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SUMMARY 

 

For brand differentiation in retail chains, it is essential to be able to copy light ambiences. However, 
because of variations in environmental characteristics within chain stores, as for instance the effect of 
size and daylight, this is not trivial to do. To make a start in this research area, we studied the effect of 
the presence of daylight on the atmosphere perception of an indoor light ambience.  

We studied the impact of daylight on atmosphere perception in both a real space and via visualizations. 
These visualizations were validated for artificial interior lighting in previous studies, but not yet for light 
ambiences including daylight. Hence, in this project we also studied the perceptual accuracy of 
visualizations in which daylight was present. 

Therefore, our research question was formulated as: “How is the perceived atmosphere of an indoor 
light ambience affected by daylight, in a real and virtual environment?” 

In order to answer the research question, a within-subject experiment with three independent variables 
(i.e., mediation (real room – visualization), daylight (daylight – non-daylight) and light ambience (5 
variations)) was set up. Our dependent variables were the four dimensions (cosiness, liveliness, 
tenseness, and detachment) of the atmosphere questionnaire as developed by Vogels (2008). In addition, 
we added three extra dependent variables, namely: perceived brightness, colour and uniformity. 

Our results showed relatively small effects of the contribution of daylight on the perceived atmosphere 
of an indoor light ambience. The most pronounced effects were found for uniformity, tenseness and 
detachment, showing that the addition of daylight resulted in a more uniform and detached but slightly 
less tense light ambience. Despite those effects, changes in the other perceptual attributes were very 
limited. Thus, we concluded that the addition of daylight to an indoor light ambience had little impact 
on its atmosphere perception. However, we only measured the contribution of diffuse daylight from the 
north side; possibly the direct sunlight from the south side may cause larger differences in the perceived 
light attributes and atmosphere. 

Our results also showed a high agreement on the assessment of the perceptual attributes between the 
real and virtual environment, both in the presence and absence of daylight. Significant differences were 
found in brightness, detachment and uniformity. However, overall differences were very small, with an 
average of 0.3 on a 7-point scale. Also the visualizations including daylight were not deviating much 
more from the real environment than the visualizations not including daylight. Therefore, we concluded 
that the visualizations conveyed light and atmosphere perception of an indoor light ambience quite well, 
and that the perceptual accuracy of light ambiences with daylight was almost as high as the accuracy of 
light ambiences without daylight. 
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1 INTRODUCTION 

 

 

 

 

 

Visual recognition of a brand is considered as a central competitive factor for business success, for 
example in the retail (Porter & Claycomb, 1997) and hospitality business (Yu, 1999). Such recognition 
can be achieved by characterizing design features, i.e., shapes, forms, colours, materials, textures or 
logos on the basis of attractiveness, and using them repetitively (Karjalainen, 2007). Therefore, 
companies pay effort to make their retail or hospitality environment specific, meanwhile keeping a 
feeling of unity among the different locations of a chain of shops or hotels.  Baker, Grewal and 
Parasuraman (2009) indicated that lighting is an important factor for the ambience of a retail 
environment. Therefore, it is important to create a unified and recognisable light ambience among all 
the locations of a chain. However, replicating a light ambience between chain stores or hotels is not 
trivial, since each location may have different environmental characteristics such as its dimensions 
and/or the amount of daylight entrance. Generally, lighting designers take care of these varying 
characteristics, and adapt the light ambience to any of the required locations, such that the perceived 
atmosphere over all locations remains equal. Such a process takes much effort and time, and is 
therefore expensive. Ideally, a lighting designer would design the light ambience just in one of the 
locations, and subsequently the light ambience would be copied to all other locations, such that the 
perceived atmosphere remains equal.  

In order to copy a light ambience from one environment to another, we need to understand how a given 
light ambience is perceived in terms of atmosphere, and how that perceived atmosphere is influenced 
by changes in the light distribution. Since daylight may have a strong, often uncontrolled effect on the 
light distribution in an environment, the current research investigates how the perceived atmosphere of 
a light ambience is affected when daylight is added.  

To answer this question, we need to measure atmosphere perception. A tool to quantify the perceived 
atmosphere in an environment is the atmosphere questionnaire developed by Vogels (2008). It contains 
eleven perceptual terms that are divided over four dimensions: cosiness, liveliness, tenseness and 
detachment. Previous research proved the validation of this atmosphere questionnaire in evaluating 
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indoor light ambiences. The current research uses this atmosphere questionnaire to quantify subjects’ 
atmosphere perception of indoor light ambiences, with and without the presence of daylight. 

Performing a controlled experiment in a real environment in which daylight is present is not always 
practical, because daylight changes in amongst others intensity and colour over time. Therefore, it 
would be very advantageous to make use of computer visualisations to measure the influence of the 
contribution of daylight on the perceived atmosphere. Engelke, Stokkermans and Murdoch (2013) 
already tested and validated the use of visualisations for the atmosphere perception of interior light 
ambiences. As an addition to that research, the current study investigates whether the atmosphere 
perceived via computer visualisations (shown on a TV size display) provides a valid representation of the 
atmosphere perceived in a real space, under the circumstances that daylight is added into the space. 

The main research question of this study is therefore “How is the perceived atmosphere of an indoor 
light ambience affected by daylight, in a real and virtual environment?”  

This general research question can be formulated more detailed by means of the following sub 
questions: 

 Sub Question 1: How is the perceived atmosphere of an environment affected by the addition of 
daylight to an indoor light ambience? 

 Sub Question 2: How well can the perceived atmosphere of a real environment be conveyed by 
means of a computer visualisation shown on a display? 

This report is structured into five chapters. Chapter two introduces the light terminology as used later in 
this report and discusses previous literature relevant to the research question. Chapter three describes 
the methodology that is used in the empirical study. The fourth chapter presents the results of the study, 
which are subsequently discussed in the fifth chapter. The conclusions are described in chapter six. 
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2 LITERATURE OVERVIEW 

 

 

 

 

 

According to the research question, there are six topics relevant to our study: perception of light 
characteristics, perception of an illuminated space, affective state, atmosphere perception, daylight and 
computer visualisation. Therefore, this chapter first discusses subjective perception of light, space 
perception and the concept of perceived atmosphere of an illuminated space. In a next step, typical 
characteristics of daylight (and their comparison to artificial light) are discussed. Near the end of the 
chapter, previous studies on the validation of computer visualization for light environments are 
discussed. Before discussing these topics, however, we first give an overview of the relevant 
terminology as used in the rest of the report.  

2.1 Terminology 

2.1.1 Illuminance and luminance 

Illuminance refers to the amount of incident light on a surface per unit area, and is measured with an 
illuminance meter. The unit of illuminance is lux (lx). Luminance refers to the amount of light coming 
from a light source or secondary light source, such as a reflecting surface. The luminance can be 
measured with a luminance meter. The SI unit for luminance is candela per square meter (cd/m2). 

2.1.2 Colour temperature (correlated colour temperature) 

The colour of light emitted by a light source can be described by the Colour Temperature (CT) and is 
determined by its spectral radiation. This radiation is compared to that of a black body radiator, an 
"ideal" object that emits specific spectral radiation depending on its temperature (according to Planck's 
law). 

Figure 1 shows the black body curve (or Planckian locus) in the CIE 1931 Chromaticity Diagram. When 
the chromaticity coordinates of a light source lie on the Planckian locus, the colour of its light can be 
expressed by the colour temperature, in Kelvin. Most artificial light sources, however, are not "perfect" 
black body radiators.  Hence, their chromaticity coordinates lie on a straight line crossing the black body  
curve and representing iso-temperature lines. It means that the colour of their light is perceptually 
similar to that of a source on the black body curve at the crossing point. In such case, the colour of the 



 12 

light can be expressed by the correlated colour temperature (CCT). To give some examples, the light 
emitted by a candle flame has a CT of 2200K, while a tungsten halogen lamp has a CCT of 2900K. 

There is a limited range of colours represented by CT, ranging from red through orange over yellow to 
white and pale blue, as is shown in Figure 1. High CTs correspond to cool colours (i.e., blue), while lower 
CTs correspond to warm colours (i.e., red). As the (correlated) colour temperature of a light source 
increases, the colour is perceived as more bluish, while the colour of a light source becomes more 
reddish when its correlated colour temperature decreases. 

 

 

Figure 1 The black body curve (inside curve presented in K) in the CIE 1931 Chromaticity Diagram, with seven long iso-
temperature lines (originating from Wikipedia of ‘Planckian' locus) 

 

2.1.3 Hue and saturation 

Hue and saturation are two main properties of colour. Hue refers to the name of the colour, including 
pure colours like ‘red’, and ‘blue’, and mixed colours like ‘orange’. Different hues have a different 
dominant wavelength in the light spectrum. Saturation refers to the degree of purity of a colour and 
ranges from pure colour (100%) to grey (0%). More saturated colours are more colourful, while less 
saturated colours represent a lighter shade of the colour. 

2.2 Perception of light characteristics 

Light perception is the process of the human visual system that perceives and interprets light. The 
perceived light depends on the state of adaptation of the visual system, which determines the visual 

Black body curve 

Iso-temperature 

line 
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sensitivity to colour and luminance (Shapley & Enroth-Cugell, 1984). For instance, in mesopic state, the 
visual system has lower ability to discriminate colour compared to what it is in photopic state. An 
example of the visual sensitivity to luminance is that a candle looks brighter as night falls. In this section, 
we mainly introduce three perceptual attributes, i.e., brightness, colour and uniformity, which 
correspond to three light physical characteristics, i.e., intensity, colour temperature and spatial 
distribution, respectively.  

2.2.1 Brightness 

Brightness is defined as “a perceptual subjective quantity as the visual sensation to which an area 
appears to emit more or less light” by the Commission Internationale de L’Eclairage (CIE). Brightness of a 
simple light stimulus is correlated with luminance following a power law. Stevens (1961, cited by Boyce 
(2003)) quantified brightness using a direct magnitude estimation procedure, in which participants gave 
a score to a light by comparing it to the first rated one, e.g., the subject was told to rate the first light at 
a brightness level of 10, and to give the second light a value of 20 if it was seen as twice as bright as the 
first one. With these measurements Stevens showed that the relation between brightness and 
luminance was not linear, but rather followed a power law with an exponent. The value of this exponent 
was not constant, but Stevens showed that it was influenced by the individual’s visual system and the 
size, colour and luminance of the background of the light source. 

Literature also shows that in luminaires brightness is affected by the luminance of the different 
elements. Bernecker and Mier (1985) studied the effect of changing the luminance of luminous 
elements of fixed size in a luminaire. They found that the sensation of brightness increased when the 
luminance of an element in an indirect luminaire (e.g., a parabolic-louvered luminaire) increased. Later, 
Akashi et al. (1995) investigated the effect of sparkle of luminaires on the sensation of brightness. Their 
results showed that, within a certain range, reducing the size of the luminous element and increasing its 
luminance increased brightness. But when the luminance was increased too much or the luminous 
element became too large, glare was perceived, which made the rest of the room look less bright.  

Furthermore, brightness can be affected by the location of the light source. Loe et al.  (1994) asked 
observers to subjectively assess different light settings in a mock-up conference room. The experiment 
showed that ‘visual lightness’ could be described by the average luminance within a horizontal band of 
40° wide centred around the viewpoint of the observer. They found that the luminance from the ceiling 
and floor was less important than from other locations in determining the brightness. Meanwhile, Kato 
and Sekiguchi (2005) indicated that light from a horizontal direction was evaluated to be brighter than 
from a vertical direction. However, Miller et al. (1995) obtained inconsistent results from a similar study 
as performed by Loe et al. (1994); they stressed the importance of averaging the luminance not only 
from the walls, but also from the ceiling. Despite these conflicting findings on the importance of the 
location of different light sources, wall washing, which lights up the wall, was widely agreed in these 
studies to enhance the brightness of the illuminated space. 

Besides this, the combined characteristics of the light sources in a space also play an important role in 
brightness. A room non-uniformly illuminated with six small-sized halogen downlights at high peak 
illuminance level may still appear to be relatively dark compared to a diffuse light setting at low intensity 
(Vogels et al., 2008). Boyce (2003) indicated that diffuse light compared to focussed light at the same 
average illuminance level measured at the eyes makes a room to be perceived as brighter. Boyce 
explained this finding by reasoning that focussed light has a lower luminance level from most viewpoints. 
However, Tiller and Veitch (1995) found a contradictory result showing that the non-uniform 
distribution of luminance required 5% to 10% less working plane illuminance to achieve the same 
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brightness than a uniform luminance distribution. Thus, they concluded that a room with a non-uniform 
light distribution was perceived brighter than a room with a uniform light distribution, even though the 
average illuminance level at the subjects’ point of view was equal in both rooms. Possible explanations 
for these contradictory results may be found in the different luminaires that were used to create the 
non-uniform distribution: Tiller and Veitch changed the distribution of the luminaires to create a non-
uniform light distribution at the wall, while Vogels used different types of luminaires (fluorescent versus 
spotlights) to create a different distribution of light in the space.  

Finally, evidence shows that brightness also depends on subjects’ age and gender. Knez and Kers (2000) 
found that younger adults assessed the room as brighter than older participants, which might be 
explained by the fact that old people are less sensitive to the intensity of light.  In that case, older 
workers need a higher illuminance level to ensure task performance. An empirical experiment from Knez 
(1995) revealed that females estimated the light across all conditions in a room as significantly less dim 
and more glaring than males regardless of the illuminance and CT. 

2.2.2 Colour 

Another important attribute of the perception of light is its colour. The ‘colour’ in our research means 
‘the colour of white light’. Colour of white light can be described from warm white to neutral to cool 
white, and can be evaluated via a warm-cool bipolar scale. The spectrum of the light directly determines 
its colour. For instance, flames with light of longer wavelength (i.e., red light) are perceived to be 
warmer, while skylight with shorter wavelengths (i.e., blue light) is perceived to be cooler. The intensity 
of the light also has influence on the colour appearance of a light source. The Bezold-Brucke effect 
shows that as intensity increases, the colour of the light shifts towards blue (for short wavelength light, 
i.e., below 500nm) or yellow (for long wavelength light, i.e., above 500nm). However, the effect is only 
suitable for spectral colours. There is still lack of evidence showing any relationship between the 
intensity and the colour of white light.  

Evidence shows significant influence of age and gender on perceived colour. Knez (1995) indicated that 
females estimated the ‘warm’ white light source as significantly cooler, regardless of the illuminance 
levels. In addition, young people perceived a room as cooler than older people (Knez & Kers, 2000), 
which may be explained by the yellowing of the human eye with age. 

2.2.3 Uniformity 

The perceived spatial distribution of light can be described as light uniformity. Spatial distribution refers 
to the way light spreads over a space or a certain area. The spatial light distribution in a room is related 
to the type, number and location of the light sources. For example, spotlights produce a straight light 
beam that highlights a certain zone, while fluorescent light creates diffuse light that illuminates the 
whole space evenly. Wall washers create a relatively more uniform distribution of light that ‘flattens’ the 
look of a vertical surface, while wall gazing provides a high gradient light distribution.  

Mathematically, light uniformity can be calculated via the maximum-to-minimum luminance ratio. As it 
is closer to 1, the more uniform the space is. The EN 12464-1 standard, covering indoor workplace 
lighting, recommends a uniformity index of 0.7 for the task area and also gives recommended luminance 
ratios between the task area and its immediate surroundings. Such luminance ratios, however, have 
little basis in visual science, since they ignore the spatial frequency processing of the human visual 
system (Spring, 2004).  
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Scientists adopted a perceptual scale for the evaluation of light uniformity, more specifically a uniform 
versus non-uniform bipolar scale. Diffuse light was rated more uniform than directional light (Vogels et 
al., 2008). It is widely accepted that wall washing and fluorescent lights create the perception of 
relatively uniform light, while spotlights result in non-uniform lighting environments (Flynn, 1973; Boyce, 
2003; Vogels et al., 2008; Durak, Olgunturk, Yener, Guvenc & Gurcunar, 2007).  

2.3 Perception of an illuminated space 

Several studies investigated the way people perceive and evaluate different light stimuli in a space.  
Flynn et al.  (1973, 1979) investigated several light settings in an experimental conference room with 
different furniture, and found that the modifying effect of light was reasonably consistent across the 
rooms. Flynn et al. (1973) used semantic differential rating scales to explore the effect of light on the 
perception of the environment. Their key findings suggested the existence of five dimensions to 
describe the impression of a room. The five dimensions were defined as evaluative (i.e., pleasant, 
relaxed and harmony), perceptual clarity, spatial complexity, spaciousness and formality, in which 
spaciousness and formality were proved to be not statistically significantly different in later studies. By 
applying multi-dimensional scaling, Flynn et al. found three independent dimensions that were 
minimally necessary to describe the perceived differences between the lighting settings: 1) overhead vs. 
peripheral light, 2) uniform vs. non-uniform light, 3) bright vs. dim light. Besides this, they also found 
correlations between the subjective evaluation of the space and the impression of the light. For example, 
the existence of peripheral lighting made the room appear more pleasant.  

Also the uniformity of the light affects the way we perceive a space. Uniform light enables the eye to 
identify elements and perceive the whole environment continuously by avoiding interruption caused by 
changes between light and dark areas. However, high uniformity also leads to a perception of boredom, 
lack of interest (Flynn, 1973) and privacy (Durak et al., 2007). Therefore, visually demanding tasks, such 
as driving on the road or working in an office, require a uniform illumination, while bars and stages tend 
to create non-uniform light ambiences by using diverse and colourful light decorations. 

Analogously to Flynn et al., Hawkes et al. (1979) performed a factor analysis on subjective assessments 
of several light settings in a small rectangular office, and found two (independent) dimensions: 
brightness and interest. Their results suggested that the brightness dimension was related to light 
intensity, while the interest dimension was related to the light distribution. Both studies from Flynn et al. 
and Hawkes et al., however, used a small number of participants. Veitch and Newsham (1998) tackled 
this issue by recruiting 292 participants and asking them to rate the appearance of a furnished office lit 
with nine different light settings. They concluded from their results that the perception of a lit office can 
be described along three dimensions: brightness, visual attraction and complexity. Nevertheless, these 
three dimensions still only explained 46% of the variance of the data.  

So, there are some discrepancies between the three studies mentioned above, but nevertheless they 
provide some similar conclusions. One of these conclusions is that the brightness of a room is an 
important factor in describing the perception of a space. An additional important factor is related to the 
spatial distribution of the light in the room.  

2.4 Mood and emotion 

So far, the studies regarding the effect of light and light ambiences on light and space perception have 
been discussed, however, these studies do not provide information on the possible effect of light on the 
affective state of people. In this respect, affective state refers to emotion, mood and subjective feeling. 
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Emotion is defined as “a biological response to current environmental stimuli”, while mood is “a mental 
response to emotions and affect the expectations about the future” (Baston, Shaw & Oleson, 1992). 
Emotion can be measured with psychological tools, such as the Positive Affective Negative Affect Scale 
(PANAS) (Watson, Clark & Tellegen, 1988), the Pleasure-Arousal-Dominance questionnaire (PAD) 
(Mehrabian and Russell, 1974), and the Self Assessment Manikin (SAM) (Bradley and Lang, 1994).  

There exists evidence that light has an effect on the human affective state. Fleischer, Krueger & Schierz 
(2001) performed a field study on how the well-being and emotional condition of people working in an 
office was influenced by artificial light. Assessments via the PAD questionnaire indicated for instance 
that high intensity and CCT light could lead to a feeling of stimulation and dominance, and directional 
light could increase the arousal level. McColl and Veitch (2001) found that high CCT (i.e., 5600K) was 
considered to be more arousing and stressful compared to low CCT (i.e., 2700K).  

However, the disadvantage of measuring emotions and mood is that they are difficult to control because 
they may be influenced by personal issues. This may be the reason why we find conflicting conclusions 
in the literature reporting the influence of light on humans' emotional state. Some studies claimed that 
increasing the illuminance level had an effect on pleasant emotions (Fleischer, Krueger & Schierz, 2001), 
whereas others reported no significant effect (Hygge and Knez, 2002). Knez (1995) found that light with 
a high CCT increased negative states for female participants, while low CCT decreased negative states. 
However, later research showed no effect of CCT on the affective state of people (Knez and Hygge, 
2002).   

2.5 Atmosphere perception  

In 2008, Vogels developed a new method to measure the influence of a light ambience on the affective 
evaluation of an environment, also referred to as the perceived atmosphere of a space. Most existing 
evaluation methods of illuminated spaces addressed either characteristics of space perception or the 
affective state of people in the illuminated space. Vogels (2008) claimed that atmosphere perception is a 
more stable concept than mood or emotion, since it expresses “a subjective impression of the 
environment related to the expected effect on mood, but does not necessarily correspond to the actual 
effect on mood”. For example, a person can feel nervous in a relaxing environment when waiting for an 
important job interview. Hence, mood changes do not have to be the same across different people 
under the same lighting condition, while different people may experience the same atmosphere in the 
same luminous environment. This is in line with Flynn et al. (1979) who thought that human responses 
to spatial lighting patterns are, to some extent, a shared experience, meaning that these responses are 
similar for most people. 

Tools measuring the perception of an environment often use bipolar evaluation scales. As for 
atmosphere perception, also Vogels (2008) developed a specific tool consisting of 7-point bipolar scales 
ranging from "absolutely not applicable" to "very applicable". A combination of 11 of these scales 
addressing key atmosphere terms formed the atmosphere questionnaire. Factor analysis of multiple sets 
of data revealed four underlying dimensions, interpreted as cosiness (measured with the terms ‘cozy’, 
‘intimate’ and ‘pleasant’), liveliness (measured with the terms ‘lively’, ‘stimulating’ and ‘exciting’), 
tenseness (measured with the terms ‘terrifying’, ‘threatening’ and ‘tense’) and detachment (measured 
with the terms ‘business-like’ and ‘formal’).  

Literature shows that perceived atmosphere is affected by several light attributes (Moors, 2009, cited by 
Bronckers (2009), Vogels et al., 2008, Custers et al., 2010, Vogels et al., 2009, van Erp, 2008, Choy, 2009, 
Wan, 2011). Significant findings in the literature on the effect of light on the different dimensions of 
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perceived atmosphere are summarized in Table 1. One can see some conflicting results in this table. 
Firstly, Custers et al. (2010) found a significant negative relationship between brightness and cosiness, 
while Vogels’ (2008, 2009) research showed a negative trend and a significant effect was only found for 
warm white light. Secondly, Choy (2009) found a negative relationship between liveliness and colour 
temperature for cool light, which was in line with Vogels et al. (2009), however, a positive relationship 
for warm light. Thirdly, there are some conflicting results in tenseness. Vogels et al. (2008) stated that 
tenseness was negatively related to brightness, while Custers et al. (2010) claimed a positive correlation. 
Possible explanations for the latter discrepancy may be the different experimental circumstances (i.e., 
Vogels studied light ambiences in a lab environment, while Custers used pictures of different retail 
environments) and the differences in light manipulation (i.e., it could be that different levels of intensity 
were assessed, showing that the effect of brightness on tenseness is possibly not linear, but follows a U-
shape). Another conflicting finding in tenseness is that Vogels et al. (2009) indicated a positive 
relationship between tenseness and colour temperature, while Choy (2009) did not find any significant 
effect. This may again be explained by differences in the experimental settings (i.e., Vogels only 
investigated white light sources, while Choy used mixed conditions, in which colourful light was added). 
Fourthly, contradictory findings are also found for the relationship between detachment and uniformity. 
This effect may be induced by the effect of brightness on detachment: Vogels et al. (2008) found no 
change in detachment between uniform and non-uniform light settings with an equally assessed 
brightness; however, in later research from Vogels et al. (2009), participants rated the non-uniform light 
setting as brighter and as more detached than the uniform one. Thus, the negative correlation between 
uniformity and detachment might be actually affected by the positive correlation between brightness 
and detachment. 

 

Table 1. Overview of the influence of light and colour attributes on the atmosphere dimensions (‘+’ means positive 
correlation, ‘-’ means negative correlation, ‘x’ means no significant effect was found). 

 Cosiness Liveliness Tenseness Detachment 

Brightness 

- (Custer et al., 2010) 

x (Vogels et al., 2008, 

Vogels et al., 2009) 

+ 

- (Vogel et al., 2008, 

Vogel et al., 2009) 

+ (Custers et al., 2010) 

+ 

Colour - 

- (Vogels et al., 

2009, Choy, 2009) 

+ (Choy, 2009) 

+ (Vogels et al., 2009) 

x (Choy, 2009) 

+ 

Uniformity 
 

- - + 

x (Vogels et al., 2008) 

- (Vogels et al., 2009) 

Saturation x + + - 

 

Despite those conflicting results, the research mentioned above provided evidence that the atmosphere 
questionnaire is a useful tool in assessing atmosphere perception of artificial light in an empty room, 
furnished living room, office and of pictures of shops (Vogels et al., 2008, Vogels and Bronckers, 2009, 
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Custer et al., 2010, van Erp, 2008). However, both the atmosphere questionnaire (Vogels, 2008) and this 
previous research supporting the effectiveness of the atmosphere questionnaire were based on 
participants with a Dutch background. So, the validity of the questionnaire for people with another 
cultural background is still unknown.  

2.6 Daylight 

Daylight is often integrated in an interior environment as architectural decoration or energy saving 
factor. However, benefits of daylight are much broader and extent into psychological and physiological 
aspects. Evidence showed that adding daylight to a conventional windowless space could have a positive 
effect on health, well-being, mood, task performance, and in the case of a retail space, goods promotion 
(Joseph, 2006, Boyce et al., 2003, Heschong et al., 2002). This section first gives an overview of daylight 
characteristics, especially compared to artificial lighting, and then focuses on its variation in illuminance, 
colour temperature and spatial distribution.  

Daylight is a combination of direct sunlight and diffuse sky light. Visible daylight also contains the 
reflected light from the ground and terrestrial objects. Daylight differs from electrical light with respect 
to light distribution, spectrum and temporal variation. 

Firstly, the diffuse part of the daylight tends to light up both the horizontal and vertical surfaces more 
evenly. In the open air, both vertical walls and horizontal floors get about the same light intensity from 
daylight (Hashmi, 2007). Artificial lighting, on the other hand, typically illuminates a certain area in a 
certain direction (Hashmi, 2007). Due to their beam shape characteristics, artificial light sources create 
light gradient and obvious edges between bright and dark areas. 

Secondly, most artificial light is a mixture of various wavelengths and intensities in the spectrum, while 
daylight provides a full spectrum of colours with contributions in all parts of the visible wavelength 
range. A continuous spectrum provides better colour rendition, and as a consequence daylight looks 
more natural (Hashmi, 2007). Because of the excellent colour rendering, daylight maximizes visual 
performance compared to most forms of artificial light (Boyce et al., 2003).  

Thirdly, also the temporal variation in the light is another difference between daylight and artificial 
lighting. On the one hand, daylight does not change rapidly, i.e., it does not flicker, which may cause 
headache, eye strain and attention deficit problems (Hashmi, 2007). On the other hand, daylight is not 
stable. As the earth rotates and revolves, daylight varies over the day in latitude, and as a consequence 
of meteorological conditions and seasons (Boyce et al., 2003). It changes in terms of intensity, incident 
angle, and colour temperature dependent on the corresponding location and distance from the sun. The 
illuminance level of daylight ranges from less than 1 lux to 120,000 lux (as depicted in Table 2). The CCT 
of daylight can vary from 2000 to 30000 K (as depicted in Table 3). Generally, normal white daylight 
ranges from 5500 to 6500 K.  

 

Table 2. The illuminance range covered by different types of daylight (originating from Wikipedia of ‘Daylight’). 

Type of light source Illuminance (lux) 

Brightest sunlight 120,000 

Bright sunlight 110,000 

Shade illuminated by entire clear blue sky, midday 20,000 
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Typical overcast day, midday 1,000-2,000 

Sunrise or sunset on a clear day (ambient illumination) 400 

Extreme of darkest storm clouds, midday <200 

Fully overcast, sunset/sunrise 40 

Extreme of darkest storm clouds, sunrise/sunset <1 

 

 

Table 3. The CCT of daylight (originating from Altengarten, 2013). Note: the values are approximations because many factors 
affect colour temperature 

Type of light source CCT (K) 

Sunlight:  Sunrise and Sunset 2,000 

Sunlight:  One Hour After Sunrise 3,500 

Sunlight:  Early Morning or Late Afternoon 4,300 

Average Summer Sunlight at Noon in the Mid-latitudes 5,400 

Direct Mid-Summer Sunlight 5,800 

Overcast Sky 6,000 

Daylight Fluorescent Lamp 6,300 

Average Summer Sunlight (plus blue skylight) 6,500 

Light Summer Shade 7,100 

Average Summer Shade 8,000 

Summer Skylight (varies) 9,500 – 30,000 

 

Daylight also depends on the weather conditions. On sunny days, direct sunlight casts a strong light 
beam and soft blue light comes from the sky. On overcast days, however, soft indirect light produces a 
grey and grim sky, so that the contrast between bright and dim is decreased and, the edge of shadows is 
blurred. 

Daylight also varies with seasons regularly, at least in global regions above or below the equator. In 
these regions, the incident angle of the sun and the length of the day depend on the season. The sun 
moves to the Tropic of Cancer (N 23.5o) on June 21st, and comes close to the Tropic of Capricorn (S 23.5o) 
on December 21st. On the northern hemisphere, the sunlight strikes the ground more vertically when 
the sun moves to the Tropic of Cancer. Therefore, the light intensity is higher and daytime is longer in 
the summer compared to the winter, whereas this is opposite on the southern hemisphere. 

Daylight changes rhythmically throughout each day from twilight, through sunrise, noon, sunset, to dusk. 
Existing research (Arena, 2012), regarding the variation of outdoor daylight in intensity, colour and 
spatial location through the day, is summarized in Figure 2. The variation can be generalized into three 
states:  

 State 1: Before sunrise and after sunset, the sun is close to the horizon, but cannot be seen 
directly. Sun rays bounce off the atmosphere and cascade down in a blue colour. The daylight is 
soft, and its intensity is very low. 

 State 2: After sunrise and before sunset, the sun just moves above the horizon. Sun rays spread 
through the thick atmosphere and produce a warm cast to the ground. The contrast of daylight 
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is still relatively low, which leads to soft shadows with blurred edges. This state last for around 
one hour. 

 State 3: The rest of the day can be considered as one stage. As the sun climbs, the rays pass 
through a thinner layer of the atmosphere. The colour of the daylight changes from warm white 
to white. At noon, daylight reaches its peak in intensity, and may cast shadows with strong 
contrast. Closer to sunset, the daylight becomes warmer and softer again. 

 

Figure 2 The variation of daylight within a day as viewed from a point in Eindhoven, the Netherlands (latitude: N 51
O

24’, 
longitude: E 5

o
27’) 

 

2.7 Computer visualization 

Knowing the variance of daylight throughout a day, it is obvious that performing a controlled 
experiment introducing daylight in a real space is difficult. Therefore, we study the possibility of using 
computationally rendered scenes in order to perform better controlled research. To provide the 
relevant background, we here discuss the advantages and shortcomings of computer visualizations in 
performing perception experiments. We discuss studies reported in literature that examined the 
validation of computer rendered representations of real lighting environments. 

Experiments related to the evaluation of light systems are usually conducted in a building or in a lab. 
This approach, however, is often expensive and time consuming, since the light systems need to be 
installed in an existing or sometimes unfinished building. Hence, light designers realized a need for some 
degree of flexibility in quickly, though accurately changing visual light spaces. Therefore, it has been 
suggested that the traditional evaluation method in real spaces could be complemented or even 
replaced by computer visualizations that enable people to see and evaluate light conditions virtually via 
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a display. Such computer visualizations provide a more efficient and less costly development process, 
and so, make it easier for light designers to conduct more trials in a shorter period of time.  

Computer-generated visualizations of light designs are also often used in perception research. James 
Gibson (1971) demonstrated that pictorially mediated perception of the features of a world provides the 
same information as the direct perception of the features of the surroundings, without having to 
replicate the exact same stimulation (for instance luminance values) from the real world. Therefore, 
subjects should be able to capture the information from visualizations that do not necessarily replicate 
the original sensations. Hendrick et al. (1977) repeated Flynn’s two classical experiments to see whether 
the subjective impression of light and environment, being represented by slide projections, was 
comparable to the subjective response in real circumstances. Their results showed that the slides could 
convey the ratings on semantic differential scales quite well, but was less accurate in conveying aspects 
obtained from multidimensional scaling (e.g., spaciousness). More recently, Newsham, Veitch and their 
colleagues (2004, 2005) performed two experiments with projections of high-quality rendered greyscale 
and colour images of a typical open-plan partitioned office. The results showed that both the 
appearance ratings and the preferred surface luminance were similar between images with high image 
quality and the real space.  

Although today’s computer rendering software has improved the ability to render high-quality three-
dimensional spaces with vivid light ambiences, some prediction error still exists, meaning that a 
computer rendering still cannot fully represent the real space. The remaining prediction error might be 
explained by some factors that are not fully transformed and understood yet (Engelke et al., 2013). One 
of these factors may be that subjects can see around in a real lab, even though they sit at a fixed 
location, while in a picture they only can look at a two-dimensional representation rendered from a 
specific viewpoint. The removal of one dimension may lead to deviations in light perception. Besides this, 
the display also influences the output of the images in terms of colour rendering, clarity and brightness 
(Murdoch & Stokkermans, 2014). Additionally, the context, such as the ambient light, and the exposure 
duration with in which the visualizations are displayed, may also influence the perception (Boyce, 2003). 

Researchers have investigated variations in software, screen settings and presentation forms to improve 
the validity of the visualizations. Engelke et al. (2013) performed three interactive experiments to test 
the predictive value of different versions of rendered images to the real environment on a number of 
perceptual lighting attributes (e.g., brightness, contrast, pleasantness, diffuseness and cosiness). Clear 
improvements were achieved through enhancing the model and optimizing the tone mapping operator 
settings. Engelke showed that it was possible to make an accurate reproduction of lighting perception 
using renderings. The research of Engelke and colleagues, however, did not incorporate the possible 
effect of using different presentation modes. So, later, Murdoch and Stokkermans (2014) found that a 
high-quality, well-calibrated, TV-sized display outperformed a small laptop as well as a large projection 
screen in conveying the perceptual attributes (which were the same as in Engelke’s research) of indoor 
lighting systems. 

Despite these huge improvements in accurately rendering light ambiences on an optimized display, 
there still is a need to investigate the predictive value of rendering light environments that include 
daylight. Using computer visualizations for such environments makes it possible to adjust and control 
the contribution of daylight with respect to illuminance level, colour temperature, location and incident 
angle. As such, it becomes possible to either keep daylight entrance in a light environment constant, or 
to imitate the natural rhythm of the sun and create different weather conditions to explore the impact 
of those variations.  



 22 

2.8 Summary 

How light is perceived is not only dependent on the light itself, but may also be influenced by several 
environmental and cognitive cues such as the context, a person's knowledge and his or her past 
experiences. Brightness, colour and uniformity are three core characteristics of the perception of light. 
These attributes depend on the physical characteristics of the light sources, as well as on their 
environment, and on a person's age and gender.  In addition, research showed a relationship between 
brightness and spatial distribution of the light.  

Light also influences how people perceive an environment. One way of characterizing the affective 
evaluation of an illuminated environment is through the perceived atmosphere. Atmosphere perception 
is defined as the subjective impression of the environment related to the expected effect on mood, 
which is considered to be a more stable response among people than the emotional response. 
Atmosphere perception can be measured with the atmosphere questionnaire developed by Vogels 
(2008). Previous studies showed that atmosphere perception could be influenced by light attributes. 

Daylight differs from artificial light in many aspects, including its spatial distribution, spectral distribution, 
the lack of flicker, but also the presence of a complex temporal variation. Daylight changes in intensity, 
colour, incident angle and the resulting contrast in shadows depending on the weather condition, 
season, and time of the day.  

Taking the variation of daylight into account, we considered computer visualisations to be a valid 
solution for performing a more controlled experiment, in which the intensity, colour, incident angle and 
location of the daylight could be adjusted efficiently. Previous research revealed the feasibility and 
possible limitations of computer visualisations. Taking the previous findings of Engelke, Stokkermans 
and Murdoch as a basis, the current research builds upon it by investigating whether computer-
generated visualizations may provide a valid replication of light ambiences including daylight. 
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3 METHODOLOGY 

 

 

 

 

 

To answer the research question “How is the perceived atmosphere of an indoor light ambience affected 
by daylight, in a real and virtual environment?”, we set up an empirical study comparing a real lab 
environment with a window for daylight entrance to visualizations of that lab. This chapter describes the 
experimental settings and the design of the empirical study in more detail.  

3.1 Experimental setting 

3.1.1 Light lab 

The experiment took place in one of the light labs at Philips Research in Eindhoven, the Netherlands. A 

top view of the lab is shown in  

Figure 3. Its dimensions were 6.25x3.75x3 m, and it had white walls and grey carpet. One side of the lab 

was equipped with a window of 3.15x2.2 m, facing the north side of the building. The ceiling was 

equipped with 6 luminaires (of size 60x60 cm) containing fluorescent lamps, 6 downlights containing 

halogen lamps, and 6 halogen spotlights facing the right wall (from the participants’ perspective). The 

right wall was also illuminated with 6 colour LED spots, while the left wall was illuminated with a LED-

based wall washer. All luminaires could be individually controlled using a LightManager Application via a 

laptop. The fluorescent-lamp based luminaires could be changed in intensity and CCT. The downlights 

and spotlights could be adjusted in intensity only (but had the drawback that at the same time their CCT 

varied). The LED-based spots and the wall washer could be varied in intensity, hue and saturation. 

Besides the luminaires, the light lab was decorated with a table, and a chair for the participants to sit on.  
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Figure 3 Top view of the light lab, showing the location of the luminaires, furniture, the window, and position of the 
participant 

 

3.1.2 Visualisations 

Visualizations of the same lab environment were presented on a TV-sized display (NEC P462 46’’ FULL-
HD display) which was placed on a table. Participants were asked to sit on a chair, which was located at 
nearly one meter from the display. During the assessment of the visualizations, all ambient light was 
turned off. Figure 4 shows the setting of the assessment of the visualizations. 

 

 

Figure 4 Photo of a participant evaluating the visualizations 
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An accurate three-dimensional model of the light lab was available from previous research. It was based 
on the most recent updates from the research of Engelke, Stokkermans and Murdoch (2013) and 
Murdoch and Stokkermans (2014). Two additions to the model were made: (1) a window through which 
diffuse daylight entered was created at the same location as in the real lab, and (2) coloured LED lighting 
was added. Images were rendered using 3D Max and Indigo Renderer. The rendered space offered the 
same field of view for the participants as when they were sitting at the chair in the real lab. Figure 5 
shows a comparison of the side-view of the real light lab, in which the grey area refers to the area 
outside the field of view of the participant, and an example of the rendered space. 

 

 

Figure 5 Comparison between field of view in real room (left) and rendered space (right) 

 

3.2 Daylight Measurement 

Preceding the experiment, we measured the daylight contribution in the light lab in order to get a better 
insight in the typical variability of daylight over a day and due to the weather condition. 

 Method of the measurement 

We measured the illuminance level and CCT of the daylight with a Lux Meter on the floor in the centre 
of the light lab, while all artificial lights were switched off. We recorded the data in two ways: 1) at 
10:00h each morning for 15 consecutive days at the end of March and beginning of April, and 2) once 
per hour from 09:30h to 17:30h for 5 days in the middle of April. In addition, the weather condition was 
also recorded for each measurement. 

 Results of the measurement 

Figure 6 depicts the variation of daylight in terms of illuminance level and CCT as a function of time of 
the day. The 5 separate lines represent the daylight variation for the five separate days. The CCT of the 
daylight mainly varied from 5500K to 6500K, which was in line with the range defined for white daylight 
by Altengarten (2013) (see Table 3). The extremely high CCT values measured in the morning of one of 
the days corresponded to measurements done in the shadow (north side) at the morning of a sunny day, 
and so are in agreement with the CCT of shade reported in Wikipedia (see Table 2). The illuminance of 
the daylight in the room ranged from 400 lux on rainy days at sunset to 1600 lux on sunny days at noon. 
Especially for windy and cloudy days, the weather condition switched frequently. Generally, early in the 
morning and later in the afternoon, the illuminance was below 1000 lux and it increased gradually closer 
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to noon. The highest illuminance level typically occurred between 12:30h to 14:30h, which was well in 
line with the time halfway the route of the Sun at 13:35h. 

 

 

Figure 6 The illuminance (left) and CCT (right) of daylight as function of time measured at five different days (represented by 
different colours) 

 

Figure 7 presents the same data in a different way, and also provides information on the actual weather 
condition. The left graph of Figure 7 shows a scatter plot of illuminance vs. CCT measured at 10 o’clock 
in the morning, while the right graph depicts all the data recorded. In the left graph, three 
distinguishable weather conditions are shown: 1) sunny days, characterised by an extremely high CCT 
and relatively low illuminance level, 2) heavy overcast and rainy days, characterized by a low CCT and 
illuminance level, and 3) cloudy and slightly overcast days, characterized by a medium CCT (average 
around 6000K) and illuminance (average around 1000lux) level created by more diffused indirect 
sunlight. Looking to all the data recorded, the same three weather conditions could be distinguished for 
the measurements during the afternoon. However, as the intensity of sunlight increases dramatically at 
noon, an additional condition was found in the right graph of Figure 7 – the condition with relatively 
lower CCT (around 5700K) but extremely high illuminance (over 1300lux) for cloudy, slightly overcast, 
and sunny days at noon or early in the afternoon. An overview of the details of these four conditions is 
given in Table 4. 
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Figure 7 Scatter plot of illuminance vs. CCT of daylight, indicating also the various weather conditions: Left: measured at 
10:00h in the morning, Right: measured at different time stamps during the day 

 

Table 4 Overview of the four conditions of daylight that could be distinguished from the measurements. 

Daylight 
Conditions 

Illuminance 
(lux) 

CCT (K) Weather Time applicable 

A Avg. 650 ≥ 7500 Sunny 
Early in the morning or later in 

the afternoon 

B Avg. 600 ≤ 5500 
Heavy overcast 

Whole day 
Rainy 

C Avg. 1000 Avg. 6000 
Cloudy 

Whole day 
slightly overcast 

D ≥ 1300 Avg. 5700 

Sunny 
Early in the afternoon or at 

noon 
Cloudy 

Slightly overcast 

 

3.3 Experimental Design 

The design of the experiment was set up as a full-factorial within-subjects design with three 
independent variables (i.e., mediation, light ambience and contribution of daylight in the lab), and seven 
dependent variables (i.e., brightness, colour, uniformity, cosiness, liveliness, tenseness and detachment). 

3.3.1 Independent variables 

The independent variables were defined by variations in light ambience (5 levels as presented in Table 5), 
mediation (mediation via display and real environment) and daylight (with daylight and without 
daylight). The levels of daylight differed for the real environment and for the visualization. In the real 
environment, the variable daylight existed of two levels (with daylight and without daylight), while in 
the virtual environment daylight existed of three levels (two daylight levels and a non-daylight level). 
The independent variables together resulted in 25 conditions (i.e., 5x2 for the real environment + 5x3 
for the display).  

3.3.1.1 Light ambience 
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In total five different light ambiences were assessed. These light ambiences varied in: brightness (low - 
high), spatial distribution (uniform – non-uniform), colour (warm - cool), and colourfulness (colourful – 
not colourful). During the experiment, these light ambiences were presented to each participant in a 
different random order. Table 5 and Table 6 give an overview of the light ambiences used in this 
experiment. 

Light ambience 1 existed of low illuminance and high CCT (measured vertically at the eye), and only used 
fluorescent lighting. Light ambience 2 existed of low illuminance and low CCT, and also only used 
fluorescent lighting. The third light ambience existed of spotlights, which were set to a level such that 
the illuminance and CCT at the eye were the same as for light ambience 2.  Using these settings enabled 
us to compare the effect of daylight in a structured way for different levels of illuminance, CCT and 
uniformity of the light ambience. Light ambiences 4 and 5 also included additional coloured light. In light 
ambience 4 the colours orange and blue was supposed to create a cosier atmosphere (Seuntiens and 
Vogels, 2008). Light ambience 5 started from a high CCT, and high illuminance light ambience, in which 
cyan and blue were used to create an activating atmosphere (Seuntiens and Vogels, 2008). Figure 8 
shows photographs of all these five light ambiences taken with a camera and revised in Photoshop. 

 

Table 5 Five levels of light ambience generated with artificial light. 

Light ambience Colour  
Spatial 

distribution 
Brightness Colourfulness 

Level 1 cool uniform dim Not colourful 

Level 2 warm uniform dim Not colourful 

Level 3 warm Non-uniform dim Not colourful 

Level 4 warm Non-uniform dim Colourful (orange and blue) 

Level 5 cool Non-uniform bright Colourful (cyan and blue) 

 

Table 6  Overview of the parameters in the five light ambiences. 

Light 
ambience 

Data adjusted through the LightManager Application 
Measurements at eye 

level 

Fluorescent light Spotlights Wall 
gazing 
(RGB) 

Wall 
washing 

(RCB) 

Illuminance 
(lux) 

CCT (K) 
Intensity 

CCT 
(K) 

Intensity 

Level 1 Low (14) 
High 

(8195) 
- - - 95 5500 

Level 2 Low (22) 
Low 

(3148) 
- - - 95 2750 

Level 3 - - High (100) - - 95 2750 

Level 4 - - High (100) 
Orange 

(100,50,0) 
Blue 

(0,0,22) 
95 2750 

Level 5 High (70) 
High 

(8195) 
- 

Blue 
(0,0,100) 

Cyan 
(0,100,100) 

330 8000 
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Figure 8 Photos showing the five light ambiences (adapted in Photoshop order to make them look more truthfully) 

 

3.3.1.2 Mediation 

The independent variable mediation existed of two levels (i.e., without mediation, hence, in the real 
room, and with mediation). These levels were tested in two different sessions. In the first session, 
participants assessed the lighting ambiences in the real room, and in the second session (at least two 
weeks later) the lighting ambiences were assessed via the visualizations. This order was chosen on 
purpose, because we expected (based on the earlier daylight measurements) large differences in the 
daylight contribution in the real room. Therefore, we based the daylight shown in the visualizations on 
the actual daylight measured in the real environment during the first sessions.   

3.3.1.3 Daylight 

The independent variable daylight existed of two levels (i.e., without daylight and with daylight). The 
light ambiences with and without daylight were shown to participants in a counterbalanced order, in 
both the real lab and in the visualizations. This order was chosen because it took about one and half 
minute to fully open or close the window in the real lab. To make a valid comparison, we used the same 
order in visualizations. For the visualizations, we selected two daylight conditions (i.e., the conditions C 
and D mentioned in Table 4), since they were most similar to the daylight conditions measured in the 
first sessions with the real lab. Images with daylight level C were based on a daylight illuminance of 1000 
lux. To simulate this, we used the same key value, controlling the overall brightness of an image in the 
visualization, as for the images without daylight. Images with daylight level D were based on an average 
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daylight illuminance of 1300 lux. We decided to increase the key value for daylight level D compared to 
C, since the visual difference based on changing the illuminance was very small. By increasing the key 
value too, daylight level D gave – based on our visual assessments – a better match to the real space. 
Figure 9 shows as an example three images with the same light ambience influenced by different 
daylight conditions. All visualizations used during the experiment are presented in Appendix D. 

 

No daylight Daylight level C Daylight level D 

   
  

Figure 9 The visualizations of light ambience 4: left image shows condition without daylight, middle image shows daylight 
level C, and right image shows daylight level D. (Note that daylight condition C and D correspond to measurements as 

presented in Table 4). 

 

3.3.2 Dependent measure 

Atmosphere perception was measured by means of the atmosphere questionnaire developed by Vogels 
(2008). The questionnaire consisted of 11 terms covering four atmosphere dimensions: cosiness, 
liveliness, tenseness and detachment. A 7-point scale from ‘not applicable at all’ to ‘very applicable’ was 
used for each of the terms. Additionally, we used three semantic differential scales: dim – bright 
(brightness), non-uniform – uniform (uniformity), cool – warm (colour), which originated from Houser et 
al. (2002) and from Veitch & Newsham (1998). These three bipolar dimensions were also assessed on a 
7-point scale. Table 7 and Table 8 present an overview of the terms used in the questionnaire to 
measure atmosphere and light perception, respectively. The full version of our questionnaire is 
presented in Appendix B. 

 

Table 7 Terms used in the experimental questionnaire to test the atmosphere perception 

Atmosphere  
dimensions 

Atmosphere perception terms 

Cosiness cozy intimate pleasant 

Liveliness lively stimulating exciting 

Tenseness tense terrifying threatening 

Detachment business-like formal - 

 

Table 8 Terms used in the experimental questionnaire to test the light perception. 

Light perception  
characteristics 

Light perception terms (scales) 
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Brightness dim – bright  

Colour warm – cool  

Uniformity non-uniform – uniform  

 

3.4 Participants 

Twenty-eight participants (i.e., 13 females, 15 males, mean age = 25 years, standard deviation = 2.7 
years, range = 21-33 years) joined the experiment. All participants were students and employees at 
Philips Research with limited to no knowledge on light design and atmosphere perception. None of the 
participants showed colour vision deficiencies in Ishihara colour tests.  

3.5 Procedure 

As the procedure was slightly different between the experimental session in the real lab and the 
experimental session with the visualizations, we here describe them separately. 

3.5.1 Real lab 

The participant entered the experimental room when it was illuminated with a neutral setting (i.e., 70 
lux, 3900 K at eye level), and with – depending on the participant – the window blind either open or 
closed. The participant was asked to sit on the chair, and was given a short oral introduction to the 
experiment. The participant was then shortly informed about the various conditions in the experiment, 
and was shown two light ambiences to make him/her familiar with the task.  

After this short introduction and training, the participant saw the five experimental light ambiences in a 
random order, different per participant. He or she was then asked to first look at the light ambience for 
20 seconds, after which the questionnaire could be filled in (while still being in the same light condition) 
using pen and paper. In between two light ambiences the neutral light ambience was shown for 10 
seconds. After having shown all five light ambiences, the experimenter changed the position of the 
window blind (i.e., from open to close, or vice versa). After a short visual adaptation time for 2 minutes, 
the participant was asked to do another round of assessments on the five light ambiences (shown in a 
different random order). 

3.5.2 Visualizations 

The participant entered the dimly lit experimental room while the display screen showed a rendered 
image of the neutral light ambience. We asked the participant to sit on the chair in front of the display, 
and gave a short oral introduction to the second session of the experiment. Again the participant was 
shown two example visualizations to make him/her familiar with the type of images and the task.  

After this short introduction and training, we turned off all the lighting in the lab and showed 
participants light ambiences with and without daylight in a counterbalanced order. This means that the 
participant first saw the set of images without daylight (5 images) and afterwards the set images with 
daylight (10 images including both daylight level C and D), or vice versa. Images in each set were 
presented in a random order. All participants were asked to first look at each image for 20 seconds, after 
which they could start filling in the questionnaire (while the same image was still on the display). In 
between two light ambiences to be assessed, a visualization of a neutral light ambience, having 
depending on the image set daylight or not (shown in Appendix D), was shown for 10 seconds. At the 
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end of the second experimental session, the participants were debriefed orally on the goals of the 
experiment. 

3.6 Analysis 

The data analysis consisted of several steps. Firstly, the scores of the four dimensions of atmosphere 
perception were calculated by aggregating the scores of the items contributing to each particular 
dimension. For instance, the numerical score of cosiness was calculated by averaging the scores from 
three items “cozy”, “intimate” and “pleasant”. Therefore, the total number of perceptual attributes to 
be analysed added up to seven. 

We analysed the data by means of three Linear Mixed Models (LMM) for each dependent measure in 
SPSS Statistics. In the first LMM (LMM1), we tested the impact of daylight on the perceptual attributes 
of indoor light ambiences. This LMM used daylight and light ambience as predictors. Also, the effect of 
the participant was taken into account, in order to test the effects within subjects. 

In the second and third LMM (LMM2 and LMM3), we tested the impact of mediation on the perceptual 
attributes for the different daylight levels in the visualisations. In LMM2, we compared the participants’ 
assessment of the visualisations with both non-daylight and daylight level C to their assessment in the 
real light lab. In LMM3, we compared the participants’ assessment of visualisations with both non-
daylight and daylight level D to their assessment in the real light lab. In both LMM2 and LMM3, daylight, 
light ambience and mediation were used as predictors, and again we also included the effect of 
participant. 
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4 RESULTS 

 

 

 

4.1 The impact of daylight on perceptual attributes 

4.1.1 Effect of variation in daylight 

Before presenting the effect of daylight on the perceptual attributes, we first show the results of the 
physical contribution of daylight to the light lab. As discussed before we measured the contribution of 
daylight both before and after each participant. The illuminance varied from 689 lux to 1660 lux, and 
CCT ranged from 5124 K to 7190 K, which was in line with our previous daylight measurements. Figure 
10 presents the measured illuminance and CCT values. 

 

 

Figure 10 The measured illuminance (lux) and CCT (K) values in real light lab 

 



 34 

Following this, we analysed the effect of the change in the illuminance and CCT by daylight on the 
perceptual attributes. The data is presented in two different ways: 1) only the illuminance and CCT value 
measured before or after the experimental session is used, depending on whether the participant 
started or ended the experimental session with the daylight conditions, and 2) the illuminance and CCT 
value measured before and after the experimental session were averaged. As an example, we show the 
scatter plot for the attributes brightness and cosiness in Figure 11 and Figure 12, respectively. In these 
graphs the illuminance and CCT values are shown on the x-axis and the perceptual attributes on the y-
axis. For these and the other attributes, all data are spread evenly over the scatter plot, indicating no 
systematic trend of illuminance and CCT of daylight on the assessment of the attributes. Because the 
variation in daylight did not affect the perceptual attributes, we included the independent variable 
daylight as a fixed factor (and not as a co-variable) in our later analyses.  

 

 

Figure 11 Scatter plots of perceived brightness (7-point scale) as a function of illuminance (top-left) and CCT (top-right), both 
measured either before or after the experimental session, depending on whether the participant started or ended the 

experimental session with the daylight conditions, and for the illuminance (bottom-left) and CCT (bottom-right) averaged 
from the measurements before and after the experimental session. 
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Figure 12 Scatter plots of perceived cosiness (7-point scale) as a function of illuminance (top-left) and CCT (top-right), , both 
measured either before or after the experimental session, depending on whether the participant started or ended the 

experimental session with the daylight conditions, and for the illuminance (bottom-left) and CCT (bottom-right) averaged 
from the measurements before and after the experimental session. 

 

4.1.2 Effect of daylight on the perceptual attributes 

Based on the participants’ ratings for the perceptual items in the light lab, we computed the mean 
opinion score (MOS) for all perceptual attributes (i.e., three attributes of light perception and four 
dimensions of atmosphere perception), in both daylight and non-daylight conditions. All mean values 
and errors bars representing the 95% confidence intervals are shown in Figure 13.  
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Figure 13 Mean opinion scores (MOS) and respective standard errors of the mean for the experiment in the real light lab, 
comparing the no daylight condition (blue) with the daylight condition (green) 

 

Figure 13 shows that the five experimental light ambiences led to different effects on each of the 
perceptual attributes. Light ambience 1 was assessed to be the most uniform, cool, detached but the 
least cosy and lively ambience. Light ambience 2 was rated to be the dimmest light ambience. Light 
ambience 3 was considered to be the cosiest, warmest, and least tense ambience. Light ambience 4 was 
rated to be the least uniform and detached, but the liveliest. Lastly, light ambience 5 was rated to be 
very bright and very cool. We noticed that although some light ambiences were originally set and 
measured to have the same level of vertical illuminance and/or CCT at the eye level, deviations on 
subjective assessments existed. For instance, light ambience 3 was rated to be brighter and warmer than 
light ambience 2 even though the vertical illuminance and CCT at the position of the eye was physically 
equal.  

Figure 13 also shows that the addition of daylight only made small changes to the participants’ 
assessment on the perceptual attributes. The overall trend of the assessments is very similar for all five 
light ambiences, showing almost no difference between the condition with daylight and without daylight. 
For instance, light ambiences that are perceived as relatively cool in the non-daylight condition, are still 
rated cool when daylight is added, while ambiences that are assessed to be relatively warm are still 
rated as warm in the daylight condition. The figure further shows that the addition of daylight increases 
the ratings on uniformity and detachment. Brightness exhibits the opposite trend to tenseness: overall 
brightness increases when daylight is added, except for light ambience 5, while the overall perceived 
tenseness decreases when daylight is added, again except for light ambience 5. Further, Figure 13 shows 
that when daylight is added, the colourless light ambiences (i.e., 1, 2 and 3) become livelier, while the 
colourful light ambiences (i.e., 4 and 5) become less lively. 

We used the LMM1 analysis to test whether these observed effects are statistically significant. All results 
of the statistical analysis are presented in Appendix A, but we report the most important findings here. 
As expected, the main effect of light ambience was significant for all measured attributes. Further, we 
found a significant main effect of daylight on uniformity (p<0.05), tenseness (p<0.05) and detachment 
(p<0.01). The addition of daylight was found to result in a more uniform and detached, but less tense 
atmosphere. We also found interaction effects for daylight and ambience on colour (p<0.05), liveliness 
(p<0.05) and tenseness (p<0.05). Light ambience 1 was rated warmer (p<0.01), livelier (p<0.05) and less 
tense (p<0.05) as a consequence of adding daylight to the illuminated space as compared to the other 
ambiences. Also light ambience 2 was rated as less tense (p<0.001) as a consequence of adding daylight 
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to the space compared to the other light ambiences. No significant statistical effect of daylight on 
brightness or cosiness was found.  

4.2 The impact of mediation on the perceptual attributes 

A comparison of the participants’ ratings of the virtual environment and the real lab was performed to 
assess how the computer visualizations conveyed the perceptual attributes of the real lab. The MOS 
(and 95% confidence intervals) are compared between the real environment and the visualization for 
the no daylight condition in Figure 14, and for the daylight conditions (including the two levels of 
daylight in the visualizations) in Figure 15. 

 

 

Figure 14 Mean opinion scores (MOS) and respective standard errors of the mean for the no daylight condition comparing 
the real (blue) and virtual (green) environment 

 

 

Figure 15 Mean opinion scores (MOS) and respective standard errors of the mean comparing the daylight condition in the 
real environment (blue) with the daylight level C in (red) and D in the visualization (green) 

 

To better understand the predictive value of the visualizations, we computed the differences in mean 
opinion score (DMOS) between the mean score of the virtual environment (M(V)) and of the real light lab 
(M(R)) for each perceptual attribute of the experiment: 
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DMOSi,j,k = MOS(V)
i.j,k  - MOS(R)

i,j,k 

where i stands for the perceptual attribute, including brightness, colour, uniformity, cosiness, liveliness, 
tenseness and detachment, j for the light ambience ranging from 1 to 5, and k for the daylight condition, 
with k=0 meaning no daylight, k=1 meaning daylight level C used in the visualisations, k=2 meaning 
daylight level D used in the visualisations, and k=3 meaning the real daylight condition in the real light 
lab. To calculate the DMOS for the condition without daylight, we directly compared the MOS of the 
visualization to the MOS of the real light lab. To calculate the DMOS for the daylight conditions (i.e., k=1, 
2 or 3), we defined the daylight condition in the real lab as a baseline, and compared the MOS for 
daylight levels C and D in the visualisations to this baseline. Thus, the formulas are: 

 DMOSk=0 = MOS(V)
k=0  -  MOS(R)

k=0  ……………………………………………. (no daylight) 
 DMOSk=1 = MOS(V)

k=1  -  MOS(R)
k=3 …………………………………………….. (daylight level C vs. daylight baseline) 

 DMOSk=2 = MOS(V)
k=2  -  MOS(R)

k=3 …………………………………………….. (daylight level D vs. daylight baseline) 

The resulting DMOS scores are given in a separate figure for each perceptual attribute in Figure 16 to 
Figure 20. The observed trends were further analysed with LMMs (LMM2 and LMM3), separately for the 
two types of daylight used in the visualizations. LMM2 analysed DMOSk=0 and DMOSk=1, and LMM3 
analysed DMOSk=0 and DMOSk=2 for all attributes. As expected, the light ambience statistically affected 
all attributes in both LMM2 and LMM3. All statistical results of LMM 2 and LMM 3 are presented in 
Appendix A. Since our main purpose of these analyses was to understand the prediction value of 
mediation on the perceptual attributes, we here describe the results of mediation for each attribute 
separately in the following sessions. 

4.2.1 Brightness 

 

 

Figure 16 DMOS of Brightness per light ambience for different daylight conditions (“0” means MOS for the visualization is 
equal to that for the real environment) 

 

Both LMM2 and LMM3 showed a significant main effect (p<0.05) of mediation on brightness. The results 
of LMM2, analysing daylight level C, showed that the visualizations were rated to be significantly 
dimmer, while LMM3, analysing the effect of daylight level D, showed that the visualizations were rated 
as significantly brighter. Figure 16 shows a distinct increase in brightness for the visualizations related to  
DMOSk=2, and an overall decrease in brightness for the visualizations related to DMOSk=1.  
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For LMM2, a significant interaction effect between daylight, ambience and mediation was found: light 
ambience 1 (only the no daylight condition) and 3 (both the daylight and no daylight condition) were 
rated significantly dimmer (p<0.05) in the visualizations than in the real light lab. 

For LMM3, a significant interaction effect between daylight and mediation was found, particularly, 
showing that the renderings were significantly brighter (p<0.001) for the daylight conditions compared 
to the real lab space, while the no daylight conditions were statistically equal. 

4.2.2 Colour 

 

  

Figure 17 DMOS of Colour per light ambience for the different daylight conditions (“0” means MOS for the visualization is 
equal to that for the real environment) 

 

Both LMM2 and LMM3 showed no statistically significant main effect of mediation on the perceived 
colour. Overall interaction effects (p<0.01) between daylight and mediation were found in both LMMs. 
The interaction effect showed an overall warmer colour in the visualisations without daylight compared 
to the real lab, in contrast to an overall cooler colour in visualizations with daylight compared to the real 
lab (as also visible in Figure 17).  

For LMM3 additionally a significant 3-way interaction effect between daylight, ambience and mediation 
was found. This effect showed that the effect as described above was – for daylight level D – only 
present for light ambiences 1 and 2.  

4.2.3 Uniformity 
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Figure 18 DMOS of Uniformity per light ambience for the different daylight conditions (“0” means MOS for the visualization 
is equal to that for the real environment) 

 

LMM2 showed a significant main effect of mediation (p<0.05) on uniformity. This effect showed that 

overall the perception of uniformity was lower in the visualizations compared to the real lab space (as 

shown in Figure 18). LMM3 did not show a significant main effect of mediation on uniformity; the latter 

is also visible in Figure 18, where DMOSk=2 only has relatively small negative values. 

For LMM2 a significant interaction effect between ambience and mediation, and between daylight and 
mediation was found. The first interaction suggested that light ambiences 3, 4 and 5 were perceived to 
be less uniform (p<0.05), while light ambiences 1 and 2 were equal when the visualizations were 
compared to the real lab space. The second interaction suggested that the ambiences with daylight 
were perceived to be less uniform (p<0.05) in the visualizations compared to the real environment, 
while the ambience without daylight were equal in uniformity.  

For LMM3 a significant interaction effect between ambience and mediation was found, which showed 
that only light ambience 3 was perceived to be less uniform (p<0.05) in the visualizations compared to 
the real space. 

4.2.4 Cosiness, liveliness and tenseness 
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Figure 19 DMOS of Cosiness, Liveliness and Tenseness per light ambience for the different daylight conditions (“0” means 
MOS for the visualization is equal to that for the real environment) 

 

The LMM analyses for cosiness, liveliness and tenseness showed no statistically significant main effect or 
interaction effect for mediation. Figure 19 shows that the DMOS of these perceptual attributes are all 
close or even equal to zero. The biggest absolute difference was found for cosiness measured for 
daylight level D in light ambience 2 with the value of 0.7.  

4.2.5 Detachment 
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Figure 20 DMOS of Detachment per light ambience for the different daylight conditions (“0” means MOS for the visualization 
is equal to that for the real environment) 

 

The results of both LMM2 and LMM3 showed a significant main effect of mediation for detachment. The 
results showed a decrease (p<0.05) in perceived detachment for the visualized light ambiences 
compared to the real lab, in both daylight and no daylight conditions (see Figure 20). Additionally some 
interaction effects were found. 

Both LMM2 and LMM3 revealed a significant interaction between ambience and mediation. For LMM2 
this resulted in a significant decrease in detachment for the visualized light ambiences 3, 4 and 5 
compared to the real lab space, whereas the light ambiences 1 and 2 were equal between the 
visualization and the real space. For LMM3 only light ambience 5 decreased significantly between 
visualization and real space. For all other light ambiences the change (as also depicted in Figure 20) was 
not statistically significant.  

4.2.6 Overview of effects 

Table 9 gives an overview of the absolute differences in means between the visualizations and the real 
light lab. On average the mean absolute difference between the visualization and the real light lab was 
0.3 on the 7-point scale used for all assessed attributes. In addition, 80% of the absolute differences was 
lower than 0.5. However, the average absolute difference in the no daylight condition (mean |DMOSk=0| 
=0.26) was slightly better than for the daylight level C (mean |DMOSk=1|=0.30) and much better than for 
the daylight level D (mean |DMOSk=2|=0.34). Large deviations mostly existed in the attributes brightness, 
colour, uniformity and detachment (see the yellow, orange and red areas in Table 9). The other 
perceptual attributes cosiness, liveliness and tenseness showed very small differences (see the light 
green and deep green areas in Table 9). 
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Table 9 Absolute differences in means (on the 7-point rating scale) between the visualizations and the real light lab for each 
light ambience at different daylight conditions 
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5 DISCUSSION 

 

 

 

 

Keeping the perceived atmosphere among chain shops the same is essential for brand recognition. Yet 
the atmosphere of an illuminated room may not always be consistent between locations due to 
differences in daylight entering. Thus, we attempted to research how daylight affects the atmosphere 
perception of an illuminated space. Besides this, considering the large variability when performing 
experiments involving natural daylight, we also studied the predictive value of computer rendered 
visualizations of a space on light and atmosphere perception. Within-subjects comparisons of 
participants’ assessments of five light ambiences with and without daylight indicated generally a limited 
and small influence of daylight on atmosphere and light perception.  Additionally we found that the 
assessment of light and atmosphere perception by means of visualizations mediated via a TV resulted in 
general in findings comparable to the real room both in the presence and absence of daylight.   

5.1 Daylight 

A significant influence of daylight on the perceptual attributes was found for perceived uniformity, 
tenseness and detachment. The results showed that the addition of diffuse daylight led to a small 
increase in the perceived uniformity and detachment, while it led to a small decrease in tenseness. Other 
perceptual attributes like brightness, colour, cosiness, and liveliness were relatively robust to the impact 
of daylight. When looking at the assessment of liveliness, we found a trend that colourful light 
ambiences were rated to be less lively when adding daylight, while non-colourful light ambiences were 
rated to be livelier. Such a change may be explained by the proportional correlation between saturation 
and liveliness (Moors, 2009, cited by Bronckers (2009)); daylight apparently decreased the saturation of 
colours, and as such resulted in the decrease of liveliness. Interestingly, the impact of daylight on 
brightness was reversed to the effect on tenseness (when brightness increased, tenseness decreased, 
and when brightness decreased, tenseness increased). This observations may be explained by research 
from Vogels et al. (2008, 2009), which indicated a negative correlation between brightness and 
tenseness.  

Even though we found significant effects, the overall change in perceptual attributes due to the 
contribution of daylight was very limited. Possibly, this can be explained by the adaptation of the visual 
system. In the experiment, the daylight and non-daylight conditions were presented in a 
counterbalanced order, meaning that all daylight conditions were presented in a group. Additionally, 
participants had to adapt to the new light ambience for 20 seconds, before starting to fill in the 
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questionnaire. These two measures may have given the participants enough time to adapt to the 
presence of daylight, and therefore the changes in the light perception between daylight and non-
daylight conditions may have been relatively limited. Furthermore, we used only diffuse daylight in this 
experiment, whereas the effects of direct sunlight may have changed the light distribution more, and 
therefore also may have led to larger differences in light and atmosphere perception. 

5.2 Visualizations 

Regarding the comparison between the real and virtual environment, our results indicated that the high 
quality, TV-sized display conveyed the atmosphere perception of the real illuminated environment quite 
well, in conditions both with daylight and without daylight. Significant (but small) differences were 
found for brightness, detachment and uniformity.  

In line with Murdoch et al. (2014), who found the largest deviations between the visualizations and the 
real space for brightness, our results also showed significant differences for brightness in all daylight and 
non-daylight conditions: visualizations with daylight level C were dimmer than the real space, while 
visualizations with daylight level D were rated to be brighter. Visualizations with daylight level D were 
expected to be brighter than visualizations with daylight level C, because we intentionally increased the 
key value (controlling the overall brightness of an image) to simulate a brighter daylight condition – and 
based on our visual assessment, a better daylight condition. Nevertheless, probably the key value was 
increased a bit too much, because visualizations with daylight level D turned out to be brighter than the 
real room. Since daylight level C, having the same key value as the non-daylight visualizations, was 
proved to be too dim, it is probably better to increase the key of the image when simulating the daylight 
condition only to a small degree, compared to the non-daylight condition.  

For the uniformity, we found a general small decrease in uniformity for the visualizations compared to 
the real space, which is in line with Murdoch et al. (2014). Overall we found that visualizations of the 
non-daylight conditions showed the best match to the real space, followed by visualizations with 
daylight level D. 

Another relatively large difference between the real space and the visualizations was found for 
detachment, which showed a significant decrease in the visualizations compared to the real space. This 
finding was inconsistent with research from Murdoch et al. (2014), who did not find any significant 
difference between the real space and the visualizations regarding detachment. The positive correlation 
of detachment with brightness as shown in previous research (Custers et al., 2010, Vogels et al., 2008, 
Vogels et al., 2009) may explain the decreased level of detachment found for the visualizations with 
daylight level C; i.e. a decreased brightness results in a decreased detachment. However, for the 
visualizations with daylight level D the opposite effect was found, since it showed an increase in 
brightness with respect to the real space, though still a decrease in detachment.   

Even though no main effect of mediation on perceived colour was found, we did find an interesting 
interaction effect. In the real space, the addition of daylight led to the perception of a slightly warmer 
space, while in the rendering this was reversed. The latter may be explained due to possible outdoor 
reflections decreasing the CCT of the daylight entering the real space. Since we did not include outdoor 
reflections in the visualizations, the CCT of the daylight in the virtual space was perceived as cooler.  

Despite these differences on brightness, uniformity, detachment and colour, our results showed no 
significant differences on the atmosphere dimensions cosiness, liveliness and tenseness for both daylight 
and non-daylight conditions. This means that the deviations in brightness, colour and uniformity did not 



 46 

affect these atmosphere dimensions, even though literature showed they were correlated (Vogels et al., 
2008, Vogels et al., 2009, Choy, 2009, Custers et al., 2014). A possible explanation may be that, for a 
given atmosphere perception item, some light perception attributes may have a positive effect while 
others have a negative influence, thereby leading to a final effect that is not strong enough to show a 
significant difference. 

Also the absolute differences on the 7-point scale between the real space and the visualizations – for 
both daylight and non-daylight conditions – were very small for most light ambience. Looking at those 
differences (in contrast to significance values) we found that visualizations with daylight performed 
almost as well as those at without daylight. Visualizations with daylight level C showed a slightly smaller 
deviation in mean perceived attribute with the real space than visualizations with daylight level D, but 
the average difference between these two daylight levels was very small (0.04 on a 7-point scale).  

5.3 Challenges 

When manipulating daylight in a real lab space, it is not possible to eliminate the substantial variance in 
daylight due to the natural rhythm of the sun, but it is possible to limit variations in weather condition, 
reflection and glare to a small range. We took several measures to reduce the impact of these variations: 
1) we chose a lab at higher floor with a window facing the north, so that only diffuse daylight entered 
the room, 2) we intentionally performed experiments on days with more stable weather conditions, i.e., 
sunny and slightly cloudy days, during the timeslot from 9:30 to 16:30, which might have restricted the 
intensity and CCT of daylight within a relatively small range, and 3) the contribution of daylight was 
measured both before and after each trial. 

Another challenge in our research was the use of computer visualizations, in which the light ambiences 
and daylight conditions had to be as similar as possible to real conditions in the light lab. Daylight 
measurements before the experiment helped a lot in defining main categories of daylight and simulating 
the daylight in the model. Meanwhile, daylight measurements during the first session of the experiment 
helped with the selection of visualisations to match the participants’ real experience. Besides this, to 
overcome the limitation of the viewpoint in the two-dimensional pictures, we placed the participant's 
chair on a proper location in the real lab to ensure the same field of view between two experimental 
sessions.  
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6 CONCLUSIONS 

 

 

 

 

 

 

The current study is a first step in the research of copying light ambiences among retail chain shops. We 
investigated the impact of daylight on light and atmosphere perception in both real and virtual 
environments. Our experiments showed in general a small influence of the contribution of daylight to 
the atmosphere perception of artificial light ambiences in an indoor environment. Moreover, we can 
conclude that the visualizations showed good perceptual accuracy for most light and atmosphere 
perception attributes, where the conditions with daylight were almost as accurate as the conditions 
without daylight.  

Our research offered first insights into the impact of diffuse daylight on different light ambiences in a 
very basically furnished space. Further research can extend to the other factors, like the direction of the 
daylight – where daylight from the south side may lead to more differences in the spatial distribution of 
the light in the space – the size of the retail store, its decoration and furniture.  
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APPENDIXES  

 

Appendix A – Fixed effects in three linear mixed models 

 

A1. The effect of daylight on dependent variables (linear mixed model 1) 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 1813.872 .000 

daylight 1 27.000 .239 .629 

ambience 4 108.000 8.942 .000 

daylight * ambience 4 108.000 1.267 .288 

a. Dependent Variable: brightness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 67.184 1813.223 .000 

daylight 1 41.420 2.187 .147 

ambience 4 125.745 50.612 .000 

daylight * ambience 4 103.408 3.426 .011 

a. Dependent Variable: colour. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 1196.552 .000 

daylight 1 135 4.720 .032 

ambience 4 108 44.131 .000 

daylight * ambience 4 135 .354 .841 

a. Dependent Variable: uniformity. 

 

Type III Tests of Fixed Effectsa 
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Source Numerator df Denominator df F Sig. 

Intercept 1 27 1138.648 .000 

daylight 1 135 .016 .899 

ambience 4 108 21.945 .000 

daylight * ambience 4 135 2.016 .096 

a. Dependent Variable: cosiness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27.000 764.249 .000 

daylight 1 27 .272 .606 

ambience 4 108 36.447 .000 

daylight * ambience 4 108 2.681 .035 

a. Dependent Variable: liveliness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 274.172 .000 

daylight 1 27 5.345 .029 

ambience 4 108 8.798 .000 

daylight * ambience 4 108.000 2.965 .023 

a. Dependent Variable: tenseness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 465.357 .000 

daylight 1 135 12.179 .001 

ambience 4 108 23.376 .000 

daylight * ambience 4 135.000 .448 .774 

a. Dependent Variable: detachment. 
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A2. The effect of mediation on dependent variables (linear mixed model 2) 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 2085.227 .000 

daylight 1 27 .006 .937 

ambience 4 108 15.160 .000 

mediation 1 27.000 5.769 .023 

daylight * ambience 4 351 .641 .634 

daylight * mediation 1 351 1.249 .265 

ambience * mediation 4 351 1.769 .135 

daylight * ambience * 

mediation 
4 351 3.183 .014 

a. Dependent Variable: brightness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 92.800 2713.821 .000 

daylight 1 370.337 .007 .933 

ambience 4 132.038 78.198 .000 

mediation 1 37.733 .021 .884 

daylight * ambience 4 370.337 4.159 .003 

daylight * mediation 1 370.337 7.307 .007 

ambience * mediation 4 370.337 1.844 .120 

daylight * ambience * 

mediation 
4 370.337 1.924 .106 

a. Dependent Variable: colour. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27.000 1524.777 .000 

daylight 1 27 .682 .416 

ambience 4 108.000 67.775 .000 

mediation 1 27 6.812 .015 

daylight * ambience 4 351.000 2.590 .037 

daylight * mediation 1 351.000 5.450 .020 
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ambience * mediation 4 351.000 4.445 .002 

daylight * ambience * 

mediation 
4 351.000 1.583 .178 

a. Dependent Variable: uniformity. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 1176.274 .000 

daylight 1 27 .214 .648 

ambience 4 108 28.564 .000 

mediation 1 27.000 .036 .850 

daylight * ambience 4 351 2.958 .020 

daylight * mediation 1 351.000 .082 .774 

ambience * mediation 4 351 .156 .960 

daylight * ambience * 

mediation 
4 351 .901 .464 

a. Dependent Variable: cosiness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27.000 1222.989 .000 

daylight 1 27 .109 .744 

ambience 4 108 45.654 .000 

mediation 1 27 .009 .923 

daylight * ambience 4 351.000 6.638 .000 

daylight * mediation 1 351.000 .298 .585 

ambience * mediation 4 351.000 .606 .659 

daylight * ambience * 

mediation 
4 351 .272 .896 

a. Dependent Variable: liveliness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 272.754 .000 

daylight 1 27.000 6.333 .018 

ambience 4 108 9.460 .000 

mediation 1 27 .410 .527 
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daylight * ambience 4 351.000 4.232 .002 

daylight * mediation 1 351.000 1.057 .305 

ambience * mediation 4 351.000 .713 .584 

daylight * ambience * 

mediation 
4 351.000 .833 .505 

a. Dependent Variable: tenseness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 556.940 .000 

daylight 1 27 19.380 .000 

ambience 4 108.000 42.412 .000 

mediation 1 27 14.216 .001 

daylight * ambience 4 351 2.329 .056 

daylight * mediation 1 351 .001 .981 

ambience * mediation 4 351 6.678 .000 

daylight * ambience * 

mediation 
4 351 .621 .648 

a. Dependent Variable: detachment. 
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A3. The effect of mediation on dependent variables (linear mixed model 3) 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27.000 2961.103 .000 

daylight 1 27.000 16.921 .000 

ambience 4 108 15.157 .000 

mediation 1 27 5.924 .022 

daylight * ambience 4 351.000 2.126 .077 

daylight * mediation 1 351.000 26.549 .000 

ambience * mediation 4 351.000 2.268 .062 

daylight * ambience * 

mediation 
4 351.000 .255 .906 

a. Dependent Variable: brightness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 78.267 2394.010 .000 

daylight 1 34.792 .082 .776 

ambience 4 126.573 74.768 .000 

mediation 1 35.207 .005 .944 

daylight * ambience 4 344.115 3.091 .016 

daylight * mediation 1 344.115 8.797 .003 

ambience * mediation 4 344.115 .945 .438 

daylight * ambience * 

mediation 
4 344.115 3.532 .008 

a. Dependent Variable: colour. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 1722.915 .000 

daylight 1 378 4.991 .026 

ambience 4 108 73.171 .000 

mediation 1 27 1.656 .209 

daylight * ambience 4 378 3.674 .006 

daylight * mediation 1 378 .855 .356 
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ambience * mediation 4 378 2.695 .031 

daylight * ambience * 

mediation 
4 378 1.838 .121 

a. Dependent Variable: uniformity. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 1174.081 .000 

daylight 1 27.000 1.588 .218 

ambience 4 108 27.159 .000 

mediation 1 27.000 3.308 .080 

daylight * ambience 4 351 2.801 .026 

daylight * mediation 1 351.000 2.887 .090 

ambience * mediation 4 351 .847 .496 

daylight * ambience * 

mediation 
4 351 1.179 .320 

a. Dependent Variable: cosiness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 1221.698 .000 

daylight 1 27.000 1.788 .192 

ambience 4 108 46.004 .000 

mediation 1 27.000 .684 .416 

daylight * ambience 4 351.000 9.660 .000 

daylight * mediation 1 351.000 1.422 .234 

ambience * mediation 4 351.000 .108 .980 

daylight * ambience * 

mediation 
4 351.000 .846 .497 

a. Dependent Variable: liveliness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 280.330 .000 

daylight 1 27.000 2.848 .103 

ambience 4 108 8.438 .000 

mediation 1 27 .693 .412 
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daylight * ambience 4 351 3.354 .010 

daylight * mediation 1 351 1.856 .174 

ambience * mediation 4 351 .600 .663 

daylight * ambience * 

mediation 
4 351 .707 .588 

a. Dependent Variable: tenseness. 

 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 27 585.219 .000 

daylight 1 27 32.039 .000 

ambience 4 108 42.962 .000 

mediation 1 27 4.628 .041 

daylight * ambience 4 351 2.512 .042 

daylight * mediation 1 351 2.304 .130 

ambience * mediation 4 351 7.635 .000 

daylight * ambience * 

mediation 
4 351 .832 .505 

a. Dependent Variable: detachment. 
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Appendix B – Questionnaire 

PPN: ________   Session: _________   Ambience:  ___    _____     

 

1. Please evaluate the applicability of each term with respect to the room from ‘not 

applicable at all’ to ‘very applicable’. 

 

 

2. Please evaluate the effect the light has on the room. 

           

Bright  0 0 0 0 0 0 0 
 

Dim 

Warm  0 0 0 0 0 0 0 
 

Cool 

Non-uniform  0 0 0 0 0 0 0 
 

Uniform 

  

  
Not 

applicable 
at all 

     
Very 

applicable 

Business-like  0 0 0 0 0 0 0 

Cozy  0 0 0 0 0 0 0 

Terrifying  0 0 0 0 0 0 0 

Formal  0 0 0 0 0 0 0 

Tense  0 0 0 0 0 0 0 

Intimate  0 0 0 0 0 0 0 

Threatening  0 0 0 0 0 0 0 

Stimulating  0 0 0 0 0 0 0 

Pleasant  0 0 0 0 0 0 0 

Lively  0 0 0 0 0 0 0 

Exciting  0 0 0 0 0 0 0 
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Appendix C – Informed consent form 

 

 

 

Informed consent form 

This document gives you information about the experiment “Feel the Light”. Before the 
experiment begins, it is important that you learn about the procedure followed in this 
experiment and that you give your informed consent for voluntary participation. Please 
read this document carefully.  

Aim and benefit of the experiment 

The aim of this experiment is to measure how people perceive different light conditions in 
both real and virtual environments. This experiment is executed by Yuexu Chen, a student 
under the supervision of prof. dr. I.E.J. Heynderickx of the Human-Technology Interaction 
group. 

Procedure  

In the experiment, you will look at different light conditions in a real lab or images of light 
conditions on a display. In each condition, you have to assess the effect the lighting has on the 
environment via a questionnaire which includes fourteen questions to be answered through a 7-
point scale. 

Risks 

The experiment does not involve any risks or detrimental side effects. 

Duration 

The experiment consists of two sessions. Each session will last approximately 30 minutes. 

Voluntary 

Your participation is completely voluntary. You can refuse to participate without giving any 
reasons and you can stop your participation at any time during the experiment. You can 
also withdraw your permission to use your experimental data up to 24 hours after the 
experiment is finished. All this will have no negative consequences whatsoever. 

 

Participant’s paraph _____  
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Confidentiality  

All research conducted at the Human-Technology Interaction Group adheres to the Code of 
Ethics of the NIP (Nederlands Instituut voor Psychologen – Dutch Institute for 
Psychologists). 

We will not be sharing personal information about you to anyone outside of the research 
team. No video or audio recordings are made that could identify you. The information that 
we collect from this experiment is used for writing scientific publications and will be 
reported at group level. It will be completely anonymous and it cannot be traced back to 
you.  Only the researchers will know your identity and we will lock that information up 
with a lock and key. 

Further information 

If you want more information about this experiment you can ask Yuexu Chen (contact 
email: yuexu.chen@philips.com).   

If you have any complaints about this experiment, please contact the supervisor prof. dr. 
I.E.J. Heynderickx (contact email: I.E.J. Heynderickx@tue.nl) 

 

 

 

Certificate of Consent 

I, (NAME)……………………………………….. have read and understood this consent form and 
have been given the opportunity to ask questions. I agree to voluntary participate in this 
research experiment carried by the research group Human Technology Interaction of the 
Eindhoven University of Technology. 

 

 

 

 

__________________________                                                        __________________________ 

Participant’s Signature                                                                       Date 
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Appendix D – Visualizations in virtual environment 

Light 
ambience 

Non-daylight Daylight level C Daylight level D 

1 

   

2 

   

3 

   

4 
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Neutral 
light 
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