Mediation analyses

To increase our insight beyond knowing whether an effect is present
(as an ANOVA shows), to also on understanding how electric light
and daylight affect the atmosphere attributes, mediation and moder-
ation analyses were performed. A mediation analysis tests if a third
variable (the mediator) helps to explain this direct effect. It thus tests
a causal chain where the independent variable is hypothesized to af-
fect the mediators and these consequently affect the dependent vari-
able. In our study, we hypothesized that the three perceptual light
attributes, brightness, perceived color, and perceived uniformity, would
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act as mediators. Moderation analyses were run to test whether the
relation between the independent variable and the mediator, and the
relation between the mediator and the dependent variable changed in
presence of a moderator. The moderator tested in our analyses was
diffuse daylight.

We performed mediation and moderation analyses with the Pro-
cess macro in IBM SPSS Statistics 23 (Hayes, 2013). For these analyses
it was not possible to analyze all five electric light conditions and all
daylight conditions at once. Therefore, we conducted 10 analyses per
atmosphere dimension, each comparing two electric light conditions.
To account for the 10 analyses a Bonferroni correction was applied,
such that a p-value smaller than 0.005 was considered significant. For
all analyses, the condition no daylight/diffuse daylight was included
as moderator. It was not possible to analyze the effect of direct day-
light due to the fractional factorial design.

First, the total effect model, excluding mediators and moderators
in the relation between electric light condition and the atmosphere at-
tributes (as indicated by the c-path in Figure 3.4), was analyzed. This
relation should be significant in order to proceed analyzing mediation
and moderation effects. The regression coefficient and R-squared of
the effect of electric light condition on atmosphere were analyzed per
attribute separately. Next, the effect of electric light condition on each
of the four atmosphere attributes, moderated by daylight (no daylight
versus diffuse) and with brightness, perceived color and perceived unifor-
mity as mediators was analyzed using model 59 of the Process macro.
This analysis provided regression coefficients of the a-, b-, c’- and w-
paths (also shown in Figure 3.4), as well as R-squared values. For
all analyses, the mediators (i.e. brightness, perceived color and perceived
uniformity) were mean centered. In order to conclude that mediation
exists, the regression coefficient of the c’-path should be lower than
that of the c-path (since the a- and b-paths explain a part of the ef-



78 A comparison of methodologies

Figure 3.4: Schematic representation of the total effect model (shown at the top of the figure)
and the mediation/moderation model (shown at the bottom of the figure). The total effect
and mediation effects are indicated by solid lines and moderation effects with dashed lines.

fect). Additionally, the R-squared value is expected to be higher for
the model that includes mediators and moderators than for the total
effect model.

3.4 Results

Outliers were identified by checking if z-values were larger than +3
or smaller than -3 (Osborne & Overbay, 2004). This was done sepa-
rately for the data of each experiment, condition (10 conditions for
the previous experiment (Stokkermans et al., 2015), 12 for the present
experiment) and attribute. This resulted in six outlying data points
for the original experiment, and eight for the present one. Since in-
cluding or excluding these data points did not affect our overall con-
clusions, we chose not to remove these outliers from further analyses.
The distributions of responses to the rating scales over all partici-
pants were analyzed by calculating skewness and kurtosis values per
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Table 3.3: Cronbach’s alpha values for the four atmosphere attributes, measured in experi-
ment 1 and 2.

Original experiment Present experiment

coziness 0.85 0.78
liveliness 0.87 0.88
tenseness 0.83 0.87
detachment 0.89 0.90

experiment and attribute. All skewness values were within the rule
of thumb boundaries of -2 and 2, and all kurtosis values were smaller
than 3 (Westfall, Kevin, & Henning, 2013). Therefore, the distribution
of all attributes could be assumed sufficiently normal. Further, inter-
nal consistency between the different items of the four atmosphere at-
tributes was checked for both experiments, by analyzing Cronbach’s
alpha values (shown in Table 3.3). In all cases, a Cronbach’s alpha
larger than or close to 0.80 was found, indicating good internal con-
sistency between the items.

3.4.1 Effect of methodology

Blocked versus random daylight presentation

Figure 3.5 shows the effect of daylight, averaged over all five elec-
tric light conditions, for presenting the daylight conditions blocked
or randomly per perceptual attribute. First, it shows that almost all
ratings in the random presentation mode were assessed as slightly
higher than in the blocked presentation mode, potentially due to the
slightly different sample of participants. Note that only daylight was
presented in blocks or random, whereas the electric light conditions
were presented randomly in both presentation modes. It is thus more
interesting to study the change in the assessment of the attributes
when adding daylight in both presentations. For the attributes per-
ceived color and detachment, the effect of daylight seems slightly larger
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when presenting the daylight stimuli randomly instead of blocked.
For the other attributes, the effect of daylight is very small, irre-
spective of whether the daylight stimuli were presented randomly
or blocked.

The effect of rating-scale presentation mode (blocked vs random) on
light and atmosphere perception was tested with a mixed ANOVA.
First, the assumption of homogeneity of variance was checked by cal-
culating the ratio between the variance of the blocked and the vari-
ance of the random design (Field, 2009). The variance ratios were
1.01, 1.19, 1.15, 1.05, 1.02, 1.31, 1.11 for brightness, perceived color, per-
ceived uniformity, coziness, liveliness, tenseness, and detachment, respec-
tively. These ratios are well within the boundary of approximately
2.0, as defined by Hartley’s Fmax, which indicates that the variances
for both ways of presenting the daylight stimuli were equal, and that
the assumption of homogeneity of variance was met.

We then evaluated if presenting daylight in a blocked or a ran-
dom order affected the effect of daylight on light and atmosphere
perception. As explained, we were only interested in the effect of pre-
sentation mode on the effect of daylight as this was the only factor
that was presented separately per block in the original experiment.
We, therefore, only tested the interaction between presentation mode
and daylight. Results showed that this interaction was significant for
the attribute detachment [F (1,5) = 4.4, p = 0.039, η2

g = 0.006], but not for
any of the other attributes. For perceived color we did find a significant
three-way-interaction between presentation mode, daylight and electric
light condition [F (4,14) = 3.9, p = 0.004, η2

g = 0.02], which indicated
that the interaction between daylight and presentation mode was not
the same for all electric light conditions.

Two repeated-measures ANOVAs were performed to test the ef-
fect of adding daylight to the electric light conditions for random and
blocked daylight presentations, respectively. The resulting p-values
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Table 3.4: p-value and effect size (η2
g) per attribute for presenting the daylight conditions

randomly versus blocked.

Random daylight presentation Blocked daylight presentation

p-
value

Effect
size
(η2

g)

Interpretation
effect size

p-
value

Effect
size
(η2

g)

Interpretation
effect size

brightness 0.710 0.000 Small 0.471 0.002 Small
perceived
color

0.001 0.050 Medium 0.023 0.009 Small

perceived
uniformity

0.946 0.000 Small 0.332 0.002 Small

coziness 0.083 0.010 Small 0.590 0.000 Small
liveliness 0.657 0.000 Small 0.919 0.000 Small
tenseness 0.179 0.004 Small 0.082 0.005 Small
detachment <0.001 0.084 Medium 0.002 0.026 Small

and effect sizes are summarized in Table 3.4. They show a significant
effect of daylight for perceived color and detachment irrespective of how
the daylight stimuli were presented. For both attributes, however, the
effect size was larger when presenting the daylight stimuli randomly
(considered as a medium effect) instead of blocked (considered as a
small effect). For the other attributes, adding daylight had no signifi-
cant effect, regardless of the presentation mode.
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Rating-scale versus paired-comparison methodology

Figure 3.6 gives a graph for each attribute, depicting the z-scores
deduced from the paired comparisons and the means of the rating
scores for all twelve light conditions. Note that these outcomes can-
not be directly compared; only the direction and trend can be an-
alyzed. Error bars are not displayed, since the paired comparisons
analysis only results in a standard error for each comparison. Visual
inspection of the graphs suggests that all assessments are very similar
between both methodologies.

Table 3.5 shows the Pearson correlation coefficient between the
z-scores for each of the 12 light conditions resulting from the paired-
comparison methodology and the mean scores for each light condi-
tion resulting from the rating-scale methodology, for each perceptual
attribute. For the majority of the attributes, the correlation coefficient
is very high and significant, indicating a strong relationship between
the paired-comparison and the rating-scale methodology. For the at-
tribute tenseness the relationship is slightly weaker, but still significant
and strong (Cohen, 1988). Further, Table 3.5 shows the median effect
size ratio for each attribute, calculated as the median of the ratios
between the effect size of the paired-comparison results and that of
the rating-scale results. All effect size ratios are larger than 1, indicat-
ing that the paired-comparison methodology revealed larger effects
of daylight and electric light condition. The effect size ratio of the
effect of daylight averaged over all attributes (2.1) is approximately
equal to that of the effect of electric light condition (2.2). Hence, the
paired-comparison methodology overall yielded larger effects than
the rating-scale methodology, both for electric light condition and for
daylight.
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Figure 3.6: Effect of paired-comparison versus rating-scale methodology. Each graph (per
attribute) presents the mean score of the rating-scale methodology and the z-score of the
paired-comparison methodology for all light conditions.

Table 3.5: Pearson correlation coefficient per attribute between the z-score per light condi-
tion resulting from the paired-comparison methodology and the mean score of each light
condition resulting from the rating-scale methodology. Additionally, the median effect size
ratio, being the effect size of the paired-comparison results divided by the effect size of the
rating-scale results, is given for all attributes.

Pearson correla-
tion coefficient

p-value Median effect size ra-
tio (paired compari-
son / rating scale)

brightness 0.971 <0.001 2.4
perceived color 0.958 <0.001 1.5
perceived uniformity 0.954 <0.001 1.5
coziness 0.975 <0.001 2.1
liveliness 0.966 <0.001 2.1
tenseness 0.685 0.014 3.2
detachment 0.976 <0.001 2.1
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3.4.2 Effect of light conditions

Figure 3.7 graphically depicts the effects of electric light condition and
daylight on all light and atmosphere attributes, using the rating-scale
data with a random presentation of the daylight conditions. These
data were analyzed with two repeated-measures ANOVAs: one for
the effect of diffuse daylight on all electric light conditions, and one
for the effect of direct and diffuse daylight on electric light condition
4. First, the assumption of sphericity was tested in order to check
if the variance across the various conditions was equal. For those
attributes for which this assumption was not met, the Huyn-Feldt
correction was applied to the df value (Field, 2009). This correction,
however, did not affect the p-value such that it changed from not
significant to significant, or vice versa. Table 3.6 reports when the
Huyn-Feldt correction was applied, and also lists all main effects of
daylight, electric light condition and their interactions.

The first analysis, addressing the effect of diffuse daylight, re-
vealed a significant main effect of daylight for the attributes perceived
color and detachment. A significant main effect of electric light condition
was found for all attributes. In addition, the interaction between day-
light and electric light condition was significant for all attributes, except
for coziness, though even for coziness the interaction effect was close
to significant. Pairwise comparison analyses were performed to test
which electric light conditions were significantly affected by daylight;
they are indicated with an asterisk in Figure 3.7. Electric light condi-
tion 1 was perceived as less bright in the presence of diffuse daylight,
while electric light condition 3 was perceived as brighter. Further,
electric light conditions 2 and 4 were perceived as cooler in the pres-
ence of diffuse daylight. The perceived uniformity decreased for elec-
tric light conditions 1 and 2 in the presence of diffuse daylight, while
the reverse effect was found for electric light condition 5. Electric
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light conditions 2 and 3 were perceived as livelier when daylight was
added to the space, while electric light condition 4 was perceived as
less lively. For tenseness, only electric light condition 2 was perceived
as less tense when daylight was added. Last, all electric light condi-
tions, except electric light condition 1, were found to be more detached
when diffuse daylight was present. Although several significant main
and interaction effects of diffuse daylight were found, the effect sizes
were typically considered (very) small to medium. As is clear from
Table 3.6, the significant main effects of electric light condition typically
had a much larger effect size than those found for daylight.

The second analysis, focusing on the effect of diffuse and direct
daylight for electric light condition 4, revealed a significant effect of
daylight for all attributes except perceived uniformity. Pairwise compar-
ison analyses were performed to test which conditions with daylight
were significantly different from the condition without daylight, as
indicated by the asterisks. Both direct daylight conditions were per-
ceived as less cozy and more detached compared to the condition with-
out daylight. In addition, direct daylight condition 2 was perceived
as brighter compared to the condition without daylight.
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Figure 3.7: Effect of daylight on the light and atmosphere attributes for all light conditions.
Error bars represent the 95% confidence interval. Asterisks indicate the daylight conditions
that differ significantly (p < 0.05) from the no daylight condition, for that particular light
condition and attribute.
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Table 3.6: Overview of the outcomes of the repeated-measures ANOVAs for the main and
interaction effects of daylight and electric light condition.

Repeated
measures
ANOVA

Effect Attribute
Huyn-
Feldt
cor.

df SS F p η2
g

Effect
diffuse
daylight
for all
electric
light
conditions

daylight

brightness No 1 0.14 0.14 0.710 0.000
perceived
color

No 1 15.3 13.7 0.001 0.050

perceived
uniformity

No 1 0.00 0.01 0.946 0.000

coziness No 1 3.31 3.26 0.083 0.012
liveliness No 1 0.21 0.20 0.657 0.000
tenseness No 1 1.44 1.92 0.179 0.004
detachment No 1 40.8 30.0 <0.001 0.085

electric
light
condition

brightness No 4 111 17.4 <0.001 0.217
perceived
color

No 4 458 81.6 <0.001 0.611

perceived
uniformity

No 4 489 64.6 <0.001 0.550

coziness Yes 3.0 189 33.4 <0.001 0.400
liveliness Yes 3.2 206 34.9 <0.001 0.404
tenseness No 4 33.6 9.34 <0.001 0.088
detachment Yes 3.3 274 39.8 <0.001 0.383

daylight
* electric
light
condition

brightness No 4 19.5 5.4 0.001 0.046
perceived
color

No 4 17.9 5.5 <0.001 0.058

perceived
uniformity

Yes 3.4 26.8 8.0 <0.001 0.062

coziness No 4 5.60 2.4 0.057 0.019
liveliness No 4 17.2 6.5 <0.001 0.053
tenseness No 4 9.3 3.3 0.014 0.025
detachment No 4 15.8 5.2 0.001 0.034

Effect
diffuse
and direct
daylight
for electric
light
condition 4

daylight

brightness No 3 31.3 8.6 <0.001 0.168
perceived
color

No 3 12.0 3.4 0.023 0.068

perceived
uniformity

No 3 3.8 1.6 0.191 0.022

coziness Yes 2.4 18.2 6.9 0.001 0.119
liveliness Yes 2.3 6.7 3.2 0.040 0.056
tenseness Yes 2.4 6.7 3.9 0.020 0.049
detachment Yes 2.1 35.3 12.1 <0.001 0.138
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Mediation analyses

First, the total effects (c-paths as depicted in Figure 3.4) of electric
light condition on the dependent measures (i.e. coziness, liveliness,
tenseness, and detachment) were modeled. The related regression co-
efficients are given in Table 3.7, and a schematic representation is
shown in Figure 3.8. For all atmosphere attributes combined, 26 out
of 40 electric light condition comparisons resulted in a significant ef-
fect. This means that mediation and moderation effects can be further
analyzed. In the total effect model, the R-squared values averaged
over all electric light condition comparisons were 0.22 for coziness,
0.24 for liveliness, 0.06 for tenseness, and 0.17 for detachment.

Next, the impact of mediators along three paths (as also depicted
in Figure 3.4) was analyzed: (1) the a-paths show the effect of electric
light condition on the mediators (that is, brightness, perceived color and
perceived uniformity), (2) the b-paths show the influence of the media-
tors on the dependent measures (that is, coziness, liveliness, tenseness,
and detachment), and (3) the c’-paths describe the effect of electric
light condition on the dependent measures (that is, coziness, liveliness,
tenseness, and detachment). For all paths, the potential moderating
effect of daylight was analyzed, represented by a w-path. The regres-
sion coefficients of the a-, b-, and c’-paths and the impact of daylight
on them (w-path) are presented in Table 3.8, Table 3.9, and Table 3.10
respectively. A schematic representation of the results is also added
to Figure 3.8.

A large number of electric light condition comparisons showed a
significant effect of electric light condition on brightness, perceived color
and perceived uniformity (a1,2,3). However, only for very few relations a
significant moderating effect of daylight on these relations was found
(w1,2,3). Hence, this means that the presence of diffuse daylight did
not substantially influence the brightness, perceived color and perceived
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Figure 3.8: Schematic representation of the results of the total effect analyses (top) and
mediation/moderation analyses (bottom). An arrow is drawn if for one of the electric light
condition comparisons a significant effect was found. The type of arrow (as indicated in the
legend) indicates the number of significant effects that were found, where darker and thicker
arrows represent a higher number of significant effects.

uniformity of the light in the space.

The results of the mediators on the atmosphere dimensions (b1,2,3)
showed that brighter light was perceived as either cozier or more de-
tached for some of the light condition comparisons, but as livelier for
most light condition comparisons. Light that was perceived as cooler
was perceived as less cozy for most comparisons and more detached
for at least one comparison. More uniformly perceived light was per-
ceived as less tense and more detached for some light condition com-
parisons. For only one of the electric light condition comparisons, a
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significantly moderating effect of daylight on the b-path was found,
that is, for the relation between brightness and liveliness, where the
presence of daylight made the light less bright and its atmosphere
less lively.

Lastly, for 11 out of the 40 electric light condition comparisons
a significant direct effect (c’-path) of electric light condition on the at-
mosphere attributes was found. For two of these comparisons a sig-
nificantly moderating effect of daylight was found; that is, one for the
relation between electric light condition and coziness and one for the
relation between electric light condition and liveliness.

The mediation/moderation model (so, including all a-, b-, w-,
and c’-paths) resulted in an R-squared value of on average 0.32 for
coziness, liveliness, and detachment and 0.11 for tenseness. These in-
creased R-squared values combined with the lower number of sig-
nificant direct regression coefficients compared to those of the total
effect model, show that a model including mediators and modera-
tors explains more variance than a model in which only the effect of
electric light on the atmosphere attributes is considered. Still, the rel-
atively low R-squared values imply that other mediators should be
included in the model to explain more variance.
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3.5 Discussion

This study investigated the effect of the methodology to study effects
of lighting design on the perception of light and atmosphere. It evalu-
ated three methodologies: (1) a rating scale with blocked presentation
of daylight conditions, (2) a rating scale with random presentation of
daylight conditions, and, (3) a paired-comparison methodology.

3.5.1 A comparison of methodologies

First, we expected to find larger effects of daylight for the rating-
scale methodology with a random instead of a blocked presentation
of the daylight conditions, since for the blocked presentation mode
participants could have used a different internal response scale for all
conditions. Statistical analyses showed a significant interaction effect
between presentation mode and daylight for detachment. In addition, for
the attributes perceived color and detachment, a larger effect size was
found when the daylight conditions were presented randomly. Both
effects did already show significant effects in the original, blocked
design, but as expected, we found larger effects for the random pre-
sentation mode compared to the blocked presentation mode. No ad-
ditional effects of diffuse daylight were found on any of the other
attributes, in the original or the present rating scale methodologies.
Second, we expected to find larger effects of daylight with the paired-
comparison methodology compared to the rating-scale methodology
with a random presentation of daylight conditions. Indeed, the ef-
fect sizes of daylight and electric light were, on average, larger for the
paired-comparison methodology than for the rating-scale methodol-
ogy, but the outcomes of both methodologies correlated highly.
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3.5.2 Perceptions of light and perceptions of atmosphere

Because the rating scale and paired comparison methodologies re-
sulted only in small deviations for the effect of daylight for some
attributes, and we did not detect substantial differences that would
vastly affect our conclusions, we further explored the effects of elec-
tric light and daylight on the light and atmosphere attributes with
only one of the datasets. We selected the data from rating-scale
methodology with a random presentation of the daylight conditions,
because the results of rating scales are more easily interpretable than
the results of paired comparisons. Mediation analyses showed that
the three light perception attributes mediated the relationship be-
tween electric light and atmosphere. The mediation effect of the at-
tributes was not significant for all electric light conditions compar-
isons, but the direction of the effect was always the same. Results
showed that an increase in brightness could make the space more cozy,
lively or detached. Further, when the color of the light was perceived as
cooler, the space could be perceived as less cozy or more detached. Last,
a higher perceived uniformity of the light in the space could make the
space less tense or more detached. Most of these relationships are in
line with the findings of Vogels et al. (2008). However, they reported
several additional and a few reversed relationships that we did not
find in the present study. These differences may result from the fact
that Vogels et al. (2008) measured the relation between physical light
characteristics (i.e., the intensity, color temperature and spatial distri-
bution of the light in the space) and atmosphere directly, while the
electric light conditions in the present study varied on several aspects
at the same time, and hence, statistics were needed to unravel the
relationships between light and atmosphere perception. The effects
of brightness and perceived uniformity are also to a large extent in line
with those reported in a recent study of Stokkermans et al. (2017).
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In this particular study, the authors described second-order polyno-
mial relations between the four atmosphere dimensions and these
light perception attributes, whose directions to a large extent agree
with the results of the present study. Differences with this study may
originate from the different light conditions that were studied and
different techniques that were used to analyze the data.

We should note that we found relatively low R-squared values
(i.e. ranging from 0.11 to 0.32) in our study, indicating that additional
mediators may be required to fully explain the effect of light on at-
mosphere. We hypothesize that these additional mediators may be
related to the spatial distribution of the light in the space. One can
think of light attributes related to the distribution of the luminaires
in the space, the (direction of the) emitted light in the space, and the
distribution of the color of the light in the space.

3.5.3 Contributions of daylight in atmosphere

As described in the Introduction, literature showed various effects
of daylight on a space’s impression and appraisal. We hypothesized
that as daylight affects the physical light characteristics in the space,
it may also affect the perceived atmosphere. The current study particu-
larly focused on the effects of the light of daylight (without the view)
while controlling the absolute overall luminance and excluding the
contribution of a view to the outside. Results showed that signifi-
cant effects of daylight occurred for a limited amount of light condi-
tions. For most of the electric light condition pairs, the moderating
effect of daylight was not significant, and also the repeated-measures
ANOVAs showed an effect size of daylight much smaller than that of
the electric light condition; that is, manipulations of the electric light.
The largest effect of diffuse daylight was found on perceived color and
detachment, where the addition of daylight made the perceived light
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in the space slightly cooler and the space more detached. Adding di-
rect daylight made the light brighter, and the space less cozy and more
detached. The latter two findings may at first sight seem counterintu-
itive, but make sense as direct daylight reduces the visibility of the
orange and blue accent light in the particular scene used, which was
evaluated as very cozy and not so detached.

The mediation analyses showed that light in a space affected the
atmosphere for a large part via the light perception attributes bright-
ness, perceived color and perceived uniformity. Therefore, in order to
understand the effects of daylight on atmosphere, we should focus
on the relationship between daylight and light perception. Bright-
ness depends, amongst others, on the adaptation state of the visual
system. Therefore, the change in brightness due to the daylight may
be smaller than what could be expected from the objective, abso-
lute increase in physical luminance. The brightness of the visual-
izations used in our experiment was based on the brightness in a
real space, although in the visualizations the physical luminance ave-
raged across the image was the same for all daylight conditions and
no-daylight conditions. Therefore, effects of adaptation have, indi-
rectly, been integrated into the visualizations. For one of the direct
daylight conditions, a significant increase in brightness was found.
It is possible that the distinct difference in light and dark in the
space, caused by a sharp edge created by the direct sunlight com-
ponent, may have affected the adaptation state. Currently, it is not
fully known how the visual system exactly adapts to a non-uniform
light distribution (Stokkermans & Heynderickx, 2014; Stokkermans,
Vogels, & Heynderickx, 2016). In addition, brightness of a space also
depends on the spatial distribution of the light in that space. For in-
stance, Tiller and Veitch (1995) found that light with a non-uniform
distribution was perceived as brighter than light with a uniform dis-
tribution. The conditions with daylight had a very similar luminance
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contrast compared to the conditions without daylight, which may
also explain why brightness was not affected heavily by the addition
of daylight. The small decrease in luminance contrast by adding dif-
fuse daylight also hardly affected the perceived uniformity of the light
in the space. It resulted in a more uniform perception of the light in
the space for only one electric light condition, whereas for the other
four electric light conditions there was either no effect or a reversed
effect on perceived uniformity. Even adding direct daylight hardly in-
fluenced the perceived uniformity, while measurements in the 40° band
showed that the luminance contrast for the direct daylight conditions
slightly increased compared to the diffuse daylight condition. Again,
we should acknowledge that the current study, through the specific
visualizations employed, excluded any effects of a view at or out from
a window. These elements will almost certainly also explain part of
real daylight’s impact on preference for and atmosphere in certain
spaces.

3.5.4 The use of visualizations

The present study made use of visualizations to assess the percep-
tion of light and atmosphere of a space. Several studies have shown
promising results for the use of visualizations as a research tool to
study a space’s impression, but also suggested room for improve-
ment in the perceptual accuracy of some attributes. Stokkermans et
al. (2015) compared the effect of daylight in a virtual space with
that in a real space, and found that in the presence of daylight the
color of the light was perceived as warmer in the real space, whereas
it was perceived as cooler in the visualizations. The present study
also showed that daylight in the visualizations made the light cooler,
which is not surprising because the same visualizations were used.
Thus, the perception of the light in a virtual space does not always
correspond to that in a real space. In our case, this may be attributed
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to the fact that the spectrum of the daylight entering the real space
was influenced by reflections from buildings or trees in front of the
window.

The use of visualizations did enable us to disentangle the light
effects of daylight from the view that typically comes along with it.
Moreover, the physical absolute luminance was held constant over the
light conditions, hence also controlling for fluctuations of daylight.
Our results suggest that without these important aspects of daylight,
daylight plays a smaller role than electric light in atmosphere percep-
tion. Future studies should ascertain which aspect (or combination of
aspects) is most important for the effects shown by literature. Using
visualizations, future studies may, in a similarly controlled manner,
investigate the impact of those aspects of daylight. Besides this, this
study investigated effect of lights in an almost empty space, to avoid
distractions due to the interior of the space. More research is required
to understand how daylight and electric light affect atmosphere in a
furnished space in a dedicated context.

3.6 Conclusion

This study investigated the effect of three different methodologies to
study the effect of electric light and daylight on the perception of the
light and atmosphere of a space. The methodologies employed were
rating scales with a blocked and a random presentation of the day-
light conditions, and a paired-comparison methodology. Our results
showed variations in effect size between the three types of method-
ologies, in line with our expectations. However, for the present study,
the choice of one methodology over another did not lead to vastly dif-
ferent conclusions. Therefore, should one be interested to learn about
the general direction of effects of certain design parameters, both rat-
ing scales and paired comparisons may be applied. In performing



102 A comparison of methodologies

such studies, complete randomization should, whenever possible be
favored over blocked schemes. For most purposes, the rating scale
methodology may be preferred as it is more convenient. However, for
studies investigating effects with small effect sizes, the paired com-
parison methodology is advisable. Optimally, if time and effort allow,
would employing multiple methodologies be best research practice;
then the error originating from a particular methodological choice is
known and the study’s outcomes can be viewed in that perspective.

The experiment also enabled us to explore the relative impact of
electric light and daylight. This study demonstrated that increasing
the light’s brightness may increase coziness, liveliness, and detachment,
cooler light may decrease coziness and increase detachment, and more
uniform light may decrease tenseness and increase detachment. The use
of visualizations made it possible to distill the effect of the light per se
from other aspects of daylight such as the overall luminance, dynamic
fluctuations in light, and a view outside. Under these circumstances,
the impact of daylight was smaller than the effect of electric light,
irrespective of whether diffuse or direct daylight was added. This
thus suggests that the view or the light intensity of daylight may be
important aspects shaping a space’s impression, which are interesting
topics to investigate in future research.



4
Dark adaptation to spatially complex

backgrounds
Effect of an additional light source

Abstract

Visual adaptation (and especially dark adaptation) has been studied extensively in the past,
however, mainly addressing adaptation to fully dark backgrounds. At this stage, it is un-
clear whether these results are not too simple to be applied to complex situations, such as
predicting adaptation of a motorist driving at night. To fill this gap we set up a study investi-
gating how spatially complex backgrounds influence temporal dark adaptation. Our results
showed that dark adaptation to spatially complex backgrounds leads to much longer adap-
tation times than dark adaptation to spatially uniform backgrounds. We conclude therefore
that the adaptation models based on past studies overestimate the visual system’s sensitivity
to detect luminance variations in spatially complex environments. Our results also showed
large variations in adaptation times when varying the degree of spatial complexity of the
background. Hence, we may conclude that it is important to take into account models that
are based on spatially complex backgrounds when predicting dark adaptation for complex
environments.1

1this chapter has been published with minor changes in the Journal of the Optical Society of America
A (2014): "Temporal dark adaptation to spatially complex backgrounds: effect of an additional light
source", M.G.M. Stokkermans and I.E.J. Heynderickx
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4.1 Introduction

The eye is capable of covering over 12 log units of light intensity as
a consequence of a phenomenon called visual adaptation (Hood &
Finkelstein, 1986). Visual adaptation comprises both light and dark
adaptation. Our study specifically addresses dark adaptation, which
entails the recovery from exposure to bright light.

The very first scientist who described dark adaptation was Aubert
in 1865. Since then, many psychophysical studies regarding dark
adaptation have been performed. Most of these studies were de-
signed to measure the dark adaptation threshold, which is the lowest
level of retinal illumination that can be detected after a certain time
period. The standard method for making these measurements has
been to pre-adapt participants to a bright light of a given luminance
and then ask them to detect a target of a certain luminance in an
otherwise dark and uniform background. Hecht, Haig and Chase
(1937) studied the effect of the pre-adaptation luminance level on the
duration of dark adaptation (their results are depicted in Figure 4.1
for reference). They showed that dark adaptation slowed down for
higher pre-adaptation luminance levels. Additionally, past studies
researched duration of the pre-adaptation light and the influence of
size and location of the target to be detected on the process of dark
adaptation (Mote & Riopelle, 1953; Hecht, Haig, & Wald, 1935; Wald
& Clark, 1937; Haig, 1941; Mote & Riopelle, 1951). Often, these stu-
dies researched adaptation thresholds up to half an hour; however
the first seconds of dark adaptation could not be accurately stud-
ied. Using a slightly different design Baker (1953; 1963) was able to
research so-called early adaptation (i.e., during the first seconds of
adaptation) more accurately, and showed large changes in the adap-
tation threshold during this early stage of dark adaptation.

All findings mentioned so far, were based on adaptation to a
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Figure 4.1: Dark adaptation thresholds following different levels of pre-adaptation lumi-
nance values. Adapted from Bartlett (1965) after Hecht et al. (1937). Estimates of the pupil
size, necessary to convert the pre-adaptation luminance from trolands to cd/m2, were based
on Watson and Yellott (2012). More specifically, the pre-adaptation luminance was calculated
by means of the formula of De Groot and Gebhard (1952), with a minimal diameter of 2 mm.
For the dark adaptation period a diameter of 7.5 mm was used.

spatially uniform dark background. A valid question therefore is: Do
these results generalize to spatially complex light environments of
the sort that are common in real life? Adaptation to a complex light
environment may for instance be encountered while driving at night,
where various light sources (i.e., from head and street lights) are spa-
tially mixed with darkness in the field of view, and where these light
sources continuously change temporally (Heynderickx, Ciocoiu, &
Zhu, 2013). To be able to predict the adaptation threshold of a car
driver, we argue it would be sensible to research adaptation to spa-
tially complex backgrounds. Up to this date, only a limited number
of studies addressed this topic.

As a first step Plainis, Murray and Charman (2005) studied adap-
tation to homogeneously lit backgrounds and compared the results
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to adaptation to spatially uniform dark backgrounds. Their results
showed faster adaptation rates for backgrounds having a higher lu-
minance value (i.e., comparing 1 and 5 lux to 0.1, 0.5 lux and com-
plete darkness). In addition, the adaptation threshold when being
completely adapted could be as much as 2 log units higher when
adapting to a background of 5 lux than when adapting to a dark
background. Such a difference in threshold leads to a reduction in
the visual system’s sensitivity to detect luminance variations, making
it more difficult or even impossible to detect certain targets.

Even though these findings are important, a limitation of the
study of Plainis et al. (2005) is that they only addressed spatially uni-
form backgrounds. Hence, we need to understand how the visual
system adapts to darkness in the presence of a luminance pattern in
the field of view. One option is that the visual system adapts globally,
meaning that adaptation to a spatially complex background would
not differ from a uniformly lit background, as long as the average
luminance of the two entire backgrounds would be equal. However,
a recent study of Uchida and Ohno (2012) showed first evidence that
the human visual system adapts locally, meaning that luminance val-
ues closer to the target play a larger role in dark adaptation than the
average luminance of the whole field of view.

In the study of Uchida and Ohno (2012), participants were asked
to detect a target of a given luminance presented at an angle of 10°
of the line of sight in either a uniformly lit or a spatially complex
background. The spatially complex background consisted of a target
within a circular pattern of a certain luminance, while the rest of the
background was dark. In the uniformly lit background the target was
presented at the same location, while the whole background had a
homogeneous luminance level. The results (which only contained in-
formation on the adaptation threshold at one point in time) showed
that the adaptation threshold was higher for the spatially complex
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background having on average the same luminance level (but in close
proximity to a to be detected target a higher luminance level) than for
a spatially uniform background. Also the opposite effect was found:
a spatially complex background with on average a lower luminance
level, but in close proximity to the target the same luminance level,
led to an equal adaptation threshold as compared to a spatially uni-
form background. Therefore Uchida and Ohno (2012) concluded that
the visual system’s adaptation level depended mostly on the local
luminance surrounding the target.

A concept possibly partly explaining the differences between a
spatially uniform background and a spatially complex background is
veiling luminance (also referred to as veiling glare). A bright source
in a dark background can cast on the retina a veiling luminance cover-
ing the entire field of view. This veiling luminance can subsequently
reduce the contrast of a target in its background, which may lead to a
decreased visibility of the target (Holladay, 1926). As a consequence,
Narisada (1992) stated that in order to calculate the adaptation thresh-
old, veiling luminance should be added to the luminance level of the
background.

The luminance values used in the study of Uchida and Ohno
(2012) were too low to address veiling glare adequately. Therefore,
the authors performed a follow-up study (Uchida & Ohno, 2013b),
showing that the effect of veiling luminance on adaptation (in addi-
tion to local luminance levels) could be predicted quite well by the
Stiles-Crawford equation (Stiles & Crawford, 1937). A study with
a slightly different notion showed a similar effect. Murdoch and
Heynderickx (2012) researched visibility of black level differences in
spatially complex light backgrounds, and found that their results
could be predicted very well by a conceptual model of an adapta-
tion luminance described by means of two Gaussians - the first for
foveal sensitivity (high weight, small width of 2.2°) and the latter for
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peripheral sensitivity (low weight, large width) - in combination with
veiling luminance calculated using the CIE 135/1 glare equation (CIE
135/1, 1999).

The combination of the studies presented so far gave some first
insights on how to describe dark adaptation to spatially complex light
backgrounds. These studies gave first evidence that dark adaptation
occurs locally instead of globally and showed the importance of veil-
ing luminance. Previous studies, however, have investigated adapta-
tion to backgrounds with very limited spatial variation over a limited
set of adaptation times. The latter is essentially the main goal of our
current study. In addition, we explain our results in terms of the un-
derlying processes of local and global dark adaptation, including the
contribution of veiling glare.

The remainder of this paper describes the three experiments we
performed in total. The first experiment (E1) investigated dark adap-
tation to a spatially uniform dark background, which was used as
baseline experiment. The second experiment (E2) measured dark
adaptation to a spatially complex background. Finally, the third ex-
periment (E3) consisted of a small additional baseline experiment to
check the influence of having an orientation point in the dark back-
ground. Firstly, we explain the methodology of all experiments, then
their results are discussed, and lastly conclusions are drawn.

4.2 Methods

4.2.1 Set up

All three experiments reported in this paper used a similar setup and
took place in a laboratory at Philips Research in Eindhoven. In the
laboratory we placed a black viewing box in front of a high brightness



Dark adaptation to spatially complex backgrounds 109

4

monitor, both on a table (as depicted in Figure 4.2). The black viewing
box was made to eliminate any ambient light falling on the display,
which could hamper participants’ visibility. The box was built of
matte black foam board, and was constructed such that most stray
light and reflections were ’trapped’. The back of the viewing box
contained a 20° by 20° cutout through which the center of the monitor
was viewed.

We used a high brightness FIMI-Philips 18-inch SXGA (1280 *
1024) monochrome medical imaging monitor to show the stimuli.
The monitor consisted of two liquid-crystal (LC) panels in front of
a fluorescent backlight, which resulted in a non-typical image format
of 2560 * 1024 pixels. The reason we used this monitor was that the
combination of two LC panels led to a high image contrast. We set
the display to the highest possible luminance output. This resulted in
a maximum output at full white of 650 cd/m2 and a minimum out-
put at full black of 0.0065 cd/m2 (measured using a PhotoResearch
SpectraDuo PR 680 luminance camera). The viewing distance from
the participant to the monitor was fixed at 0.75 meter by means of a
chinrest, which led to 46.7 pixels per degree visual angle.

The stimuli were made (using Matlab software package R2012B)
to meet the requirements of this monitor. For the spatially uniform
experiment (E1) the stimuli consisted of a target of a certain lumi-
nance, shaped like a flat-top Gaussian, at 4.3° visual angle left or
right from the center, in an otherwise dark background. The flat-top
Gaussian target was based on a full Gaussian which was cut off at
half the total height. The size of the top of the Gaussian was 0.43°.
For experiments E2 and E3 additional features were added to this
background, as explained in more detail below.
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Figure 4.2: Photograph showing the experimental set-up.

4.2.2 Design

All experiments existed of two tasks, an adaptation task and a re-
action time task. For the adaptation task, the participants were first
light adapted to a full white pre-adaptation field of 650 cd/m2 for 1
minute. Immediately after this field disappeared, the stimulus being
a target in its background was shown. We asked the participants once
they saw the target, to indicate whether the target was on the left or
right side from the center of the background. When accomplished,
the pre-adaptation field was shown again for 10 seconds, and after
disappearing the next stimulus was shown. Depending on the stimu-
lus, the detection of the target could take up to 1 minute. We limited
the time to 1 minute because of our main interest in early adaptation.

The reaction time task was roughly similar to the adaptation task.
The main difference was that instead of showing several different
stimuli, only one stimulus was repeated ten times. This stimulus con-
sisted of an easily detectable target (as shown in Table 4.1: target 0) in
a dark background. As such, we measured the intrinsic average reac-
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tion time per participant, which we used to subtract from the data of
the adaptation task, in order to correct for variations in reaction time
between participants influencing the adaptation time data. Further,
since we weren’t interested in adaptation for this task, we shortened
the duration of the pre-adaptation field to 10 and 5 seconds for the
first and following adaptations, respectively. The pre-adaptation field
was nonetheless included in order to keep both tasks comparable.

The dependent measure of all experiments was the ’net adapta-
tion time’; hence, the time it took till participants were dark adapted
enough to detect the target. To calculate this ’net adaptation time’, the
average reaction time per participant was subtracted from the time to
adapt and respond in the adaptation task.

Since the stimuli used were different for all three experiments
(E1, E2, and E3), and therefore also affected the experimental design,
we discuss the rest of the experimental design of the three experi-
ments in three following subsections separately.

Experiment using a spatially uniform background (E1)

For the adaptation task of the experiment using a spatially uniform
background we used a full-factorial within-subjects design with one
independent variable, i.e., the luminance of the target, having six lev-

Table 4.1: Target luminance values

Target Target luminance (cd/m2) Log10 Target luminance (cd/m2)

Target 0 276.7 2.44
Target 1 11.19 1.04
Target 2 0.223 -0.65
Target 3 0.056 -1.25
Target 4 0.036 -1.44
Target 5 0.023 -1.64
Target 6 0.014 -1.85
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els (depicted in Table 4.1: target 1 to 6). All target luminance levels
were assessed six times by all participants.

Experiment using a spatially complex background (E2)

For the adaptation task of the experiment using a spatially complex
background we used a mixed within- and between-subjects design.
More particularly, we made use of a D-optimal design which algorith-
mically computes the most optimal design from various possibilities,
given the number of participants, design runs and factors (Eriksson,
2008).

This experiment contained four independent variables. Compa-
rable to the experiment with a uniform background, the target lumi-
nance was one variable, again assessed at six levels, i.e., target 1 to
6 as shown in Table 4.1. Furthermore, we added three independent
variables describing the spatial complexity of the background. This
complexity was introduced by a bright disk (representing a lumines-
cent source) occurring on the vertical midline of the display field.
The disk was varied in size, distance and luminance. Size consisted
of two levels: i.e., 1° and 2° visual angle. Distance also consisted of
two levels: i.e., 5° and 10° visual angle from the target. The distance
was varied by adjusting the location of the luminescent source along
the vertical axis, while keeping the horizontal location unchanged.
Lastly, luminance consisted of three levels: i.e., 10 cd/m2, 200 cd/m2,
and 650 cd/m2. Examples of these stimuli showing the (easily visi-
ble) target together with the round-shaped luminescent source for the
two sizes and the two distances are given in Figure 4.3. So, in total,
we had 2 sizes x 2 distances x 3 luminance luminescent source x 6
target luminance = 72 stimuli. All participants assessed ten different
stimuli, which were repeated six times. For consistency reasons, also
in the reaction time task of this experiment, a very dim luminescent
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Figure 4.3: Examples of the spatially complex background as used in experiment E2. Both
stimuli have a dark background containing a bright luminescent source (centered horizon-
tally) and a dim target. The top image shows a luminescent source having a size of 1° at a
distance of 5° from the target. The bottom image shows a 2° luminescent source at a distance
of 10° from the target.

source was added to the background (distance 10°; size 2°; luminance
10 cd/m2).

Experiment using a spatially uniform background with orientation
point (E3)

We designed the third experiment to check the methodology used for
the comparison of the spatially complex background to the spatially
uniform background. In the spatially complex background the lumi-
nescent source might have served as an orientation point, providing



114 Dark adaptation to spatially complex backgrounds

support on where to expect the target. Since this orientation point
was not present in the spatially uniform background, we decided to
perform a small additional experiment in which the spatially uni-
form background also contained an orientation point. The design
of the adaptation task and reaction task of this experiment was the
same as used in experiment E1 except for the presence of a little cross
(10 cd/m2) at a distance of 10° visual angle from the target in the
background of the stimuli.

4.2.3 Participants

In total 20 participants (11 males and nine females) performed ex-
periment E1 (i.e., spatially uniform background). The participants’
average age was 25.5 years with a standard deviation (SD) of 3.9.
A total of 30 participants joined experiment E2 (i.e., spatially com-
plex background). The average age of these participants was 27.9 (SD
= 4.7), and the group consisted of 17 males and 13 females. Note
that the participants of experiments E1 and E2 were not the same.
Lastly, we asked six participants (four males and two females) from
the group of experiment E2 to join the third experiment. Their av-
erage age was 28 (SD = 5.1). Apart from age and gender we also
recorded the participant’s eye color and nationality. Since statistical
analyses proved that none of these four variables had any effect on
the measured adaptation time, we do not discuss these results further
in this paper.

4.2.4 Procedure

The procedure of all three experiments was identical. We welcomed
the participants in the laboratory and provided information about
the experiment. We gave them instructions to be as quick as possible
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in indicating the visibility of the target, while also being accurate.
After a small practice run, we turned off all lighting, and started
the reaction time task. Once the reaction time task was finished, we
started the adaptation task, and provided the relevant stimuli in a
random order different per participant. After the adaptation task was
completed, we shortly debriefed the participants and thanked them
for their time.

4.2.5 Analyses

We ran two kinds of analyses: statistical analyses to be able to draw
conclusions on the effect of background on the adaptation time, and
computational analyses to determine the contribution of veiling lu-
minance for the various backgrounds.

Statistical analysis

We analyzed all data with linear mixed models (LMM) using IBM
SPSS Statistics 20. LMM is contrary to ANOVA robust to unbalanced
datasets, and can be used for combinations of within- and between-
subjects variables (McCulloch & Searle, 2001). Moreover, we used
LMM to be able to model random participants’ intercepts and slopes.
We first prepared the data to exclude incorrect measurements. In all
three experiments, each participant performed six measurements per
stimulus in the adaptation task. In case of one incorrect answer (i.e.,
answering that the target was left while it actually was presented
right or vice versa), we removed this one measurement. In case of
more than one incorrect answer, all six measurements of that stimulus
of that participant were removed from the dataset. We did so to
prevent the chance of guessing where the target was from becoming
too high. For those cases in which the 60 s limit was reached, these
measurements were kept in the dataset with an adaptation time of
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Table 4.2: Overview of the LMM analyses performed on the data of the three experiments.
Per LMM the independent variables (and levels) that were analyzed are specified. The de-
pendent measure in all cases was the net adaptation time.

Independent
variables LMM 1 LMM 2 LMM 3 LMM 4 LMM 5

Target
luminance

Levels 1 - 6 Levels 1 - 6 Levels 1 - 6 Levels 1 - 6 Levels 1 - 6

Source size - 1° - - -2°
Source
distance - 5° - - -10°

Source
luminance -

10 cd/m2

- - -200 cd/m2

600 cd/m2

Degree of
complexity - -

Spatially
uniform
(E1)

-
Spatially
uniform
with ori-
entation
point (E3)

Low (E2) Low (E2)
High (E2) High (E2)

Orientation
point
present

- - - Spatially
uniform
(E1)

-

Spatially
uniform
with ori-
entation
point (E3)

60 s. In the reaction time task, 10 measurements per participant were
taken. All 10 measurements were averaged, with the exception of
incorrect answers and outliers, where the latter were excluded based
on the standardized residuals (<3 | >3).

In total we ran five LMM analyses (as also schematically depicted in
Table 4.2):

1. In LMM 1 we analyzed the results of experiment E1 in isolation.

2. In LMM2 we studied all variations in the spatially complex back-
grounds (as collected in experiment E2) in isolation.
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3. In LMM 3 we compared the adaptation thresholds of experiment
E1 (i.e., for a spatially uniform background) to the thresholds of
experiment E2 (i.e., for spatially complex backgrounds). A direct
comparison of experiment E2 to E1, analyzing all main and in-
teraction effects in one LMM analysis, was not possible due to
the unequal variations in backgrounds in the two experiments.
Therefore we specified two distinct types of background from
experiment E2: (A) with a "low degree of complexity", compris-
ing all backgrounds having a 10 cd/m2 luminescent source at
10° distance, and (B) with a "high degree of complexity", com-
prising all backgrounds having a 650 cd/m2 luminescent source
at 5° distance, which we compared to the spatially uniform back-
ground of experiment E1.

4. In LMM 4 we compared the adaptation thresholds of experi-
ments E1 and E3, investigating the effect of an additional orien-
tation point in the background.

5. In LMM 5 we compared the adaptation thresholds of experiment
E3 to those of experiment E2, limiting the use of the spatially
complex backgrounds in a similar manner as in LMM 3.

In all analyses the dependent measure was the net adaptation
time, i.e., the total time measured for adaptation minus the reaction
time. More specifically, we used the log10 conversion of this net adap-
tation time, because for most stimuli the data were better normal-
ized in the log10 space, which we assessed using the Kolmogorov -
Smirnov test (p < 0.05 for four out of six target luminance conditions).
In addition, all analyses included the main effects and the first-order
interaction effects (for all independent variables) in the model. All
analyses also allowed intercepts and slopes to be varied randomly
depending on the individual participant.
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Veiling luminance analyses

To calculate the veiling luminance the participants experienced at the
location of the target we used the general glare equation from the CIE
135/1 report (1999), as shown in Equation 4.1. In Equation 4.1, the
glare intensity (Egl) in lux, the glare angle (θ) in degrees, the age of the
observer (A), and a pigmentation factor (p) are taken into account to
calculate the equivalent veiling luminance (Leq) expressed in cd/m2.
Age and pigmentation factor (which was derived from the observed
eye color of the participants) were included as the average over all
participants:

[Leq/Egl] = 10/θ3 +[5/θ2 + 0.1∗ p/θ] ∗ {1+[A/62.5]4}+ 2.5∗ 10−3 ∗ p
(4.1)

4.3 Results

4.3.1 Statistical Analyses

Experiment using a spatially uniform background (LMM1)

The results of experiment E1 are graphically depicted in Figure 4.4,
showing the net adaptation time for six targets, each with a different
luminance level. Clearly, the net adaptation time becomes longer for
lower luminance levels of the target. The LMM analysis showed a
significant effect of the target luminance level on the net adaptation
time [F(5, 88.3) = 112.7, p < 0.001]. The net adaptation time was sig-
nificantly different for all levels of the target luminance.
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Figure 4.4: Graph showing the net adaptation time in seconds (on the x-axis) for different
the target luminance levels in cd/m2 (on the y-axis) as measured for a target in a spatially
uniform background (experiment E1).

Experiment using a spatially complex background (LMM2)

As in experiment E1, the effect of target luminance on adaptation
time was statistically significant (p < 0.001; see also Table 4.3) when
presenting the target in a spatially complex background. The results
(presented in Figure 4.5, and their analysis given in Table 4.3) also
showed that the presence of a luminescent source of 2° visual an-
gle in the background made the adaptation time significantly (p =
0.035) longer as compared to the presence of a luminescent source of
1°. Also the distance between the luminescent source and the target
influenced the adaptation time (as shown in Figure 4.6). A lumines-
cent source at a distance of 5° from the target made the adaptation
time significantly longer (p < 0.001; see also Table 4.3) compared to
a luminescent source at a distance of 10°. Finally, the LMM results
also showed a significant main effect (p < 0.001; see Table 4.3) of the
luminance of the luminescent source on the net adaptation time, as
graphically depicted in Figure 4.7. More specifically, we found that
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a luminescent source of 650 or 200 cd/m2 significantly increased the
adaptation time compared to a luminescent source of 10 cd/m2 (p <
0.001 and p < 0.01, respectively). The results did not show a diffe-
rence in adaptation time between a luminescent source of 650 or 200
cd/m2 (p = 0.201). Besides these main effects, the results showed an
interaction effect between the target luminance and the luminance of
the luminescent source (p = 0.017). For lower target luminance values
the effect of the luminance of the luminescent source became larger.
Lastly, we found an interaction effect between the luminance of the
luminescent source and its distance (p = 0.05). For higher luminance
values of the source, the effect of distance increased, as illustrated in
Figure 4.8. Further analysis showed a significant difference in the net
adaptation time between a source distance of 5° and 10° for the lumi-
nescent sources with luminance of 650 and 200 cd/m2 (both p < 0.01).
When the luminance of the luminescent source was only 10 cd/m2,
there was no significant difference between these two distances (p =
0.781).

Table 4.3: Overview of the output of analysis LMM2 for the data of experiment E2, regarding
the spatially complex background.

Source LMM2

Num df Denom F pdf

Intercept 1 29.0 252 0.000
Source size 1 21.5 5.04 0.035
Source distance 1 18.9 18.6 0.000
Source luminance 2 31.8 10.9 0.000
Target luminance 5 110 282 0.000
Source size x Source distance 1 183 0.001 0.972
Source size x Source luminance 2 315 0.513 0.589
Source size x Target luminance 5 145 0.624 0.682
Source distance x Source luminance 2 369 3.02 0.050
Source distance x Target luminance 5 163 2.06 0.073
Source luminance x Target luminance 10 219 2.24 0.017
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Figure 4.5: Effect of size of the luminescent source on the net adaptation time for targets
presented in a spatially complex background (experiment E2).
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Figure 4.6: Effect of distance of the luminescent source on the net adaptation time for targets
presented in a spatially complex background (experiment E2).
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Figure 4.7: Effect of luminance of the luminescent source on the net adaptation time for
targets presented in a spatially complex background (experiment E2).
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Figure 4.8: Interaction effect between distance and luminance of the luminescent source on
the net adaptation time (results of experiment E2).
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Comparison of experiment using a spatially uniform background
and experiment using a spatially complex background (LMM3)

As explained above we compared the data of two distinct backgrounds,
characterized by a so-called low and high degree of complexity as
measured in experiment E2, to the data measured with a spatially
uniform background in experiment E1. The mean over all six target
luminance values and the corresponding standard error are summa-
rized in the first part of Table 4.4; the results including the effect of the
target luminance are also graphically depicted in Figure 4.9. The sta-
tistical analysis showed that the adaptation time for the background
with a high degree of complexity was significantly longer (p < 0.001)
than for both the spatially uniform background and the background
with a low degree of complexity. The background with a low degree
of complexity did not show a significant difference in averaged net
adaptation time (p = 0.924) from the spatially uniform background.
Looking at the results for the target luminance levels individually, we
observed that in some cases the net adaptation time was faster with
a luminescent source in the background than without (as can be seen
at low values for the luminance target in Figure 4.9). This observation
was unexpected, since if any effect of the luminescent source was ex-
pected, it was to reduce the adaptation time rather than to increase it.
This unexpected observation led to the hypothesis that the lumines-
cent source might have served as an orientation point, showing the
participant where to expect the target. As this orientation point was
not present in the spatially uniform background, participants might
have needed additional time scanning the environment of the target
before detecting it. This hypothesis was tested by running experi-
ment E3, in which the spatially uniform background contained an
additional small orientation point.
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Table 4.4: Overview of the estimated marginal mean (over all target luminance values) and
the corresponding standard error of the net adaptation time measured for a spatially uniform
background (for both experiments E1 and E3) and for two variations of a spatially complex
background (of experiment E2).

E1 E3 (orientation point)

10Log
mean
(s)

10Log
SE Mean

10Log
mean
(s)

10Log
SE Mean

Spatially uniform
(E1/E3)

0.469 0.031 10 0.385 0.042 7.7

Low degree of complex-
ity (E2)

0.474 0.039 10.1 0.473 0.033 9.4

High degree of complex-
ity (E2)

0.65 0.039 15.1 0.647 0.032 14.4

Experiment using a spatially uniform background versus experi-
ment using a spatially uniform background with an orientation
point (LMM4)

The results of the fourth LMM showed no significant difference in net
adaptation time between the spatially uniform background and the
spatially uniform background with an orientation point (p = 0.411);
the course of temporal adaptation as a function of target luminance
for both sets of stimuli (i.e., with and without an orientation point)is
shown in Figure 4.10. The estimated marginal mean over all six
target luminance values for the spatially uniform background was
8.09 s, compared to 7.05 s for the spatially uniform background with
an orientation point. So, on average the presence of an orientation
point shortened the adaptation time, albeit insignificantly. Nonethe-
less, since the difference was reasonable in size, we decided to repeat
analysis LMM3, but now comparing the net adaptation time for the
spatially complex backgrounds (of experiment E2) to the spatially
uniform background with an orientation point (of experiment E3).
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Figure 4.9: Net adaptation time in seconds (on the x-axis) for different values of the tar-
get luminance (on the y-axis) measured with the target in a spatially uniform background
(experiment E1) or in a background with a low or high degree of complexity (experiment
E2).
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Figure 4.10: Net adaptation time in seconds (on the x-axis) for different values of the tar-
get luminance (on the y-axis) measured with the target in a spatially uniform background
without an orientation point (experiment E1) and with an orientation point (experiment E3).
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Comparison of experiment using a spatially uniform background
with an orientation point and experiment using a spatially complex
background (LMM5)

The results, analyzed in the same manner as in LMM3, showed that
the net adaptation time measured for a target in a background with a
high degree of complexity was significantly longer (p < 0.001) than for
a target in either a spatially uniform background with an orientation
point or a background with a low degree of complexity (as graphi-
cally depicted in Figure 4.11, and shown also with the data in Table
4.4). The net adaptation time measured for a target in a background
with a low degree of complexity did not differ significantly from the
one measured for a target in a spatially uniform background with an
orientation point (p = 0.067). At first instance, this p value and the
data in Table 4.4 may hint toward a trend that the net adaptation time
measured for a background with low degree of complexity is dif-
ferent from the one measured with a spatially uniform background
with an orientation point, but closer analyses revealed that this trend
was mainly dominated by the net adaptation time measured for the
target with the highest luminance value (i.e., target 1 as specified in
Table 4.1). Since this target is typically detected very quickly, we may
not fully exclude a noisy effect of variations in reaction time, even
though we corrected for it. When excluding target 1 from the anal-
ysis, the above-mentioned trend disappeared and the net adaptation
time was not significantly different between a background with a low
degree of complexity and a spatially uniform background with an
orientation point.



Dark adaptation to spatially complex backgrounds 127

4

0 10 20 30 40 50 60
−2

−1.5

−1

−0.5

0

0.5

1

1.5

Time (s)

L
o

g
1

0
 l

u
m

in
an

ce
 (

cd
/m

2
)

 

 

Spatially uniform dark background,
with orientation point

Low degree of complexity

High degree of complexity

Figure 4.11: Net adaptation time in seconds (on the x-axis) for different values of the target
luminance (on the y-axis) measured with the target in a background with either a low or
high degree of complexity (experiment E2) or in a spatially uniform background with an
orientation point (experiment E3).

4.3.2 Effect of veiling luminance and comparison to

adaptation time data

To estimate the extent to which veiling luminance determined our re-
sults on net adaptation time for various luminescent sources in the
background, we calculated the contribution of veiling luminance in
our stimuli, using Equation 4.1. Figure 4.12 shows the veiling lumi-
nance as a function of distance between the luminescent source and
the target for the various luminescent sources, differing in size and
luminance value. As shown in Figure 4.12, the stimulus with a lu-
minescent source of 2° size at 5° distance from the target and having
a luminance of 650 cd/m2 had the largest contribution of veiling lu-
minance at the location of the target, whereas the stimulus with a
luminescent source of 1° size at a distance of 10° and a luminance of
10 cd/m2 had the lowest and almost no contribution of veiling lu-
minance at the location of the target. To analyze the effect of veiling
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Figure 4.12: Estimated contribution of veiling luminance at the location of the target as a
function of the distance between the target and the luminescent source, where the latter is
characterized by its size and luminance value.

luminance on the adaptation time in more detail, we plotted the veil-
ing luminance contribution versus the adaptation time for all stimuli
using the target with the lowest luminance value (i.e., target 6 as spec-
ified in Table 4.1) in Figure 4.13. Note that in this figure many points
are situated at an adaptation time of 60 s, because we used this time
as a cut-off time. This figure shows a moderate correlation between
the veiling luminance and the dark adaptation time. For backgrounds
containing a luminescent source causing a lot of veiling luminance,
the adaptation time took longer than for backgrounds containing a lu-
minescent source causing little veiling luminance. For this dimmest
target the Pearson correlation coefficient (r) between the veiling lumi-
nance and the adaptation time data was 0.56. A linearly fitted curve
through the data resulted in a goodness of fit (R-squared) of 0.32. For
all other targets the correlation coefficient and goodness of fit were
less high.
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Figure 4.13: Relationship between veiling luminance and adaptation time for the target with
the lowest luminance value. (Pearson’s r = 0.56, fitted curve R-squared = 0.35).

4.4 Discussion

The present study investigated the comparison between temporal
dark adaptation to a spatially uniform dark background and to a
spatially complex background. Our results on dark adaptation to
a spatially uniform dark background showed that adapting to the
target with the highest luminance (i.e., 11 cd/m2) was almost instan-
taneous, while adapting to a target with the lowest luminance (i.e.,
0.014 cd/m2) took approximately half a minute. In general, these
data are in accordance to results available in the literature (Hecht
et al., 1937; Mote & Riopelle, 1951, 1953; Hecht et al., 1935; Wald &
Clark, 1937; Haig, 1941). It is, however, hard to accurately compare
the absolute values of the adaptation time with what is available in
the literature, since most studies available mainly focused on dark
adaptation over longer periods up to 30 min, while we were par-
ticularly interested in the initial stages of dark adaptation. Studies
that reported initial stages of dark adaptation more thoroughly were
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executed by Baker (1953; 1963), but with a different preadaptation lu-
minance level and duration than used in our study. As such, we again
cannot fully compare the absolute values of the adaptation time, but
in general our results are in good agreement with knowledge existing
in the literature.

The comparison in adaptation between a spatially complex back-
ground and a spatially uniform background (with an orientation point)
showed that a spatially complex background containing a bright and
close-by luminescent source (referred to as a high degree of complex-
ity before) resulted in a significantly longer adaptation time than a
spatially uniform dark background. Actually, the adaptation time
due to this spatially complex background was for certain targets ap-
proximately twice as long as the one measured for a spatially uni-
form dark background. This extensive difference shows that models
for dark adaptation to spatially uniform backgrounds may overes-
timate the sensitivity of the human visual system when applied to
more realistic complex light environments. Therefore, our findings
emphasize the inquiry for more research and models that take into
account spatially complex backgrounds.

Additionally, we also saw large differences in adaptation time
for variations in the spatially complex background. These differences
were so extensive that, on the one hand, we found a doubling of the
adaptation time, while, on the other hand, for a complex background
containing a very subtle and distant luminescent source (referred to
as low degree of complexity before), we did not detect a difference in
adaptation time with a spatially uniform background. Variations in
size, luminance, and distance of the luminescent source from the tar-
get all resulted in different adaptation times; increasing the size and
luminance of the luminescent source increased the adaptation time,
while decreasing the distance between the source and the target also
increased the adaptation time, especially for the more luminescent
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sources.

Considering this last finding, we argue that dark adaptation must
be based on more complex processes than only global adaptation. In
case global adaptation would prevail, there would be no difference in
adaptation time when varying the distance of the luminescent source
to the target. The fact that we found this difference is in accordance
with conclusions drawn by Uchida and Ohno (2012). In fact, these
authors even showed the prevalence of local adaptation while using
very low luminance values, in which case our data hardly showed an
effect of distance (as can be seen in Figure 4.8). The latter difference
may be explained from the difference in complex background used
in both studies; in our study the luminescent source and target were
spatially separated, while in the study of Uchida and Ohno (2012)
the target was actually situated on top of a circular pattern creating
the spatial complexity. Also, Murdoch and Heynderickx (2012) illus-
trated the importance of distance in temporal adaptation. In their
study the visibility of luminance differences after being adapted was
modeled using two curves. The curve representing foveal sensitivity
had a very high weighting factor, but a limited a width of 2.2°. The
second curve, representing peripheral sensitivity, covered the rest of
the visual field, but had a much smaller weighting factor. The foveal
curve as defined by Murdoch and Heynderickx did not cover the dis-
tances between the luminescent source and the target we used in the
present study (i.e., 5° and 10°). Therefore, the difference in adaptation
time as expected based on their results would be smaller than what
we found, especially for such low luminance values.

Lastly, Uchida and Ohno (2013b) and Narisada (1992) argued
that on top of the local background luminance level, veiling lumi-
nance should also be taken into account in modeling adaptation time.
In the present study we found a (moderate) correlation between veil-
ing luminance and adaptation time. However, based on the results
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of our present study we cannot fully disentangle the contribution
of background luminance and of veiling luminance to the measured
adaptation time. In other words, we cannot conclude whether the
differences in adaptation time we found can be solely explained by
veiling luminance, or whether the distribution of the luminance in
the visual field also had an effect. So, we plan a follow-up study that
specifically addresses the question of whether different distributions
of luminance in the background lead to different adaptation thresh-
olds, even when the veiling luminance at the location of the target
and the average luminance of the background are constant.

4.5 Conclusion

Based on the present study we may conclude that temporally adapt-
ing to a spatially complex background in general takes longer than
adapting to a spatially uniform dark background. A spatially com-
plex background therefore leads to an increased adaptation thresh-
old at a given time, and, thus, to a decreased sensitivity for detect-
ing luminance differences. Models for temporal adaptation based
on spatially uniform dark backgrounds may as a consequence over
estimate the visual system’s sensitivity for detecting luminance dif-
ferences in complex, more real-life light environments. Additionally,
we found large variations in temporal adaptation between variations
in the complexity of the background. Hence, new models should
take specific characteristics of the complex background into account.
Based on our findings that the distance from the luminescent source
to the target influenced the adaptation time, we may conclude that
the visual system does not integrate all luminance values in the field
of view equally. Veiling luminance seems to explain part of the local
effects of temporal adaptation; however, more research is needed to
investigate to what extent the specific distribution of the luminescent
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sources in the visual field also affects temporal adaptation.
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5
The effect of spatial luminance

distribution on dark adaptation
Controlling for veiling glare and proposing a model

Abstract

Recent studies show that dark adaptation in the visual system depends on local luminance
levels surrounding the viewing direction. These studies, however, do not explain to what
extent veiling luminance is responsible for the outcome. To address the latter, in this study
dark adaptation was measured for three different spatial luminance distributions surround-
ing a target to be detected, while keeping the veiling luminance at the location of the target
equivalent. The results show that a background with bright areas close to the viewing direc-
tion yields longer adaptation times than a background with bright areas at a larger visual
angle. Therefore, we conclude that dark adaptation is affected to a great extent by local
luminance, even when controlling for veiling luminance. Based on our results, a simple but
adequate model is proposed to predict the adaptation luminance threshold for backgrounds
having a non-uniform luminance distribution.1

1this chapter has been published with minor changes in Journal of Vision (2016): "The effect of
spatial luminance distribution on dark adaptation", M.G.M. Stokkermans, I.M.L.C. Vogels and I.E.J.
Heynderickx

135
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5.1 Introduction

In order to increase its dynamic range, the visual system adjusts its
sensitivity to visual stimuli, a process known as visual adaptation.
The type of adaptation addressed in this paper is dark adaptation.
It is the process by which the visual system adjusts its sensitivity to
dim light after being exposed to bright light, as has been extensively
studied in literature (H. Baker, 1953, 1963; Haig, 1941; Hecht, Haig,
& Chase, 1937; Hecht, Haig, & Wald, 1935; Mote & Riopelle, 1951;
Ruseckaite, Lamb, Pianta, & Cameron, 2011; Wald & Clark, 1937).
Typically, these studies determine the temporal change in the lowest
perceptible luminance, known as the luminance threshold or adap-
tation threshold. This temporal change, in general, is often deter-
mined by measuring luminance thresholds at predetermined adap-
tation times. Participants first preadapt to a bright stimulus and are
then asked to detect the target in an otherwise spatially uniform dark
background. Several studies have demonstrated that the luminance
of the target that can be detected at a given point in time depends on
the luminance and duration of the preadaptation stimulus: a higher
luminance level or longer duration of the preadaptation stimulus re-
sults in a higher luminance threshold (Haig, 1941; Hecht et al., 1937;
Mote & Riopelle, 1951; Wald & Clark, 1937). Further, Hecht et al.
(1935) investigated the effect of the location of the target with respect
to the viewing direction. They showed that the luminance that can be
detected after dark adapting for several minutes is lower for a target
presented in the periphery (at 5° or 10° visual angle with respect to
the viewing direction) compared to a target presented at the fovea (at
0° visual angle). The majority of these past studies have measured
the adaptation time up to 30 minutes, but with limited accuracy for
the first seconds of dark adaptation. H. Baker (1953, 1963) used a
slightly different methodology and was able to show that the lumi-
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nance threshold decreases drastically during these first seconds.

The studies mentioned so far have limited value for predicting
dark adaptation in daily life circumstances, since they describe dark
adaptation to spatially uniform backgrounds, neglecting the spatial
complexity of the background, usually occurring in daily life visual
stimuli. For example, the field of view of a motorist driving at night
exists as a combination of dark areas and very bright spots due to
head lights and street lights. In order to predict the visibility of a
dim object in such circumstances, it is crucial to understand how the
visual system adapts to a combination of luminance values in the
field of view.

Literature shows that adaptation does not take place globally
(i.e., assuming that the entire retina is adapted to the same lumi-
nance), but takes place locally (i.e., in smaller parts of the retina) or
even at the level of the photoreceptors. For rods, research has shown
that, simultaneous excitation of a number of rods is needed for adap-
tation to occur (Rushton & Westheimer, 1962). For cones, on the other
hand, although we are not aware of studies directed at the human eye,
studies with primates have shown that each single cone adapts indi-
vidually to the light levels presented in the receptive field of the cone
(Lee, Dacey, Smith, & Pokorny, 1999). Yet for cats, evidence exists
that, as cones are connected by horizontal cells, each cone is to some
extent also affected by the response of neighboring cones (Lankheet,
van Wezel, Prickaerts, & van de Grind, 1993). Based on these princi-
ples, a new local cone model to predict contrast sensitivity in digital
imaging has been developed recently, taking into account adaptation
to each individual pixel in a displayed image (Daly & Golestaneh,
2015). According to this model the luminance threshold for a non-
uniform background is not necessarily equal to the luminance thresh-
old for a uniform background with the same averaged luminance. A
recent study of Stokkermans and Heynderickx (2014) showed that the
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time required to detect a dim target in a dark background containing
a bright source increases when decreasing the distance between the
source and the target. This suggests that dark adaptation strongly
depends on local luminance levels surrounding the target to be de-
tected. Additionally, Uchida and Ohno (2013a) studied dark adapta-
tion for a peripheral task. In this study, participants had to look at
the center of a display, but were asked to detect a target presented
at a distance of 10° from the center. The background of the target
had either a spatially uniform luminance, or contained a circular pat-
tern of 12.4° around the target while the rest of the background was
dark. The luminance threshold for the non-uniform background was
higher than for the uniform background, although the average lumi-
nance was equal for both backgrounds. However, when the lumi-
nance of the circular pattern equaled that of the uniform background
so that the average luminance of the non-uniform background was
lower than that of the uniform background, both luminance thresh-
olds were equal. Therefore, Uchida and Ohno (2013a) concluded that
the luminance threshold mainly depends on the local luminance sur-
rounding the task area.

A factor not explicitly controlled in these studies is veiling lumi-
nance, which is the luminance superimposed over the retinal image,
caused by stray light within the eye. So, a bright source in a dark
background can cast a "veil" over the field of view, which leads to
a reduction in contrast between target and background, and subse-
quently to a reduction in visibility (Holladay, 1926). Veiling lumi-
nance can be roughly described by a 1/θ2 function, where θ indicates
the visual angle between the source and the viewing direction, in de-
grees. Hence, it increases with decreasing visual angle. Thus, when
a bright source is close to a target, the source may reduce the tar-
get’s visibility, and as such influence the luminance threshold. Uchida
and Ohno (2013a) evaluated the possible impact of veiling luminance
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on the luminance threshold of a peripheral target detection (as de-
scribed above) by comparing two types of models: the first type only
accounted for the local background luminance surrounding the task
(i.e., the luminance in the 12.4° circular pattern), whereas the second
type also accounted for veiling luminance. Based on their results they
concluded that the luminance threshold mainly depends on the local
background luminance values and that veiling luminance plays a mi-
nor role. Nevertheless, they suggest that veiling luminance may have
a larger influence on the luminance threshold of targets for a back-
ground at relatively high luminance. Contrary to the main finding
of Uchida and Ohno (2013a), Langendijk and Hammer (2010) found
that veiling glare heavily reduced perceived contrast, in a study in-
vestigating the maximal spatial luminance variation distinguishable
in high-contrast images displayed on an LCD display. In their study,
the potential effect of adaptation was not taken into account as it was
said to have a much smaller effect than veiling glare.

Several models have been proposed to describe the combina-
tion of luminance adaptation and veiling luminance. Murdoch and
Heynderickx (2012) studied the visibility of black level differences be-
tween two non-uniform images in the proximity of a bright source. In
their model, veiling luminance was described by the CIE general glare
equation based on the report of Vos and van den Berg (1999). This
equation depends, aside from the visual angle to the bright source,
on the pigmentation level of the eye and the age of the observer. Lu-
minance adaptation was calculated by weighting the luminance of
each pixel by two Gaussians: a first narrow Gaussian (SD = 0.67°)
with a high weight, representing the foveal contribution, and a sec-
ond broader Gaussian (SD = 3.9°) with a lower weight, represent-
ing the peripheral contribution. Focusing on the central part of the
fovea only, Vangorp, Myszkowski, Graf, and Mantiuk (2015) created
a model of local adaptation, using a similar approach as Murdoch



140 The effect of spatial luminance distribution on dark adaptation

and Heynderickx (2012). In their best performing model, veiling lu-
minance was modeled using the optical transfer function of Deeley,
Drasdo, and Charman (1991) and luminance adaptation by two Gaus-
sians with standard deviations of 0.428° and 0.082°. Also Normann,
Baxter, Ravindra, and Anderton (1983) modeled the input stage of
the eye. This model focused on cone vision only, and assumed local
adaptation of each cone. On top of this, they used a point spread
function combined of several functions modeling veiling luminance
for various visual angles, and a function accounting for involuntary
eye movements up to 1°, basically spreading out the retinal image to
some degree.

Existing literature suggests that target detection during dark adap-
tation may be affected by a combination of local luminance and veil-
ing luminance. However, to the best of our knowledge there is no
empirical study neatly controlling for the effect of veiling luminance
while investigating dark adaptation. Therefore, the main objective of
the present study is to investigate the effect of different spatial lu-
minance distributions in the background on dark adaptation, while
keeping the veiling luminance on the target area equivalent.

The remainder of this paper first describes the empirical experi-
ment investigating the effect of the spatial luminance distribution of
the background on the adaptation time required to detect targets of
different luminance. In contrast to many previous studies, the target
luminance was varied and the adaptation time was the dependent
measure. This allowed us to vary the location of the target, to verify
if the target was actually detected, and thereby control for potential
incorrect answers. The experimental results are then modeled with a
combination of local background luminance and veiling luminance,
resulting in a prediction of the luminance threshold as a function of
time for backgrounds having a non-uniform luminance distribution.
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5.2 Methods

In order to study the effect of spatial luminance distribution of the
background on the adaptation time, two experiments were conducted.
In Experiment E1, already discussed in Stokkermans and Heynderickx
(2014) the adaptation time was measured for several target luminance
levels presented on a spatially uniform dark background, whereas in
Experiment E2, the adaptation time was measured for more target
luminance levels on spatially non-uniform backgrounds. Both exper-
iments consisted of two tasks: a reaction time task and an adaptation
task. In the reaction time task, the measured reaction time consisted
of the time needed to detect the target and to respond to the target. In
the adaptation task, the measured adaptation time included the time
needed to adapt to the lower luminance level, to detect the target, and
to respond to the target. Our main goal was to measure only the time
needed to adapt to the change in luminance level. Therefore, each
participant’s reaction time was subtracted from the adaptation time,
resulting in a measure of dark adaptation time exclusively, called the
net adaptation time. A follow-up of Experiment E2 was also con-
ducted, monitoring eye movements during the adaptation task.

5.2.1 Experimental set-up

All experiments were conducted in one of the labs of Philips Re-
search in Eindhoven. As described in full detail in Stokkermans and
Heynderickx (2014), a black viewing box was placed on a table in
front of a monitor (FIMI-Philips 18-in. SXGA, 1280 × 1024 pixels).
The monitor was a monochrome medical display, with two liquid
crystal layers in front of a fluorescent backlight. The spatial lumi-
nance uniformity of the display was measured using a Radiant Imag-
ing ProMetric luminance camera (Radiant Image Systems, Redmond,
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Figure 5.1: Cross-section of the target. On the x-axis the visual angle in degrees is shown,
and on the y-axis, the relative luminance is shown.

WA). The luminance of the displayed image was adapted to correct
for spatial luminance deviations of the display. After correction, the
monitor reached a maximum luminance of 650 cd/m2 and a min-
imum luminance of 0.0065 cd/m2. The viewing box consisted of
a cutout through which the center of the monitor was visible. The
viewing distance of the participant was fixed by means of a chinrest
and corresponded to 0.75 m from the monitor. This resulted in 46.7
pixels/° of visual angle, and a visible area of the monitor of 20°× 20°.
Eye tracking measurements were conducted using a SMI RED system
(SensoMotoric Instruments, Teltow, Germany). The SMI RED device
provided information on the position of the left and the right eye
individually, with a time interval of 8 ms.
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Table 5.1: Overview of target luminance levels, for experiments E1 and E2.

Luminance of the target (cd/m2)

Experiment E1 Experiment E2
11.19 11.19
0.223 -
0.056 0.056

- 0.045
0.036 0.036

- 0.028
0.023 0.023

- 0.018
0.014 0.014

5.2.2 Stimuli

The preadaptation stimulus consisted of a white image of 20°× 20°
with a luminance of 650 cd/m2. The adaptation stimuli consisted of a
black image of 20°× 20° with a luminance of 0.0065 cd/m2 and with a
target superimposed on it. The target was located at 4.3° visual angle
left or right from the center of the image. It was shaped like a cir-
cle of equal luminance, with a diameter of 0.43° and with an edge of
decreasing luminance. The target was created with a Gaussian filter
(σ = 0.21°), topped off at half its height. Figure 5.1 depicts a cross sec-
tion of the target. The luminance levels used for the target during the
adaptation task of Experiment E1 and Experiment E2 are presented
in Table 5.1 (and refer to the luminance of the center 0.43° of the
target). All luminance levels were measured using a PhotoResearch
SpectraDuo PR 680 luminance camera (PhotoResearch, Chatsworth,
CA), set to an aperture size of 1/8°. During the reaction time task, a
stimulus with a target luminance level of 277 cd/m2 was used. Obvi-
ously, this target luminance was high, so the target was immediately
visible to all participants.

For Experiment E1, the black (background) image (as depicted
at the top left of Figure 5.2) was basically spatially uniform, although
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Table 5.2: Overview of background luminance distributions for Experiment E1 and E2.

Experiment Luminance
distribution

Average lu-
minance

Veiling
luminance

(cd/m2) (cd/m2)

E1 Uniform 0.0065 -
E2 (and eye
tracking
experiment)

Bar9 8.41 0.07
Bar2.7 1.02 0.07
Square 1.02 0.07

it did contain a small plus symbol with a size of 0.47° by 0.47° and
a luminance of 10 cd/m2. The plus symbol was centered horizon-
tally, at 10° visual angle from the target. The reason for the addition
of this plus symbol was, as discussed in full detail in Stokkermans
and Heynderickx (2014), to provide the participants with an orienta-
tion point towards the possible position of the target. This orientation
marker allowed for a better comparison of the uniform background to
the spatially non-uniform backgrounds, as the latter inherently also
contained cues on the possible location of the target. The background
used in Experiment E1 is further referred to as Uniform. For Experi-
ment E2, the black background image was replaced by three images
with a different luminance distribution, as also depicted in Figure 5.2.
Further, Table 5.2 presents an overview of all background variations
of Experiments E1 and E2.

The background images for Experiment E2 were created such
that the luminance distribution differed, but the veiling luminance
at the center of the target was equivalent and the average luminance
of the entire image was equal for two of the three images (since it
was intrinsically impossible to do it for all three images). The first
background image (shown at the top right of Figure 5.2, and referred
to as Bar9) had 2 horizontal bars with a width of 2° at a 9° distance
from the target. The luminance of the bars was 42 cd/m2. The sec-
ond background image (shown in the bottom left of Figure 5.2, and
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Figure 5.2: Luminance distribution of the four background images used in Experiments E1
and E2. The top left image shows the Uniform background. The top right image shows
a background containing two bars at 9° from the target (i.e., Bar9). The bottom left image
shows a background with two bars at 2.7° from the target (i.e., Bar2.7). The bottom right
image shows a background with a squared area in the center of the image, at 4.3° from the
target (i.e., Square). In all backgrounds, the target may appear on the right side of the center
(as depicted), as well as on the left side of the center.

referred to as Bar2.7) contained two horizontal bars with a width of
2° at a 2.7° distance from the target. The luminance of these bars was
5.1 cd/m2. The third background image (shown at the bottom right
of Figure 5.2, and referred to as Square) contained a squared area of 2°
by 2° in the center at a 4.3° distance from the target. The luminance of
this squared area was 101 cd/m2. The luminance averaged over the
entire image was 1.02 cd/m2 for Bar2.7 and Square, and 8.41 cd/m2

for Bar9, as indicated in Table 5.2. The veiling luminance at the cen-
ter of the target, calculated with the general glare equation defined
by Vos and van den Berg (1999) was 0.07 cd/m2 for all three back-
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grounds. All values of location and luminance of the bars and square
were chosen based on two grounds, also using a pilot experiment: (a)
the veiling luminance at the location of the target had to be equal for
all backgrounds, and (b) most targets had to be detected within 60
s, as this time limit was also used in Stokkermans and Heynderickx
(2014). The task of the participants was equal to the adaptation task
of Experiments E1 and E2, as described later in this Method section.
After being exposed to the preadaptation stimulus, the participants
were asked to detect a target in the various image backgrounds. The
time it took to adapt to the luminance of the target was measured.

5.2.3 Experimental design

In Experiment E1, a full-factorial within-subject design was used with
one independent variable (i.e., the luminance of the target). Experi-
ment E2 used a mixed within-subject and between-subjects design
with two independent variables, namely the luminance of the target
and the background. Since the number of stimuli was substantially
larger in Experiment E2, a D-optimal design was used to compute the
most optimal design, given the number of participants and variables
(Eriksson, 2008), which resulted in a selective number of target lumi-
nance levels per background for each participant. Both independent
variables were proportionally distributed over all participants, and in
total presented an equal number of times.

5.2.4 Participants

Six participants (four men and two women) joined Experiment E1.
Their average age was 28 years with a standard deviation of 5.1 years.
In total, 30 participants (19 men and 11 women) joined Experiment
E2. They had an average age of 28 years with a standard deviation
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Figure 5.3: Schematic overview of chronologic procedure of Experiments E1 and E2.

of 7.3 years. Five participants (four men and one woman) were asked
to take part in the eye tracking experiment. Their average age was 26
years with a standard deviation of 2.7 years. This study was approved
by the review board of the Eindhoven University of Technology, ad-
hering to the Code of Ethics of the Dutch Institute for Psychologists,
as well as by the ethical committee of Philips Research, adhering to
the Declaration of Helsinki.

5.2.5 Procedure

Figure 5.3 presents a schematic overview of the chronologic proce-
dure in both experiments. First, in both experiments, participants
were invited into our laboratory, signed the informed consent form,
and were given instructions on the experiment. After that, the partici-
pants sat down in front of the monitor and conducted a short practice
run in order to get familiar with the procedure. Then, the ambient
light in the room was turned off, and participants started with the re-
action time task. They were asked to look at the preadaptation stim-
ulus for 10 s, after which an image with an easily detectable target on
a background was presented. The backgrounds used were Uniform
for Experiment E1 and Bar9 for Experiment E2. Participants had to
indicate as quickly as possible whether the target was presented at
the left or the right side of the center of the image, using the arrow
keys of a keyboard. They were asked to be both accurate and quick
in detecting and reporting the target. This task was repeated 10 times
with the target presented randomly at the left or the right side.
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After the reaction time task was finished, the participants contin-
ued with the adaptation task. In this case, they first had to adapt to
the preadaptation stimulus for 1 min preadaptation time. This time
period of light adaptation was implemented so that every participant
(irrespective of previously experienced light conditions) would start
at the same adaptive state. Then, the adaptation stimulus was shown
and the eye started to adapt to the lower luminance level. It was
the task of the participants to report the location of the target, ei-
ther left or right from the center of the image, using the arrow keys
of a keyboard. The time they needed to be adapted enough to de-
tect and report the target is referred to as adaptation time. Again,
participants were asked to be both accurate and quick in detecting
and reporting the target. Between two successive adaptation tasks,
the preadaptation stimulus was shown again for 10 s, considered to
be sufficient since adaptation to light stimuli proceeds much faster
than to dark stimuli (Crawford, 1947; Hood & Finkelstein, 1986). In
Experiment E1, each target luminance was assessed six times by all
participants only for the background Uniform. In Experiment E2, all
participants assessed one to four target luminance levels for every
background (i.e., Bar9, Bar2.7, and Square), with four repetitions. In
both experiments, all stimuli were presented in a random order to
each participant. Note that the adaptation time per stimulus was li-
mited to 1 min because of our main interest in early adaptation. Once
the participants completed the experiment, they were debriefed and
thanked for their participation.

To gain more insight in the participants’ course of actions to de-
tect the target, a follow-up experiment, monitoring eye movements
during the adaptation task, was conducted. This follow-up exper-
iment used a subset of the stimuli of Experiment E2, namely only
three target luminance levels for each of the three backgrounds. Since
the use of the eye tracker demanded more light, ambient illumination
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(185 lux on the desk) was provided in the lab and the viewing box
was removed. Obviously, the measured adaptation times during this
follow-up experiment were not used for further analysis.

5.2.6 Analyses

For the reaction time task, incorrect responses (i.e., indicating the
target to be left when it actually was right, or vice versa) were re-
moved. The remaining observations within each participant were
then checked for outliers, using the criterion of more than 3 standard
deviations away from the average (Osborne & Overbay, 2004). As this
wasn’t the case for any of the observations, no additional measure-
ments were removed. The intrinsic reaction time for every participant
was calculated as the average of the remaining measurements.

The data for the adaptation task were treated in a similar way.
First, incorrect answers were removed. However, in order to prevent
the chance of guessing becoming too high, if more than one incor-
rect answer was given for a certain stimulus, all measurements of the
corresponding stimulus were removed for that participant. Further,
when the time limit of 60 s was reached, the measurement was set
to an adaptation time of 60 s. Lastly, we analyzed if any of the par-
ticipants could be identified as outlier, again using the criterion of 3
standard deviations away from the averaged performance. As this
wasn’t the case for any of the participants, no outliers were removed.

The net adaptation time was then determined by subtracting the
intrinsic reaction time from the measured adaptation time. The net-
adaptation time data were analyzed with two linear mixed models
(LMM) using SPSS IBM Statistics 20. An LMM is a mean comparison
statistical analysis, comparable to an analysis of variance (ANOVA).
In contrast to least square fitting used by an ANOVA, an LMM uses
maximum likelihood. Compared to ANOVAs, LMMs are therefore
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more robust to balanced incomplete designs, as is used in Experiment
E2. The independent variables were target luminance and luminance
distribution of the background. The first LMM analysis analyzed the
data of Experiment E2. Target luminance consisted of the eight levels
specified in Table 5.1. Luminance distribution consisted of three lev-
els, namely: Bar9, Bar2.7, and Square. The second LMM compared the
net adaptation time of the uniform background to the non-uniform
backgrounds, and hence, contained the data of Experiments E1 and
E2. Target luminance now consisted of the five luminance levels that
were tested in both experiments (i.e., 11.17 cd/m2, 0.056 cd/m2, 0.036
cd/m2, 0.023 cd/m2, 0.014 cd/m2). Luminance distribution existed
of four levels, namely: Uniform, Bar9, Bar2.7, and Square. The effect
of participant was modeled as a random intercept. This accounts
for a general offset in the adaptation time between participants; for
example, some participants may intrinsically adapt slower than oth-
ers (similarly for all target luminance values). Further, the interaction
of target luminance level and participants was modeled (as a random
slope). This allowed the LMM to account for variations in the slope
of the participants’ luminance thresholds as a function of time. In
both LMM analyses, a Bonferroni correction was used to analyze the
pairwise comparison effects within and between the two indepen-
dent variables. The dependent variable of both LMMs was the log10
net adaptation time, as the data were more normally distributed in
the log10 space.

Eye-tracking measurements

Points-of-regard were analyzed in terms of the spatial x and y di-
mensions of the background. First, the raw data were corrected for
a systematic offset of approximately 70 pixels (1.5°) in the y dimen-
sion. Then, all data where the target was presented on the left side of
the background were mirrored with respect to the horizontal center



The effect of spatial luminance distribution on dark adaptation 151

5

of the image in order to combine them with the data for which the
target was presented on the right side of the background. Last, the
data of the left eye and the right eye were averaged. Based on these
data, two different types of graphs were created. The first type de-
picted the spatial distribution of the points-of-regard per background
combining all participants. The second type depicted the trajectory
of the point-of-regard over time per participant.

5.3 Results

5.3.1 Reaction time task

In the reaction time task of Experiment E1 (using the background
Uniform), two incorrect (3.3%) answers in total were given, and seven
incorrect answers (2.3%) were given in the reaction time task of Ex-
periment E2 (using background Bar9), indicating that the participants
in general were very accurate in their response. After removing these
incorrect responses, the average reaction time for experiment E1 be-
came 0.55 s with a standard deviation of 0.15 s, and for Experiment
E2, 0.44 s with a standard deviation of 0.12 s. An independent sam-
ples t-test showed that these reaction times were significantly diffe-
rent, t (349) = 4.88, p < 0.001. Since the target was easily visible
on both backgrounds used (Uniform for E1 and Bar9 for E2), we did
not expect a significant difference between the two backgrounds. It
might be that the additional bars in the background of Bar9 directed
the participants to the expected target location, and as such facilitated
the task. The difference in reaction time could also be attributed to
the different participants used.
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5.3.2 Adaptation task

For the adaptation task of Experiment E1, only one incorrect answer
(0.4%) was removed, while seven incorrect answers (0.7%) were re-
moved for the adaptation task of Experiment E2. Additionally, in Ex-
periment E2, one participant incorrectly indicated the location for the
same target and background twice. Therefore, all four data points for
that target and background combination were removed from further
analyses. Again, the limited number of incorrect responses shows
that the participants were quite accurate in their responses.

For Experiment E1, no measurements exceeded the 60 s limit,
while for Experiment E2, this happened in total 66 times (i.e., 6.9%).
This occurred mostly (i.e., 44 times) for backgrounds Bar2.7 and Square
when detecting the target with the lowest luminance of 0.014 cd/m2.
For these latter two stimuli, data with an adaptation time longer than
60 s accounted for 55% of the measurements. Setting the adaptation
time to 60 s led to a somewhat skewed distribution for this level.

5.3.3 Statistical analyses

Figure 5.4 graphically depicts the means and 95% confidence inter-
vals, calculated with the raw data (excluding incorrect responses and
within the 60 s limit), of the net adaptation time as a function of
target luminance level, for all backgrounds. The first LMM, analyz-
ing the data of Experiment E2, revealed a significant effect of target
luminance level, F(7,180) = 409.0, p < 0.001. In general, the net adapta-
tion time increased with decreasing target luminance. We also found
a significant effect of the luminance distribution of the background,
F(2,274) = 9.4, p < 0.001, on the net adaptation time. Pairwise compar-
isons revealed that the background Bar9 led to a significantly shorter
adaptation time than the backgrounds Square (p < 0.001) and Bar2.7
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(p = 0.039), while the net adaptation times for the latter two back-
grounds were not statistically significantly different from each other
(p = 0.215). No significant interaction effect between target luminance
and luminance distribution of the background was found, F(14,287)
= 1.6, p = 0.073, but there was a trend showing that the difference
in adaptation time between the various backgrounds was larger for
lower target luminance levels.

As explained before, for backgrounds Bar2.7 and Square the dis-
tribution in net adaptation time was skewed toward 60 s for the low-
est target luminance. Therefore, we ran an additional LMM analysis,
including only these two backgrounds and excluding the target with
a luminance of 0.014 cd/m2. The results showed a trend toward a
longer net adaptation time for the background Square than for the
background Bar2.7, F(1,123) = 3.0, p = 0.085. In addition, we found
a trend for the interaction between luminance distribution and target
luminance, F(6,131) = 1.8, p = 0.096, indicating that the difference in
adaptation time became larger (with longer adaptation times for the
background Square) for lower target luminance levels. Also in this
analysis, the net adaptation time was significantly affected by the tar-
get luminance, F(6,103) = 186.7, p < 0.001. The LMM analyzing the
data of Experiments E1 and E2, showed a significant effect of target
luminance, F(4,145) = 505.0, p < 0.001, and luminance distribution of
the background, F(3,76) = 14.7, p < 0.001, on the net adaptation time.
The spatially uniform background resulted in a significantly shorter
adaptation time compared to the non-uniform backgrounds, Square
and Bar2.7 (p < 0.001), and Bar9 (p = 0.001). A significant interac-
tion effect was found between target luminance and the luminance
distribution of the background, F(12,197) = 10.1, p < 0.001. This inter-
action effect showed that the difference in adaptation time between
the various backgrounds was larger for lower target luminance levels.
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Figure 5.4: Graphs showing log10 adaptation luminance (in cd/m2) on the y-axis as a func-
tion of adaptation time (in seconds) on the x-axis for four different backgrounds of the target,
namely Uniform, Bar9, Bar2.7, and Square. The top four graphs present the results for each of
the backgrounds separately. The bottom left graph presents all measured data, and for clarity
of interpreting the results, the bottom right graph zooms in on the lowest target luminance
levels. The error bars represent 95% confidence intervals.
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5.3.4 Eye-tracking measurements

Visual inspection of the eye tracking measurement data showed that
the participants used a similar strategy to locate the target, irrespec-
tive of the type of background. Figure 5.5 depicts, as an example, the
trajectory of the point-of-regard over time for two participants, de-
tecting a target on the Bar2.7 background; these participants basically
scanned along the horizontal midline of the background in order to
locate the target. Participant 2 occasionally attended the rest of the
background more often than participant 1, but most of the points-of-
regard were clearly along the horizontal midline.

Figure 5.6 shows the two-dimensional spatial distribution of all
points-of-regard combined for all participants, per background. It
clearly illustrates a large concentration of visual attention within the
region of the potential target. Participants looked at other parts of
the background only sparsely. This tendency was independent of
the background for which the target had to be located. The most
pronounced difference between the three backgrounds was that for
background Bar9 participants paid slightly more attention to the cen-
ter of the background than for the backgrounds Bar2.7 and Square.
Interpreting both types of graphs, we find that generally the partici-
pants’ strategy to locate the target was very similar for all three back-
grounds, where they mainly scanned along the horizontal midline,
with only sparsely looking at other parts of the background.
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Figure 5.5: Trajectory of the point-of-regard over time for detecting a target on the Bar2.7
background for two participants, where the x-axis presents the x-dimension of the back-
ground (in degrees) and the y-axis represents the y-dimension of the background (in de-
grees).
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Figure 5.6: Spatial distribution of the points-of-regard combined for all participants per
background.
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5.4 Discussion

The objective of this study was to gain more insight into dark adap-
tation to an environment with a non-uniform luminance distribution.
The main question was whether the visual system adapts to local or
global luminance, when corrected for veiling luminance at the cen-
ter of the target. The results showed that non-uniform backgrounds
with a different spatial luminance distribution but with equivalent
veiling luminance can lead to different adaptation times. A back-
ground having a square in the center and a background with bars
close to the target both result in a longer adaptation time than a back-
ground with bars at a larger distance from the target. This shows that
dark adaptation is to a large extent influenced by the local luminance
surrounding the viewing direction, at least for the luminance levels
used in our study. This suggests that the visual system adapts at any
retinal position to a weighted average of the surrounding luminance.
This finding agrees with literature. Uchida and Ohno (2013a) found
that the visual system locally adapts to the task area, in their case for
a peripheral detection task. Further, models using local adaptation
such as described by Normann et al. (1983) and Vangorp et al. (2015)
were found to accurately predict contrast thresholds for non-uniform
images. Our study shows a trend that the adaptation time is longer
for detecting a target in a background having a square in the center (at
4.3° distance) than in a background having two bars at close distance
(2°). This may be caused by a difference in the shape of the spatial lu-
minance distribution in relation to the potential location of the target.
A different luminance distribution in the local field of view may, as
discussed before, lead to a different adaptation time. The eye-tracking
measurements showed that the participants scanned along the hori-
zontal midline of the background in order to localize the target. For
the background containing the square in the center, such scanning
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will cause a temporal variation in adaptation luminance, since the
visual system adapts to a high luminance while the eyes scan across
the square, and to a lower luminance when the eyes look at the pos-
sible position of the target. So, since dark adaptation is relatively
slow, the visual system at the target detection area may be adapted
to a somewhat higher luminance for the background containing the
square compared to the background with the bars. This may therefore
affect the adaptation time, especially for lower target luminance lev-
els. Nevertheless, as the difference between background Square and
background Bar2.7 was not significant, for the target luminance levels
assessed in the present study, the effect of scanning over a bright area
seems to be of less importance to the adaptation time than the effect
of the spatial luminance distribution of the background. To draw a
solid conclusion on the effect of temporal variations in local retinal
luminance on the adaptation time, more research is required. Finally,
the present study shows that the adaptation time for the spatially
uniform dark background is shorter than for all non-uniform back-
grounds. Therefore, we may conclude that also luminance in the near
periphery of the retina (as is the case for background Bar9), affects
the adaptation time. The eye-tracking measurements indeed showed
that participants did not look at the bright bars in the background,
but mainly looked at the middle line. Even though the eye-tracking
measurements were taken in a lighted space, literature shows no sys-
tematic deviations in eye movements in a dark or in a lighted space
for humans (Goffart et al., 2006; Snodderly, 1987). However, as bright
objects are known to attract attention (Vos, 2003), participants may
have looked more often to the relatively brighter areas of the back-
ground in the actual experiment (since it was executed in the dark
space), than recorded by the eye-tracking measurements (executed in
the lighted space). Also, veiling luminance could have influenced the
adaptation time, since the veiling luminance on the target was smaller
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for the uniform dark background compared to the non-uniform back-
grounds. Finally, neural processes of the visual system may also ex-
plain our findings. As described in the Introduction, the first stage
of visual processing can be described by a model of local adaptation
in combination with factors addressing glare and/or eye movements
(Normann et al., 1983). Visual pathways (i.e., magnocellular and par-
vocellular) from the retina to the lateral geniculate nucleus (LGN)
alter the visual signals to some extent. Research has demonstrated
that the magnocellular pathway shows local adaptation, whereas lit-
tle evidence is found for local adaptation of the parvocellular path-
way (Pokorny & Smith, 1997). It is possible this might, to a certain
extent, explain why luminance at 9° distance affected the adaptation
time slightly. It was the aim of the present study to use an equivalent
level of veiling luminance at the target location for all backgrounds.
The veiling luminance exceeded the luminance of most of the tar-
gets. Thus, its impact is not negligible. Nevertheless, it is unknown
to what extent we can extrapolate our findings to apply to conditions
with higher veiling luminance levels. Higher levels of veiling lumi-
nance, assuming full adaptation, increase the luminance thresholds
(Murdoch & Heynderickx, 2012). However, it is unknown if and how
higher levels of veiling luminance affect the adaptation threshold as
a function of time. Additional research is therefore needed, includ-
ing various levels of veiling luminance in combination with various
background luminance distributions.

5.4.1 Modeling

In order to generalize our findings, a model is proposed to predict
the luminance threshold as a function of time for a non-uniform back-
ground. The relatively simple model consists of the black level visibil-
ity model of Murdoch and Heynderickx (2012) in combination with
the luminance threshold as a function of time for a spatially uniform
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Figure 5.7: Diagram of black level visibility model used by Murdoch and Heynderickx (2012).

background. Several other models exist (Normann et al., 1983; Van-
gorp et al., 2015). These models also combine local adaptation with
veiling glare. However, they mainly focus on the region of the fovea
and cone vision. In our study both foveal and peripheral vision are
important and both rods and cone are involved. Moon and Spencer
(1945) considered a foveal size of 1.5°, explaining 92% of the total
adaptation, and a surrounding area accounting for effects of veiling
luminance, explaining 8%. Hence, this model is conceptually sim-
ilar, but the sizes are slightly different than used by Murdoch and
Heynderickx (2012). The black level visibility model of Murdoch and
Heynderickx (2012) predicts the just noticeable difference in black
level - assuming full adaptation - between two non-uniform images
in the presence of a glare source. This model consists of three compo-
nents: the CIE99 glare model, a luminance adaptation function, and
the DICOM model. A diagram of the model is depicted in Figure 5.7.

First, Vos and van den Berg’s (1999) CIE135/1 glare model (gen-
eral glare equation) is used to determine the effect of veiling lumi-
nance on the image. As described in the Introduction, this model is
based on measurements of the optical performance of the human eye
from 0.1° to 100°, which can be roughly described by a 1/θ2 function,
where θ indicates the visual angle between the light source and the
viewing direction, in degrees. In addition, it accounts for effects of
age and eye pigmentation. Next, the luminance of the image in com-
bination with the effect of veiling luminance is used as input for the
luminance adaptation function. This function accounts for the fact
that the adaptation of the visual system does not take place globally,
but locally to a large extent. The function consists of a combination
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of two Gaussians (depicted in Figure 5.8), where the first Gaussian
function is narrow (SD = 0.67°) with a high weight (0.9935) corre-
sponding conceptually to foveal sensitivity, and the second Gaussian
function is wide (SD = 3.9°) with a low weight (0.0065) corresponding
to peripheral sensitivity.

The combination of these Gaussians is assumed to be centered
on the position of the target. The luminance adaptation function then
weights the luminance of every pixel of the image (corrected for veil-
ing luminance) surrounding the target, and integrates the outcome
over the whole image. The resulting adaptation luminance is sub-
sequently used as input into the DICOM standard display function
(2011), which yields a prediction of the smallest detectable luminance
difference. As Murdoch and Heynderickx (2012) stated, the DICOM
function was originally developed for a very specific imaging target,
however it may be used with caution in other circumstances. A new
display function, aimed at high dynamic range displays up to 10000
cd/m2 has been developed recently (Miller et al., 2013). As this ex-
tended luminance range was not required for our study, we make use
of the DICOM function, to not alter the components as used by Mur-
doch and Heynderickx (2012). In future studies, it will be interesting
to compare these outcomes to the new SMPTE 2084 function.

In order to apply the model of Murdoch and Heynderickx (2012)
to predict the luminance threshold for a non-uniform background at
several time intervals during dark adaptation, it should be extended
with a function describing the luminance threshold as a function of
time for a spatially uniform background. This function is known from
literature, albeit not very accurately in the first seconds. Therefore,
our data of Experiment E1 was used to deduce the luminance thresh-
old as a function of time, by fitting the linear relation y = a ∗ x + b,
with y the log10 luminance (in cd/m2) and x the log10 time (in sec-
onds), using the least squares approach. The result is plotted in Fig-



The effect of spatial luminance distribution on dark adaptation 163

5

Figure 5.8: Adaptation luminance curve. The red curve depicts the Gaussian correspond-
ing to foveal sensitivity. The green curve depicts the Gaussian corresponding to peripheral
sensitivity. The blue curve shows the combined sensitivity of the two Gaussians. This fig-
ure is slightly adapted from Figure 10 depicted in Murdoch and Heynderickx (2012), with
permission of the publisher.

ure 5.9. The adjusted R2 was 0.97. The target with a luminance of
11.19 cd/m2 was excluded from this fit, since it was detected al-
most instantaneously. Therefore, we expect that no adaptation was
required to detect that target. Combining the black level visibility
model with the luminance threshold as a function of time for a spa-
tially uniform dark background, leads to the model as presented in
Equation 5.1:

Lnu(t) = Lu(t) + DICOM(ALF(IL + VL(image background)), (5.1)

where Lnu is the luminance threshold for a non-uniform back-
ground (cd/m2), Lu is the luminance threshold for the uniform dark
background (cd/m2), t is the adaptation time (s), DICOM is the DI-
COM standard display function (2011) resulting in the smallest de-
tectable luminance difference cd/m2), ALF refers to adaptation lu-
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Figure 5.9: The log10 luminance of the target (in cd/m2, presented on the y-axis) as a function
of the log10 adaptation time (in seconds, presented on the x-axis) for the spatially uniform
dark background used in Experiment E1. The solid line shows the fitted linear relation
y = a ∗ x + b, with y the log10 luminance (in cd/m2) and x the log10 time (in seconds). The
fitting parameters are: a = 0.86 with a 95% confidence interval of (1.08, 0.63), and b = 0.79
with a 95% confidence interval of ( 0.98, 0.60).

minance function (cd/m2; Murdoch & Heynderickx, 2012), IL is the
luminance of the image background (cd/m2), and VL is the veiling
luminance (cd/m2; Vos & van den Berg, 1999). Hence, the veiling lu-
minance (VL) of the image background is computed and added to the
image background luminance (IL). The ALF function then weights the
image background luminance corrected for veiling luminance with
the combination of Gaussians and integrates the outcome, calculat-
ing the adaptation luminance at the center of the target. Next, the
DICOM function is used to calculate the smallest detectable lumi-
nance difference on the location of the center of the target (assumed
to be in the fovea), for this adaptation luminance. Finally, this out-
come is added linearly to the luminance threshold as a function of
time for a uniform dark background.
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Model performance

We tested the goodness of fit of this model to the data of Experi-
ment E2. To do so, first, the black level visibility (the second term
of Equation 5.1) was calculated for the three spatially non-uniform
backgrounds of Experiment E2, using the model of Murdoch and
Heynderickx (2012) as described above. The viewing position was
assumed to be the location of the target. The output of this part of
the model (the smallest detectable luminance difference for spatially
non-uniform backgrounds) was then added linearly to the luminance
threshold as a function of time for the spatially uniform background
resulting from Experiment E1. The resulting sum of these values gave
the predicted luminance threshold as a function of time for detecting
a target in a non-uniform background. These predicted luminance
thresholds were compared to the median of the measured adaptation
time for every target’s luminance level used in Experiment E2. Fig-
ure 5.10 shows the predicted luminance threshold (as a dashed line)
and the target luminance levels (as dots) as a function of the corre-
sponding median adaptation time for the three backgrounds used in
Experiment E2 as a separate graph. The R2 values of the model were
0.78, 0.85, and 0.88 for Bar9, Bar2.7, and Square, respectively. This
shows that the prediction was reasonably good.

Although this relatively simple model is a good first approxi-
mation of the luminance threshold during dark adaptation for non-
uniform backgrounds, there is still room for improvement. First,
more variation in luminance distribution around the target and in
(target) luminance levels may lead to a more accurate prediction of
the luminance thresholds. Using more than two Gaussians in the
adaptation luminance function may also improve the accuracy of the
model. A good starting point would be to combine the model de-
scribing foveal sensitivity of Vangorp et al. (2015) with the model of
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Figure 5.10: Graphical overview of the median adaptation times for every target luminance
as measured in Experiment E2 (given by the dots), and the predicted luminance thresholds
for those adaptation times (given by the dashed lines) for the non-uniform backgrounds Bar9,
Bar2.7, and Square. The solid black line shows the fit of the luminance threshold as a function
of time for the uniform background. Deviations from this solid line indicate the degree of
local spatial adaptation for these backgrounds. The log10 adaptation time (s) is presented on
the x-axis and the log10 adaptation luminance (cd/m2) is presented on the y-axis.

Murdoch and Heynderickx (2012). However, Vangorp et al. (2015)
only predict the adaptation state for the central part of the retina.
Therefore, using our stimuli, which are varied in luminance distribu-
tion at larger visual angles, we cannot verify the potential improve-
ment in accuracy of the combined models. Thus, more research is
required to study the optimal combination of Gaussian functions de-
scribing foveal and peripheral sensitivity. Finally, as discussed before,
the model may be extended by factors accounting for the movement
of the viewing direction or for fluctuations in luminance levels in the
background over time. Extending the model to take this into account
provides a more realistic comparison to real life conditions.
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5.5 General conclusion

In this study, dark adaptation was measured for three different spatial
luminance distributions surrounding a to be detected target, while
keeping the veiling luminance at the center of the target equivalent.
The results prove that, for the non-uniform backgrounds used in the
present study, the visual system adapts to a large extent to local lumi-
nance surrounding the viewing direction. Backgrounds with bright
areas close to the viewing direction have longer adaptation times than
backgrounds with bright areas positioned at a larger visual angle. In
addition, any spatially non-uniform background results in a longer
adaptation time compared to a spatially uniform dark background.
This is the case even if the bright area is at an angle of 9° with re-
spect to the target. This implies that also luminance values in the
near periphery of the eye influence the adaptation process. Based
on the results, a simple model is proposed to predict the luminance
threshold for a non-uniform background during dark adaptation.
The model consists of the black level visibility model of Murdoch
and Heynderickx (2012) in combination with a function describing
the temporal change of the luminance threshold for adaptation to
a uniform dark background. Results showed that the model pre-
dicts the observed data for spatially non-uniform backgrounds quite
well. Still, extension of this model is needed to fully predict lumi-
nance thresholds during everyday activities, such as driving at night.
Eventually such a model may lead to a better understanding of the
visibility and even more important invisibility of objects encountered
during, for example, nighttime.
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6
General discussion

Knowing how light affects the impression of an environment forms a
crucial piece of the puzzle towards creating application-based light-
ing. Yet, the impact of light on the affective appraisal of a space, also
referred to as atmosphere, is still insufficiently understood. The cur-
rent research aimed to better understand and further quantify how
a lighting design affects the atmosphere of a space. However, this
relation is rather complicated and indirect. We therefore used the
Atmosphere Circle Model (ACM, depicted in Figure 1.2 in Chapter
1), which conceptualizes the relation in three subsequent steps. The
model first relates the technology characteristics of a lighting system
to the physical light in a space. Second, it converts the physical light
to perceptual attributes of light. And third, it establishes the relation

169
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between the perceptual light attributes and atmosphere. Knowledge
of the ACM that is mainly lacking concerns the second and third re-
lation.

As the title of this dissertation highlights, atmosphere relies on
the interplay of light characteristics and light perception. Therefore,
we first discuss how perceptual light attributes are related to atmos-
phere, and show how our studies significantly improved our under-
standing of this topic. Second, we reflect on the relation between
physical characteristics of the light in a space and perceptual light
attributes. Again, we address the contributions of our studies, but
also underline the importance of future research on this relation. In
addition, the influence of daylight relative to electric light on light
perception and atmosphere is discussed. Since methodology played
an important role in our studies, we also include a reflection on the
various methods used in this discussion. Last, we discuss the practi-
cal contributions of our work, and reflect on potential future studies.

6.1 Towards closing the loop in the Atmos-

phere Circle Model

6.1.1 From perceptual light attributes to atmosphere

To create lighting designs with a dedicated atmosphere, detailed know-
ledge on the relation between light perception and atmosphere is key.
Quantifying how people perceive the atmosphere of a space is, how-
ever, not trivial. We used the questionnaire of Vogels (2008) in Chap-
ters 2 and 3 to gain a deeper understanding of how light affects at-
mosphere. In Chapter 2, the effect of the perceptual light attributes
brightness and perceived uniformity on the atmosphere dimensions co-
ziness, liveliness, tenseness and detachment was studied. In Chapter 3,
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Figure 6.1: Relation between brightness and perceived uniformity at the one hand and the
individual atmosphere dimensions coziness, liveliness, tenseness and detachment at the other
(this is a repetition of Figure 2.4 in Chapter 2).

mediation analyses were used to investigate effects of the lighting de-
sign on brightness, perceived color and perceived uniformity on the one
hand, and the effects of these perceptual light attributes on the four
atmosphere dimensions on the other hand.

The outcomes of Chapter 2 are best described with Figure 6.1. It
depicts the second-order polynomial relations between brightness and
perceived uniformity and the four atmosphere dimensions. The results
in Figure 6.1 yield many new insights. First, they reveal a larger de-
gree of complexity between the light attributes and atmosphere than
previously demonstrated. Second, they show that light conditions
that are evaluated differently in terms of perceived light attributes
can result in equal assessments on one of the atmosphere dimensions.
For instance, light conditions perceived as bright and uniform are con-
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sidered as equally cozy as dim and non-uniformly perceived light con-
ditions. At the same time however, the evaluations of these lighting
conditions do differ on the other dimensions. Moreover, our findings
confirm previous outcomes and they can even explain contradictory
results. For instance, both the findings of Custers, de Kort, IJselsteijn,
de Kruijff (2010) showing that brighter light increased tenseness, and
the outcomes of the studies of Vogels, de Vries and van Erp. (2008)
and Vogels, Sekulovski, Clout, Moors (2008) showing that brighter
light decreased tenseness, may be explained by our results, as the ef-
fect depends on the initial levels of the light attributes. The outcomes
of the mediation analyses performed in Chapter 3 showed linear re-
lations between brightness, perceived color and perceived uniformity and
the four atmosphere dimensions. The significant effects of brightness
and perceived uniformity on detachment and liveliness found in Chapter
3 are in line with the directions of the findings of Chapter 2. The ef-
fects on coziness and tenseness seem to agree less well with the findings
of Chapter 2. However, as a different set of light conditions was used,
and the outcomes resulted in linear versus higher order relations, it is
difficult to compare the results of both studies. In addition the diffe-
rent statistical techniques, where mediation analyses also accounted
for the perceived color of the light, may explain the different findings.

For lighting designs using white light of a fixed correlated color
temperature, the attributes brightness and perceived uniformity explain
a relatively large amount of variation in each of the four atmosphere
dimensions, as Chapter 2 ascertained. However, in LED-based light-
ing designs, variations in the light’s color temperature or color can
be easily enabled. Chapter 3 showed that for such lighting designs,
additional light attributes contribute to atmosphere; perceived color
(ranging from warm to cool) was found to be an important additional
attribute. However, as ’hue’, ’saturation’ and ’brightness’ are well-
known perceived color properties, the attribute perceived color may be
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too general to fully describe the impact of changes in the light’s color
on atmosphere. In addition, as a result of introducing colored light in
a space, the perceived light distribution may be affected. Thus, for in-
stance attributes differentiating between perceived uniformity of colored
light and perceived uniformity of light intensity may be needed to better
describe atmosphere in terms of perceptual light attributes.

Variations in atmosphere

In Chapter 2 and 3 we uncovered how variations in brightness and
perceived uniformity affected each of the four atmosphere dimensions.
Although it is very useful to disentangle effects of light into indivi-
dual atmosphere dimensions, to deepen our understanding of how
light composes an atmosphere, it is also important to study how the
atmosphere itself is affected by changes in light. For instance, in or-
der to copy an atmosphere from one location to another, we would
need to comprehend how changes in brightness and perceived unifor-
mity affect the atmosphere as a whole. Choy (2009) asked participants
to indicate when they perceived the atmosphere in the space to be
changed, while varying light characteristics. Results showed that a
change in light intensity of one or more light sources of at least a
factor of two was allowed before the atmosphere was perceived as
changed, but unfortunately Choy (2009) did not address the distribu-
tion of the light. We used the data of Chapter 2, to model how vari-
ations in brightness and perceived uniformity affect atmosphere. A de-
tailed description of these calculations is given in Appendix A. Here,
atmosphere is defined as a coordinate in a four dimensional space de-
pending on its ratings on coziness, liveliness, tenseness and detachment.
Since the seven-point scales we used are relative scales, we divide the
ratings by the standard error of the ratings of the corresponding di-
mension. The change in atmosphere is then defined as the Euclidean
distance between two atmospheres in this space, which is the dis-
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tance over all atmosphere dimensions (see Equation A.2 of Appendix
A). The change in atmosphere can also be described in terms of the
variation in brightness and perceived uniformity, as Equation A.4 of Ap-
pendix A denotes. Since the change in atmosphere for variations in
brightness and perceived uniformity is not uniform across the whole at-
tribute space, we first give an example in Figure 6.2. It depicts the
resulting change in atmosphere starting from a rating of four on the
seven-point scale both for brightness and perceived uniformity. The el-
liptical shape of the "iso-atmosphere" contours suggests that atmos-
phere is not affected equally by changes in brightness and perceived
uniformity. A change in brightness of 1 point on the seven-point scale
(so, e.g. from a 4 to a 3 or 5) results in a larger change in atmosphere
than a change in perceived uniformity of 1 point does. Even more inter-
esting is the observation that increasing both brightness and perceived
uniformity may result in a smaller change in atmosphere than only in-
creasing brightness. Thus, increasing perceived uniformity may (par-
tially) compensate an increase in brightness, in circumstances where
equal atmospheres are desired.

As indicated above, Figure 6.2 only applies to initial ratings of
four on the seven-point scales for brightness and perceived uniformity,
but Equation A.4 of Appendix A can be used to calculate the effect
for other initial ratings of these perceptual light attributes. The partial
derivatives of brightness and perceived uniformity describe the rate of
change in atmosphere, as a function of the initial ratings of brightness
and perceived uniformity. These equations (i.e., Equation A.5 and A.6
of Appendix A) are depicted in Figure 6.3. The left image of Figure
6.3 shows the rate of change in atmosphere when perceived uniformity
changes an infinitely small step, while brightness is fixed, for all rat-
ings on the seven-point scale of the two perceptual light attributes.
Similarly, the right image of Figure 6.3 shows the rate of change in
atmosphere when brightness changes an infinitely small step, while per-
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Figure 6.2: Change in atmosphere for variations in brightness and perceived uniformity starting
from a rating of four on the seven-point scale for both attributes. The change in atmosphere
is expressed in Standard Errors, and the contour lines express subsequent steps of three
Standard Errors. The x-axis represents variations in brightness from the rating of four, and
the y-axis the variations in perceived uniformity of the light.

ceived uniformity is fixed, for all ratings on the seven-point scale of the
two perceptual light attributes. Thus, the smallest change in atmos-
phere when perceived uniformity is varied is found at a brightness level
of one and a perceived uniformity level of almost three. Similarly, the
smallest change in atmosphere when brightness is varied occurs for con-
ditions where brightness is four and perceived uniformity is one. In both
images of Figure 6.3 the rate of change in atmosphere is given on the
same (color) scale, demonstrating that a change in brightness results
in a larger change in atmosphere than a change in perceived uniformity,
for most brightness and perceived uniformity levels. This implies that
for retaining the atmosphere in a space, variations in perceived unifor-
mity of the light are generally less critical than variations in brightness
of the light. As mentioned before, additional attributes may change
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Figure 6.3: The left image depicts the change in atmosphere, expressed in Standard Errors per
point in perceived uniformity (at a fixed brightness), and the right image depicts the change in
atmosphere, expressed in Standard Errors per point in brightness (at a fixed perceived unifor-
mity). In both images the x-axis depicts the brightness rating of the light ranging from one
to seven, and the y-axis depicts the perceived uniformity rating of the light also depicted on a
scale of one to seven.

these relations, but may also offer more freedom. For instance, it is
known that perceived color may not only directly affect atmosphere but
may also affect brightness (Fotios, 2001). Thus, the addition of this
perceptual light attribute can offer the opportunity to retain atmos-
phere over a larger range of light settings. An experiment in which
effects of, for instance, perceived color are studied for (some) of the pre-
viously investigated conditions, is therefore interesting to perform in
the future.

In sum, our outcomes show that when copying an atmosphere to
another environment, it is usually more important to retain brightness
than perceived uniformity, and that in some circumstances perceived uni-
formity may be used to counteract a change in brightness or vice versa.
Schielke (2015) showed similar results in a study aimed at understan-
ding the effect of brightness, color and perceived uniformity on brand
image attributes. The author demonstrated a large effect of brightness
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on the perceived price and attractiveness, while no effect of perceived
uniformity was reported. Still, more research is required to translate
these findings to results that can be readily put into practice. Ideally,
we would like to express the change in atmosphere in terms of JNDs,
in order to know how noticeable the changes in atmosphere are. In
addition, even more insights can be gained if we can express the per-
ceptual changes in terms of physical changes. The next paragraph
aims to address the current level of understanding on this relation.

6.1.2 From physical light to perceptual light attributes

In the previous paragraph, we showed that we can quite accurately
quantify the relation between perceptual light attributes and atmos-
phere. Nevertheless, in order to actually design application-tailored
lighting, we should not only be able to convert the desired atmo-
spheres to light perception attributes, but also to measures that reflect
the physical light in a space. Although this has been addressed in lit-
erature much more extensively than the former relation, still many
questions remain open.

Objective measures

Studies that aimed to relate the perceptual attribute brightness to the
physical unit luminance have been conducted since Weber’s Law in
1834. This relation was typically evaluated using a single light source
on a uniform background. Although we can infer from these stu-
dies that an increase in luminance often increases brightness, it is oth-
erwise difficult to apply these results to light perception in a three-
dimensional space. In more recent years, literature focused on how to
predict light perception from physical light in the context of a room.
In Chapter 2, we evaluated objective measures from literature, but
their ability to predict light perception lacked accuracy. Indeed, as
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expected from the early studies of Weber, we found that the mean
luminance in a 40° horizontal band across the space (Loe, Mansfield,
& Rowlands, 1994, 2000) was a good predictor of brightness when the
overall luminance of the light was varied. However, for conditions
with equal average luminance, we still observed effects of brightness
that were not accounted for by the measure proposed by Loe et al.
(1994; 2000). In these conditions, brightness probably changed as a re-
sult of variations in the distribution of the light, highlighting the need
for more research to unravel the relationship between physical light
characteristics and brightness. Also the relation between the light
distribution in a space and perceived uniformity needs further atten-
tion. Perceived uniformity relates to the contrast of the light in a space,
where a higher contrast is often perceived as less uniform. However,
Chapter 2 showed that defining contrast in a three-dimensional il-
luminated space is not trivial; perceived uniformity is not simply re-
lated to the ratio of the highest to the lowest luminance in a scene.
Hence, other measures for contrast are needed to accurately describe
perceived uniformity. The human visual system uses information at
different spatial frequencies to process visual information (Adelson,
Anderson, Bergen, Burt, & Ogden, 1984; Wilson & Bergen, 1979). Our
results indicated that also the way the light is distributed over the
space may play a role in assessments of perceived uniformity. Models
calculating contrast locally, integrated over various frequency levels
(Simone, Pedersen, & Hardeberg, 2012) may potentially result in a
better prediction of perceived uniformity.

In addition, light/dark adaptation plays an important role in
how the light in a space is perceived. Research has shown that the
visual system can adapt locally. However, much is unknown about
the extent of this phenomenon, and how this consequently affects vis-
ibility and light perception. To systematically address this issue, this
dissertation sought to understand how the visual system dark adapts
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to a spatially non-uniformly lit environment.

The role of dark adaptation

The ability of the visual system to adjust its sensitivity to changes in
light intensity is an important and useful feature. Without light/dark
adaptation, the visual system would only be able to discern intensity
changes of two to three orders of magnitude. Despite the consider-
able amount of literature on this topic, there still is little quantitative
information on how the visual system accounts for a non-uniform
light distribution while dark adapting. Therefore, we investigated
adaptation times for several spatially non-uniform light distributions
in Chapters 4 and 5. These experiments demonstrate that dark adap-
tation is highly affected by the spatial distribution of the light. Back-
grounds with bright areas close to the viewing direction can result
in longer adaptation times than backgrounds with bright areas posi-
tioned at a larger visual angle. The experiments also show that any
spatially non-uniform background results in a longer adaptation time
compared to a spatially uniform dark background, and thus, lumi-
nance in the periphery also affects the adaptation process. In Chapter
5, we demonstrated that a model weighting luminance closer to the
viewing direction stronger than luminance in the periphery resulted
in a decent fit with our observations.

The findings reported in Chapters 4 and 5 comprise a number
of important messages. First, they extend our knowledge on visibil-
ity (and invisibility) of luminance differences. Towards the end of
this discussion, we highlight practical implications of these findings.
In addition, these findings are also useful to be incorporated in fu-
ture psychophysical models, relating the physical light in a space to
(among others) brightness and perceived uniformity. As the retina is
capable of adapting locally to a spatially non-uniform luminance dis-
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tribution, it is strongly recommended for future models to consider
this local adaptation.

Effect of daylight versus electric light

In many spaces, physical light is composed of both electric light and
daylight. Daylight access is known to have impact on psychologi-
cal processes as for instance satisfaction with the workspace and aes-
thetic appraisals (Haans, 2014; Veitch et al., 2005; Moscoso et al., 2015).
However, there is limited quantitative analysis to identify the origin
of these effects (Beute & Kort de, 2013). Daylight comprises many
aspects; it is a light source of a high intensity, a particular light dis-
tribution and color, it changes subtly over time, and it often provides
a view to the outside world. In a first attempt to disentangle these
aspects, we explored in Chapter 3, for theoretical and practical pur-
poses, the degree to which daylight versus electric light affects atmos-
phere. Based on these outcomes, we reflect here on A) which aspects
of daylight may be responsible for affecting light perception and at-
mosphere, and B) whether daylight, although physically additive, is
also perceptually treated similarly to electric light.

In Chapter 3, we explicitly disentangled the aspect of having day-
light from having an outside view by placing observers with their
back to the window. Additionally, the use of visualizations pro-
vided the opportunity to create the appearance of (different types
of) daylight, but to control the overall luminance of all daylight and
no-daylight conditions. Under these circumstances, the impact of
daylight was smaller than the effect of electric light, irrespective of
whether diffuse or direct daylight was added. Based on literature, we
expected to find more accentuated effects of daylight in general, and
also larger effects of direct compared to diffuse daylight. We there-
fore hypothesize that the well-known effects from literature may be
attributed to the aspects that we carefully controlled in our study, i.e.,
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effects of the view to the outside, increased intensity and/or natural
fluctuations in the light. For the light effects that we tested, it may on
the one hand simply be that variations in physical light characteristics
of the electric light were larger than those of the daylight, resulting in
larger effects on the light perception attributes and atmosphere. On
the other hand, an explanation may be sought in perspective of light
perception mechanisms. The human visual system evolved to dis-
count effects of different shades of light in favor of recognizing colors
and reflectance of objects. Recent research has shown that this effect
is especially pronounced for light resembling daylight (Pearce, Crich-
ton, Mackiewicz, Finlayson, & Hurlbert, 2014). Pearce et al. (2014)
argued that the visual system, from an evolutionary point of view,
may silence responses to variations in light resembling daylight to in-
crease discrimination for other colors. Whether this effect would also
occur for daylight added to electric light is not known from literature,
but would be worthwhile to investigate in future research.

Our study thus indirectly suggests that the view, or the natural
change in intensity and color of daylight may be important aspects for
a space’s atmosphere. A window to the outside world may affect light
perception depending on the content that it pictures. In addition,
a substantial increase in intensity may affect brightness to a larger
degree than our study detected. Future research should establish the
nature of these relations.

6.2 Methodological considerations

Methodology has been a central theme in this dissertation. Therefore,
this section reflects on the use, the advantages and the disadvantages
of three methodological aspects that had a main role in this disserta-
tion.
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6.2.1 Mediation

In lighting research an often-used approach is to study direct causal
relations between a number of light conditions and their subjective
evaluation in terms of appraisals of a space. Instead, in the current
thesis, we explicitly evaluate two subsequent steps: first how the light
in a space affects light perception, before linking that to the room’s
atmosphere. This two-step modeling approach provides a better un-
derstanding of the process that underlies the effect of light on at-
mosphere in a space and yields a very compact, ’lean’ strategy to
understand and quantify the indirect and sometimes non-linear rela-
tionships between light conditions and atmosphere. In Chapter 2, it
enabled us to concisely model how brightness and perceived uniformity
affect atmosphere for more than a hundred different light conditions.
Chapter 3 shows that brightness, perceived color, and perceived unifor-
mity are indeed important mediators in the relation between light
conditions and atmosphere. In sum, this approach provides a better
understanding of how light affects atmosphere and at the same time
facilitates processing effects of many light conditions, and hence, we
advise to use it in future research.

6.2.2 Multiple methodologies

In science, it is often considered good practice to address a single
research question with multiple methods. This approach was taken
in Chapter 3, where different ways to present and assess light con-
ditions were compared. More specifically, we compared the results
of a research design presenting all daylight and no-daylight condi-
tions in blocks, to those of a design that presented all conditions in
a fully random order. In addition, we compared a rating-scale and a
paired-comparison methodology. Overall, we found very similar re-
sults between the different methodologies. However, the random or-
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der presentation revealed slightly larger differences for the attributes
than the blocked presentation design. Also, the paired-comparison
evaluation resulted in larger effect sizes across the board than the
rating-scale evaluation did. As methodology may affect outcomes to
some extent, it is thus important for future research to carefully con-
sider which methodology to use. Any methodology has its pros and
cons, and it depends on the particular experiment which methodol-
ogy is best, most feasible or most acceptable to select. For instance, al-
though a paired-comparison experiment may elicit larger effect sizes,
it also takes much longer for the participants than a rating-scale ex-
periment, possibly resulting in more tired participants, which may
affect the accuracy of the outcomes. The best research practice is
to employ multiple methodologies; then, robustness of the conclu-
sions is increased and variability from any particular methodology is
known.

6.2.3 Visualizations

A well-considered methodological choice for all our studies was to
employ visualizations as a means to study a lit environment. For
the type of studies conducted in Chapters 4 and 5, the use of visual-
izations is relatively common. These visualizations did not need to
be photographically accurate representations of realistically lit envi-
ronments, but were designed to render large enough luminance dif-
ferences in order to study dark adaptation. These visualizations al-
lowed accurately presenting non-uniform light effects, which would
be more difficult to create with actual luminaires. As these visualiza-
tions were presented on a High Dynamic Range display, we were able
to study large luminance differences. Although actual outdoor lumi-
nance values of over 10000 cd/m2 could not be reached with the mon-
itor, the ratio of maximum to minimum values was representative for
real outdoor conditions. In contrast to the low detail, monochrome
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visualizations of Chapters 4 and 5, the visualizations employed in
Chapters 2 and 3 represented lit environments with high spatial de-
tail and color. Although less common, lighting research increasingly
employs these types of visualizations, because they have many ad-
vantages. In our research, they allowed us to study a substantially
larger number of light conditions than would be practically feasible
in a real environment. Second, they enabled us to study the effect of
(different kinds of) daylight in a controlled manner. Last, we could
employ different kinds of research designs and measurement strate-
gies to improve the robustness of our conclusions. Of course, these
advantages are only meaningful if the outcomes of the studies result
in trustworthy findings. Evidently, a visualization presented on a dis-
play does not give exactly the same experience of a space as being in
that real space. However, recent research reported positively on the
possibility to employ visualizations instead of real spaces to assess
perceived light and atmosphere attributes, and showed that percep-
tual differences on these attributes between visualizations and a real
space were very small if the visualizations were carefully created and
depicted (Murdoch, Stokkermans, & Lambooij, 2015; Schielke, 2016;
Villa & Labayrade, 2010). Nevertheless, these authors also acknowl-
edged small deviations. In particular, the brightness of dim envi-
ronments was systematically overestimated in visualizations, leading
to equal brightness assessments in visualizations for conditions that
were assessed as dim or medium in a real space. In our studies we
did not detect such effects. One of the largest differences that we
came across was that adding daylight to the interior light conditions
in the visualizations led to the perception of cooler light whereas this
effect was not found in the real space (Stokkermans, Chen, Murdoch,
Vogels, & Heynderickx, 2015). The reason for this was probably that
effects of reflections of the outside world were not modeled in the
visualizations, which made the daylight relatively bluish. This could
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be easily improved in future research.

A limitation of the use of visualizations in our studies was that
the display could not represent the absolute luminance that would be
encountered in real life. For the studies in Chapters 2 and 3 a Tone
Mapping Operator was therefore used to compress the luminance
range of the images. For future studies, a high brightness display
with a high dynamic range would be ideal for the type of studies that
were conducted in this dissertation. This would eliminate the need
for a TMO or simplify its algorithm, which simplifies the rendering
pipeline overall, and thus may increase the accuracy of computer vi-
sualizations. For the study in Chapter 3, investigating the effect of
daylight, this would have also enabled us to study different lumi-
nance levels. Also for the studies conducted in Chapters 4 and 5, it
would be interesting to use a display that renders higher luminance
levels, so that outdoor situations would be better represented. Adap-
tation slows down after being adapted to higher luminance values
(Hecht, Haig, & Chase, 1937), and in addition we found larger differ-
ences in adaptation times for backgrounds with brighter luminescent
sources in Chapter 4. Therefore, we may find more pronounced ef-
fects when studying a higher luminance range. Unfortunately, such
a display was not available at the time that these studies were con-
ducted, but may be used in the near future.

Nowadays, also much technological effort is put into creating
head-mounted displays, on which light effects can be shown with
a higher degree of immersion than on desk-based displays. Head-
mounted displays allow walking around in an environment, looking
at light effects from different angles, potentially enabling participants
to virtually switch between different lighting scenes, etcetera. How-
ever, to date, the quality of these visualizations is inferior compared
to those employed in the current dissertation. To study light percep-
tion and atmosphere, it is key to pursue visualizations with a high
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perceptual accuracy. Murdoch and Stokkermans (2014) showed that
panoramic viewing of a space or larger displays do not necessarily
translate in higher reported immersion or in better perceptual accu-
racy. But, when high immersion would not come at the expense of re-
duced perceptual accuracy, head-mounted displays could offer even
better possibilities for the use of visualizations in studies focused on
light perception and on appraisals of the environment.

6.3 Our findings in context

6.3.1 Practical implications

Several guidelines for practical purposes can be extracted from the
findings reported in this dissertation. Figure 6.1 shows how varia-
tions in brightness and perceived uniformity may affect a space’s atmos-
phere. It provides insights regarding the direction of change in the
four atmosphere dimensions when brightness and perceived uniformity
are varied. For instance, if a space needs a higher liveliness, this can be
created by increasing the brightness of the light. In addition to the ef-
fects of brightness and perceived uniformity, Chapter 3 adds additional
understanding of effects of perceived color, showing that warmer light
increases coziness and reduces detachment.

One of the objectives of this dissertation was to provide a bet-
ter understanding of how to copy an atmosphere from one place to
another. Although this ultimately requires us to define effects in
terms of the physical light in a space, an important first step is to
understand the relation between perceptual light attributes and at-
mosphere. In this context, Figure 6.1 shows the degree to which each
atmosphere dimension is affected by a change in brightness and per-
ceived uniformity. For instance, retaining tenseness can more easily
be accommodated at higher brightness and perceived uniformity levels
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than at lower levels. Also important from a practical point of view
is that similar experiences on specific atmosphere dimensions can be
created with very different levels of brightness and perceived unifor-
mity. For instance, the same level of coziness can be created with light
of a high or low brightness. If the atmosphere in a space needs to
be retained, but the light has to be changed, or if two spaces need
to have the same atmosphere, then knowledge on how the atmos-
phere as a whole is perceived, in addition to insights on how changes
in light would affect the individual atmosphere dimensions, is ex-
tremely valuable. Equations A.4, A.5 and A.6 given in Appendix A
and the resulting Figure 6.2 and Figure 6.3 may be used to derive
such conclusions from. For example, we can now see that for a large
range of light conditions, a change in brightness will affect atmosphere
more than a change in perceived uniformity. What is also interesting is
that a change in one of the light attributes may be compensated by
a change in the other. For instance, at a brightness and perceived uni-
formity of four, an increase in brightness may be compensated by an
increase in perceived uniformity. Last, these data reveal at which bright-
ness and perceived uniformity level atmosphere is most stable or most
volatile. For instance, an atmosphere created with a low brightness
and average perceived uniformity is least affected by changes in per-
ceived uniformity, and an atmosphere with an average brightness and
low perceived uniformity is least affected by changes in brightness.

The state of adaptation of the visual system cannot be ignored to
accurately predict how a light condition is perceived. Only when the
exact mechanism of adaptation to complex light distributions is un-
derstood, can we predict light perception attributes correctly. How-
ever, in practice for most lighting designs, effects of adaptation are
minimal after some time, as intensity differences within lighting de-
signs are relatively small. When intensity differences become larger
than a couple of orders of magnitude, which typically occurs going
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from indoor to outdoor (or vice versa) and during night-time, notice-
able effects of adaptation in perceiving an environment have to be
taken into account. Our results show that longer adaptation times
are required for lighting designs that have bright light sources close
to the viewing angle. Thus, if it is required to be fully adapted to
the lighting design as quickly as possible, lights should be placed at
larger visual angles. In addition, it is important to maintain tempo-
ral or spatial luminance differences as small as possible or to design
gradual transitions in light intensity, if quick adaptation is required.

Beyond atmosphere

Although we aimed to design guidelines with respect to a space’s
atmosphere, we can also draw guidelines from Chapters 4 and 5 for
other applications. An important application in which knowledge
about visibility (and invisibility) is required and large intensity dif-
ferences exist, is road lighting. While driving at night, it is important
to know how road lights and headlights influence a person’s visibility
of dark objects. Our results suggest that large luminance contrasts at
close angles may slow down adaptation more than what is predicted
from state-of-the-art models, resulting in later detection of dark ob-
jects. This implies that in order to optimize visibility at all times, it is
important to avoid large light intensity differences as much as possi-
ble. Practically, this speaks for shielding barriers for headlights of op-
posing cars, and supports a strong plea for road lighting designs that
are not only uniform on the road surface, but also avoid light/dark
transitions at eye height of all drivers (including truck drivers).

6.3.2 Generalizability and looking forward

The studies in this dissertation make contributions to our insight in
multiple relations of the Atmosphere Circle Model. However, the
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generalizability of our findings is subject to a number of limitations.
First, our studies were employed using relatively young Dutch parti-
cipants, providing a controlled, but possibly limited view on how an
atmosphere is perceived. In future research, we may also account for
instance for the perception of elderly or for people from different cul-
tures. Second, our studies were conducted in an almost empty space
of an average size. On the one hand, an empty space emphasizes ef-
fects of light, and enabled us to study effects of light in a controlled
way without interference of (associations due to) furniture. On the
other hand, light is only visible when it falls on an object or surface.
Thus, adding more furniture to a space may also provide more infor-
mation on the light, by for instance, creating shadows. Unpublished
research showed that the type of furniture in a space affected the
atmosphere of the space, but did not change the relative effect that
lighting had on the atmosphere. This means that when a room is
furnished like a living room it may, in general, be perceived as cozier
than when the room is empty or furnished as an office, but if one in-
creases the amount of light it will change the atmosphere in the same
way independent of the presence and type of furniture. Also, the size
of our space may affect our outcomes, since, for instance, a larger
space may be associated with more business-like settings, and hence,
may enhance detachment. We, however, expect this effect to be small
based on earlier application studies that demonstrated that lighting is
more important than the layout of a space for a store’s image (J. Baker,
Grewal, & Parasuraman, 2009) and for the impression of a hotel lobby
(Countryman & Jang, 2006). The third limitation concerns the gener-
alizability to other light characteristics and the generalizability within
light characteristics. Although a very large range of light conditions
was studied, in practice LED-based lighting systems offer many more
possibilities. Results presented in Chapter 2 are based on light with
a CCT of 3500 K. Warmer or cooler light will affect atmosphere, but
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future studies should establish the extent of the interactions of the
CCT with the other light characteristics. Additionally, we should be
careful to restrict our conclusions to the range of light characteris-
tics investigated, and not to generalize our findings outside the scope
of our light conditions. The relations between light perception at-
tributes and atmosphere always have to be viewed within the scope
of the set of light conditions that was studied. Thus although this
study addressed a large range of lighting designs, caution is required
not to generalize our findings beyond the range of the studied light
conditions.

Despite these limitations, the Atmosphere Circle Model in itself
can be of great value without having all its relations completely de-
fined. Its structure provides a deeper understanding of how light
composes an atmosphere. It also offers insights into which aspects
(physical or perceptual) are more, or less, important for any given
atmosphere dimension. Last, the model is flexible, and can be easily
extended by future insights. Many of the limitations discussed above
may be converted into future research possibilities, to expand its ap-
plicability. However, to fully utilize the added value of this model, it
is important for future research to address its weakest link: the rela-
tion between physical light characteristics and perceptual attributes
of light. Once a deeper level of understanding in these relations ex-
ists, the obtained findings on atmosphere can be better connected
to the light characteristics in a space, which aids creating or copy-
ing atmospheres, and brings us one step closer to truly designing
application-tailored lighting.

6.4 Conclusion

This dissertation contributes to our understanding of the effect of
lighting design on the atmosphere of a space. Using the Atmosphere
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Circle Model as a framework, we could study this inherently complex
relation in a structured manner. Visualizations further enabled us to
design elaborate studies and draw conclusions on aspects that other-
wise would have been difficult to ascertain. This dissertation reveals
many novel insights regarding the relation between perceptual light
attributes and atmosphere. We demonstrate second-order polyno-
mial relations between brightness, perceived uniformity and atmosphere,
which cannot be described more clearly in words than Figures 6.1-
6.3 do at a glance. As the title of this dissertation underlines, light
perception is a crucial link in the relation between lighting design
and atmosphere. However, a profound understanding of the mech-
anisms that convert physical stimuli into perception is far from easy
to acquire; these mechanisms have been investigated for many years,
but still require much future effort. This dissertation contributes to
this domain by providing a deeper level of understanding of how
the visual system adapts to spatially non-uniform light distributions.
In addition, we provide insights on how to improve existing psy-
chophysical models that aim to predict light perception in a practical
environment. In sum, this dissertation yielded important theoreti-
cal contributions to domains of light perception and lighting design
and offers the lighting design practice a more solid basis for creating
application-tailored lighting designs based on human perception of
light and atmosphere.
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Appendix A:
Calculations on atmosphere

The atmosphere of a space is a point in the four-dimensional space on
the ratings of coziness, liveliness, tenseness, and detachment. Since these
are relative scales, we divide the ratings by the Standard Error of the
ratings of the corresponding atmosphere dimension. Atmosphere is
thus expressed as:

AtmCLTD =

(
C

SEC
,

L
SEL

,
T

SED
,

D
SED

)
(A.1)

Where,

C refers to the rating on coziness

L refers to the rating on liveliness

T refers to the rating on tenseness

D refers to the rating on detachment

SEC refers to the Standard Error of the ratings on coziness

SEL refers to the Standard Error of the ratings on liveliness

SET refers to the Standard Error of the ratings on tenseness

SED refers to the Standard Error of the ratings on detachment
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To obtain a measure of the difference of two atmospheres, we can
calculate the Euclidean distance between two atmospheres in this
four-dimensional space. This is expressed by:

∆AtmCLTD =

((
∆

C
SEC

)2

+

(
∆

L
SEL

)2

+

(
∆

T
SET

)2

+

(
∆

D
SED

)2)1/2

(A.2)

Where the meaning of the variables is equal to those in Equation A.1.

In order to relate the atmosphere of a space to the lighting in the
space, a first step is to express it in terms of perceptual light attributes.
As shown in Chapter 2, brightness and perceived uniformity are rele-
vant predictors for atmosphere. In Chapter 2, we expressed the four
atmosphere dimensions in terms of the brightness and perceived uni-
formity, using Equation 2.1 with the parameters as specified in Table
2.3. The following equation therefore expresses atmosphere in terms
of brightness and perceived uniformity.

Atmbu = f (b, u) = (c(b, u), l(b, u), t(b, u), d(b, u)) (A.3)

Where,

c(b, u) refers to the function of coziness as expressed in Equation 2.1
with corresponding parameters as specified for coziness in Table 2.3
in Chapter 2

l(b, u) refers to the function of liveliness as expressed in Equation 2.1
with corresponding parameters as specified for liveliness in Table 2.3
in Chapter 2

t(b, u) refers to the function of tenseness as expressed in Equation 2.1
with corresponding parameters as specified for tenseness in Table 2.3
in Chapter 2
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d(b, u) refers to the function of detachment as expressed in Equa-
tion 2.1 with corresponding parameters as specified for detachment
in Table 2.3 in Chapter 2

b refers to the rating on brightness

u refers to the rating on perceived uniformity

It’s our goal to express the change in atmosphere in terms of the
change in the lighting, in particular, in terms of the change in the
ratings on brightness and perceived uniformity. We thus want to obtain
the difference in atmosphere between two lighting conditions in rela-
tion to the ratings on brightness and perceived uniformity. We do this
by combining Equation A.2 and A.3. This results in the following
equation:

∆Atmbu(b1, b2, u1, u2) =((
c(b1, u1)− c(b2, u2)

SEC

)2

+

(
l(b1, u1)− l(b2, u2)

SEL

)2

+(
t(b1, u1)− t(b2, u2)

SET

)2

+

(
d(b1, u1)− d(b2, u2)

SED

)2)1/2

(A.4)

Where the meaning of the variables is equal to those in Equations A.1
and A.3.

We can also describe the rate of change in atmosphere for the ini-
tial levels of brightness and perceived uniformity, as a function of the
change in either brightness or perceived uniformity. The partial deriva-
tive functions expressed underneath (Equation A.5 and A.6) describe
the change in atmosphere when one of the perceptual light attributes
changes by an infinitely small step and the other is fixed.



208 Appendix A

Partial derivative of brightness:

δAtmbu
δb

= lim
b2→b1

∆Atmbu(b1, b2, u1, u1)

b2 − b1
(A.5)

Where the meaning of the variables is equal to those in Equation A.3.

Partial derivative of perceived uniformity:

δAtmbu
δu

= lim
u2→u1

∆Atmbu(b1, b1, u2, u1)

u2 − u1
(A.6)

Where the meaning of the variables is equal to those in Equation A.3.



Summary

The invention of electric light has been of major importance for mod-
ern life. Aside from enabling or improving vision, electric light can
also affect peoples’ moods, health and wellbeing, and regulate their
biological clock. As the scope of potential effects of electric light is
so wide, it can be used to aid in various activities and strengthen the
functionality of environments. Especially since the advent of LED-
based light sources, the possibilities to create application-tailored light-
ing designs have increased tremendously. The large impact of electric
light combined with these technological advances promises much po-
tential for application-based lighting designs, but also asks for a solid
understanding of the effects of light on humans when creating light-
ing designs. An important first step towards a deeper understanding
of those effects is to study how light affects the impression of a space.

This dissertation aimed to understand how characteristics of a
lighting design influence the affective meaning of a space, also known
as atmosphere. The Atmosphere Circle Model was used to conceptu-
alize and study this inherently complex relation. All chapters in this
dissertation, therefore, aimed to deepen our insight in the relations
described in this model. Chapter 2 studied the relation between two
important light perception attributes – brightness and perceived unifor-
mity – and atmosphere. Outcomes showed that all four dimensions of
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atmosphere can be accurately described by second-order polynomial
relations with brightness and perceived uniformity. In addition, Chap-
ter 2 tested how well objective measures described in literature could
predict brightness and perceived uniformity. The results showed much
room for improvement for such measures.

Chapter 3 compared three methodologies to study the influence
of electric light and daylight on the perception of the light and at-
mosphere of the space. A paired-comparison methodology was com-
pared to a rating-scale methodology based on randomly presented
light conditions and a rating-scale methodology for which the day-
light and no-daylight conditions were presented in blocks. In addi-
tion, we studied the effect of variations in daylight. The use of visual-
izations enabled us to disentangle this from the view towards or out
of the window and to control the luminance of daylight. Paired com-
parisons proved to be the most sensitive methodology to test effects
of light manipulations, but rating scale findings were consistent and
quite similar and hence for many applications may serve as a suitable
method as well. The effects of daylight observed in these studies were
smaller than expected and smaller than effects caused by variations in
electric light. This may be explained by the fact that the view and/or
the light intensity of daylight are important aspects shaping a day lit
space’s impression.

Chapters 4 and 5 addressed how a spatially non-uniform light
environment affects dark adaptation. For predicting light percep-
tion from the physical light in a space, a model explaining (dark)
adaptation is key. The studies performed in these last two empiri-
cal chapters measured the time to dark adapt to various non-uniform
backgrounds, and demonstrated that this time depends on the spatial
distribution of the background. For backgrounds with bright areas
closer to the viewing direction, dark adaptation takes longer than for
backgrounds with bright areas in near periphery, controlled for over-
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all luminance and veiling glare. This implies that the visual system
adapts locally to a spatially non-uniform light distribution. Based
on these results, we developed a model that weighs luminance closer
to the viewing direction to a larger degree than luminance in the
periphery. The model accurately describes the measured brightness
thresholds during dark-adaptation.

The work in this dissertation extends our understanding of the
relations in the Atmosphere Circle Model. It revealed many novel
insights on the effect of electric light and daylight on atmosphere.
It further provided a deeper level of understanding on how the vi-
sual system adapts to spatially non-uniform light distributions. The
use of visualizations yielded a higher degree of understanding than
would have been gained in experiments in real environments, by en-
abling the comparison of a larger number of stimuli and of multi-
ple methodologies, and the disentanglement of effects of separate as-
pects of daylight. In sum, this dissertation yielded important theoret-
ical contributions to domains of light perception and lighting design
and offers the lighting design practice a more solid basis for creating
application-tailored lighting designs based on human perception of
light and atmosphere.
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Samenvatting

Kunstlicht is van groot belang in ons hedendaagse leven. Kunstlicht
verbetert niet alleen ons zicht, maar is ook van invloed op onze
gemoedstoestand, gezondheid, welzijn en biologische klok. Door
kunstlicht aan te passen aan de specifiek toepassing van een ruimte,
is het mogelijk deze aspecten te beïnvloeden en daarmee de functie
van een ruimte te ondersteunen. Enkele voorbeelden van toepas-
singen zijn: een klaslokaal waarin de verlichting zowel voor goed
zicht zorgt en de kinderen alert of juist ontspannen kan maken, een
ziekenhuiskamer met verlichting waar patiënten minder gespannen
van worden en beter slapen, en een winkel waarin de verlichting
overeenkomt met het gewenste imago. Met de komst van ledverlicht-
ing zijn de mogelijkheden om toepassingsgerichte lichtontwerpen te
maken enorm toegenomen. Dit vergroot het belang van een gedegen
begrip van de effecten van kunstlicht op de mens, zodat verlichting
gericht ingezet kan worden. Een belangrijke eerste stap naar een beter
begrip van deze effecten, is om het effect van licht op de indruk van
een ruimte te onderzoeken.

Eerder onderzoek naar dit onderwerp heeft zich voornamelijk
gericht op het effect van licht op het waarnemen van een ruimte
(bijvoorbeeld op de waargenomen grootte van een ruimte of op de
waardering van een ruimte). Er is minder bekend over effecten van
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licht op de affectieve evaluatie van een ruimte, oftewel de sfeer (in
dit proefschrift atmosfeer genoemd) die in een ruimte ervaren wordt.
De doelstelling van dit proefschrift is daarom om het effect van licht
op de atmosfeer te onderzoeken. In dit proefschrift maken we ge-
bruik van het ’Atmosphere Circle Model’ om deze complexe relatie
te ontrafelen en te onderzoeken. De hoofdstukken van dit proef-
schrift richten zich op de verschillende stappen die in dit model zijn
beschreven.

In hoofdstuk 2 hebben we de relatie bestudeerd tussen de per-
ceptie van het licht in een ruimte en de atmosfeer van een ruimte.
Eerder onderzoek heeft uitgewezen dat de atmosfeer van een ruimte
kan worden beschreven in termen van vier dimensies, namelijk cozi-
ness (omvat termen als ’knus’), liveliness (omvat termen als ’leven-
dig’), tenseness (omvat termen als ’beangstigend’), en detachment
(omvat termen als ’formeel’). Twee belangrijke attributen die om-
schrijven hoe het licht in een ruimte wordt waargenomen zijn bright-
ness (de waargenomen helderheid van het licht) en perceived unifor-
mity (de waargenomen uniformiteit van het licht). De resultaten van
hoofdstuk 2 wezen uit dat de vier bovenstaande dimensies die een
atmosfeer beschrijven, nauwkeurig beschreven kunnen worden door
tweedegraads polynoom vergelijkingen van de waargenomen helder-
heid en de waargenomen uniformiteit van het licht. Het blijkt dus
mogelijk om de atmosfeer in een ruimte nauwkeurig te kunnen voor-
spellen door middel van de waargenomen helderheid en de waarge-
nomen uniformiteit van het licht. Daarnaast hebben we in hoofdstuk
2 getest hoe nauwkeurig objectieve maten uit de literatuur de waar-
genomen helderheid en de waargenomen uniformiteit van het licht
kunnen voorspellen aan de hand van fysieke eigenschappen van het
licht. De resultaten lieten zien dat deze maten nog verder ontwikkeld
dienen te worden.

In hoofdstuk 3 hebben we onderzocht op welke manier we mensen
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het beste hun perceptie van het licht en de atmosfeer kunnen laten
beoordelen. We vergeleken hiervoor drie methoden om de invloed
van kunstlicht en daglicht op het waargenomen licht en de atmosfeer
van een ruimte te bestuderen. Een methode waarin twee licht con-
dities vergeleken worden op een criterium (een zogenaamde ’paired-
comparison’ methode) werd vergeleken met een methode waarin een
waarde aan iedere licht conditie wordt toebedeeld door middel van
een schaal (een zogenaamde ’rating-scale’ methode). Deze laatste
methode werd zowel gebruikt voor een experiment waarin alle dag-
licht condities en niet daglicht condities achter elkaar in groepen wer-
den aangeboden, alsmede voor een experiment waarin alle condities
volledig willekeurig werden aangeboden. Daarnaast bestudeerden
we ook het effect van diverse variaties in het aangeboden daglicht.
Door gebruik te maken van computer-renderings van een kamer waarin
diverse (dag)licht condities gecreëerd waren, was het mogelijk om
zeer specifieke aspecten van daglicht te onderzoeken en konden we
ervoor konden zorgen dat er geen uitzicht op en uit het raam was
en dat het lichtniveau niet toenam door het daglicht. De ’paired-
comparison’ methode en de ’rating-scale’ methode lieten vergelijk-
bare uitkomsten zien, waarbij de ’paired-comparison’ methode het
meest gevoelig bleek in het detecteren van effecten van licht en at-
mosfeer perceptie. De effecten van daglicht op de perceptie van
licht en atmosfeer waren veel kleiner dan verwacht en kleiner dan
de gemeten effecten van kunstlicht. Dit kan verklaard worden door-
dat het uitzicht op en uit het raam en de variaties in het lichtniveau
belangrijke aspecten kunnen zijn voor het effect van daglicht op de
atmosfeer van een ruimte.

In hoofdstuk 4 en 5 onderzochten we hoe een niet uniforme
lichtverdeling in de ruimte van invloed is op donker adaptatie. Om
te kunnen voorspellen hoe mensen licht waarnemen aan de hand van
het fysieke licht in een ruimte, is een model dat beschrijft hoe ons
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visuele systeem adapteert aan een lichtere of donkerdere omgeving
van cruciaal belang. Een sprekend voorbeeld is wanneer je op een
zonnige zomerdag van buiten naar binnen gaat, duurt het soms lang
voordat je visuele systeem geadapteerd is aan het lagere lichtniveau
en je binnen weer goed kunt zien. Eerder onderzoek heeft onder-
zocht hoeveel tijd nodig is om te adapteren van en naar volledig
uniforme achtergronden. Echter, in de praktijk zijn veel vaker ver-
schillende lichtniveaus tegelijkertijd in een omgeving te zien. Een
belangrijke openstaande vraag hierbij is hoe de verdeling van het
licht van invloed is op deze adaptatie tijd? De studies uitgevoerd
in de laatste twee hoofdstukken dragen bij aan de ontwikkeling van
een dergelijk model door te onderzoeken hoe het visuele systeem
adapteert van een achtergrond met een hoog lichtniveau, naar een
donkerdere achtergrond met een niet-uniforme licht verdeling. De
studies wezen uit dat de adaptatietijd afhangt van de verdeling van
het licht in de donkere achtergrond. Het licht in de buurt van de
kijkrichting blijkt een grotere invloed te hebben op het adaptatiepro-
ces dan het licht verder weg van de kijkrichting. Gebaseerd op deze
resultaten hebben we een model ontwikkeld dat voorspelt hoe de
lichtverdeling van invloed is op het adaptatieproces.

De diverse studies in dit proefschrift hebben een belangrijke bij-
drage geleverd aan ons begrip van de relaties in het ’Atmosphere
Circle Model’. Ze hebben ons vele nieuwe inzichten gegeven over
de effecten van kunstlicht en daglicht op de atmosfeer in een ruimte.
Daarnaast hebben ze inzicht gegeven in het adaptatie proces van het
visuele systeem bij niet-uniforme licht verdelingen. Het gebruik van
computer-renderings heeft tot een beter begrip geleid dan met expe-
rimenten in een fysieke kamer bereikt had kunnen worden, omdat
het hierdoor mogelijk was om een groot aantal licht condities en me-
thoden te onderzoeken en om verschillende aspecten van daglicht te
controleren en bestuderen. Samenvattend heeft dit proefschrift een
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belangrijke theoretische bijdrage geleverd op het vlak van licht per-
ceptie en licht ontwerp. Tevens biedt het een goede basis om toepas-
singsgerichte licht ontwerpen te kunnen ontwikkelen gebaseerd op
de perceptie van licht en atmosfeer.
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