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Abstract 
The lighting distribution within a room is essential for lighting design. Previous research has 

highlighted the importance of the uniformity and brightness of lighting distributions for the 

appraisal of a room. Several studies found that uniform lighting distributions appear brighter 

while others suggest the opposite. To understand these contrasting results, the current research 

investigated the effect of uniformity of a lighting distribution (represented by the number of 

spots used and the beam width of these spots) on brightness, in a two-alternative forced choice 

paired comparisons experiment in virtual reality. Results show that there does not seem to be 

an overarching effect of uniformity on brightness, but that brightness appears to be influenced 

by multiple separate factors within the lighting distribution. Moreover, the results suggest that 

the median luminance is a good predictor for brightness, performing better than the mean 

luminance. This work highlights the importance of systematically testing different aspects in 

the lighting distribution in order to gain a better understanding of brightness perception.  

Keywords:  brightness, perception, lighting distribution, uniformity, VR 
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1. Introduction 
Understanding brightness is essential for lighting design. Obtaining a good understanding of 

brightness can guide lighting designers to provide sufficient light while also considering other 

factors, such as energy-savings, cost-efficiency, well-being, or performance in lighting design. 

An example application where well-being and performance are important parameters to 

consider is in an office environment. A good understanding of the interrelation of lighting 

parameters can help the lighting design for offices. For instance, research into environmental 

lighting has indicated that brightness and uniformity are essential parameters influencing the 

atmosphere of a room (Stokkermans et al., 2018).  

Although research on brightness goes all the way back to the 1800’s with Weber and later 

Fechner (1860), it is still a poorly quantified concept. Multiple researchers have tried to predict 

the brightness of objects or scenes, but it is a complicated phenomenon as it is influenced by 

multiple mechanisms in human visual perception. Specifically for room brightness, Loe et al. 

(1994) found that the mean luminance within a 40 degrees horizontal band was a good predictor 

of brightness of a scene, whereas De Vries et al. (2022) found that the median luminance within 

the same and a slightly wider band was a better predictor. However, all of these studies utilized 

a relatively uniform luminance distribution, so it is unsure how these models predict brightness 

in less uniformly lit environments. 

The brightness of a surface depends on more than solely the absolute luminance that reaches 

the eye. Instead, brightness perception is biased by, among others, lightness, color, shapes, and 

associations (Kingdom, 2011; Meier et al., 2007). Simple models – such as those proposed by 

Loe et al. (1994) or Cuttle (2009) – do not incorporate the luminance variation that could be 

present within a surface. Several researchers have tried to understand the relationship between 

uniformity and brightness, but results are contradictory. Tiller and Veitch (1995) found that 

non-uniform lighting distributions appeared brighter, whereas Kirsch (2015) found the 

opposite. In order to gain a better understanding of brightness, the current research investigates 

how uniformity in a lighting distribution relates to brightness and explores whether the mean 

or median luminance provides a better basis for comparison to understand the effects of 

brightness. 

1.1. What is brightness? 
1.1.1. Physics of Light 

Light is the visual part of the electromagnetic spectrum. For the human eye this is between 380 

and 780 nm. The photoreceptors in the human eye transduce radiation and send signals to the 

visual cortex which enables us to see the environment around us at different light levels and 

distinguish colors (Mather, 2016).  

Light can be measured in radiometric and photometric units. The difference between the two 

is that the former is based on the entire optical spectrum and the latter is weighted by the 

sensitivity of the human eye, defined in V(λ) and V’(λ) for photopic and scotopic vision, 

respectively (CIE, 1926; CIE, 1951). The different aspects of light in this report are referred to 

in photometric units (Mather, 2016): 

▪ Luminous flux (in lumen) is the amount of energy emitted by a light source.  
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▪ Luminous intensity (in candela) is the amount of energy emitted per unit solid angle (cone). 

▪ Illuminance (in lux (lumen/meter2)) is the amount of light falling onto a surface. 

▪ Luminance (in candela/meter2) is the amount of light being reflected off the surface per unit 

area in the measurement direction.  

1.1.2. Luminance-Brightness relationship 

In the 1800’s, Weber and later Fechner (1860) introduced psychophysics. This is the domain 

where the psychological response to a physical stimulus is measured. Fechner discovered that 

an increase of stimulus does not result in the same increase of sensation. In terms of brightness, 

a doubling of luminance is not equal to a doubling of brightness. The Weber-Fechner law 

describes that the sensation intensity is a logarithmic function of stimulus intensity. Later, 

Stevens (1960) discovered that the sensation intensity is a power function of stimulus intensity, 

with a relationship that differs for different sensations. His power law relationship between 

brightness and luminance is described as follows: 𝐵 = 𝑘 ∗ 𝐿𝑛, where k and n are constants. He 

found that n is 0.33-0.5 for brightness, 1.2 for lightness and 0.6 for loudness.  

However, Stevens (1960) made use of a small target in a dimmed surround, therefore it was 

uncertain how this relationship would hold for more complex stimuli. Marsden (1969) found 

that this exponential was dependent on the previous stimuli, the surrounding space, target size, 

the lightness of the surface and the hue of the surface. Bodmann and La Toison (1994) 

subsequently created a model to predict brightness-luminance relationships over a range of 

different background luminance values. They found that the higher the luminance contrast in 

the room, the lower the brightness of darker surfaces. Increasing the luminance of bright 

surfaces does not have a considerable impact on the brightness of the room. In order to increase 

the overall brightness in a room, the luminance of the darker surfaces should be increased. This 

finding indicates that uniform lighting appears brighter than less uniform lighting.  

While these models will be helpful to understand the basic relationship between luminance and 

brightness, they should be used cautiously in more complex interiors. Marsden (1970) did an 

experiment in a furnished interior space where he had participants rate the brightness of 

different surfaces in a room based on a ratio scale. He found that the brightness of a single 

surface increases with a power law index of 0.35, but with multiple surfaces it would increase 

with a power law index of 0.6. These relationships can predict the change in brightness of 

surfaces in a room where the brightness of the brightest surface in the room can then be 

described as 𝐵𝑚𝑎𝑥 = 𝐿𝑚𝑎𝑥
0.35  and the brightness of the other surfaces as B = 𝑎 ∗ 𝐿0.6, with  

𝑎 =  
𝐵𝑚𝑎𝑥

𝐿𝑚𝑎𝑥
0.6 = 𝐿𝑚𝑎𝑥

−0.25.  

Although these relationships can predict the brightness in certain situations, its applicability 

will be limited when scenes become more complex. Note that Marsden’s relationship is based 

on the maximum luminance values within the surface. The surfaces Marsden used in his study 

contained relatively uniform distributions. In such cases the values of maximum, minimum, 

mean, and median luminance are relatively close to each other, while these parameters can 

greatly vary in non-uniform light distributions. Hence, his model does not consider the 

luminance variation that could be present on the surface.  

1.1.3. Light Spectrum 

Harrington (1954) found that brightness was dependent on the correlated color temperature 

(CCT) of a light source. According to his study a higher CCT has a higher brightness and vice 
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versa. Alman (1977) found that this effect was due to a shift on the blue-yellow axis over the 

Planckian locus in the CIELAB space. Furthermore, highly saturated colors appear brighter 

than less saturated colors with the same luminance. This is known as the Helmholtz-Kohlrausch 

effect (Nayatani, 1998). On the other hand, translucent surfaces appear less bright (Marsden, 

1970). However, later it was found that both CCT and CRI were not sufficient predictors of 

brightness (Boyce, 1977; Van de Perre et al., 2023).  

In 1990, Berman et al. discovered that not only the fovea and photopic vision assess brightness, 

but that also scotopic vision outside of the fovea contributes to brightness perception. In their 

study they compared different light sources with varying correlated color temperatures, spectra 

and ratios of scotopic/photopic (S/P) illuminance. In an earlier study Berman et al. (1987) 

found that two light sources with equal photopic illuminance, but differing spectra evoked a 

different pupil size. They concluded that the pupil controls the amount of scotopic light that 

falls into the eye. This indicates that the brightness is dependent on the whole spectrum of a 

light source and not solely the correlated color temperature. On the other hand, Fotios et al. 

(2015b) found that the S/P ratio was insufficient to predict the brightness. They argue that both 

the S/P ratio and gamut area metrics are necessary for predicting the brightness under different 

spectral power distributions. 

The fairly new discovery of the intrinsically photosensitive retinal ganglion cells (ipRGCs) has 

shed new light on the influence of light on our body. These cells have been found to be 

contributing to short-term, but also long-term lighting effects. More specifically, the ipRGC’s 

are found to contribute to non-visual effects of environmental lighting. Stimulation to these 

cells is found to affect alertness (Lok et al., 2018), mood (Bedrosian, & Nelson (2013) and the 

circadian rhythm (Legates et al., 2014). Moreover, there has been found evidence that these 

cells contribute to brightness judgements as well (Brown et al., 2012; Yamakawa et al. 2019). 

Recent literature suggests the ipRGCs may be the main driver for pupil dilation (Sandoval 

Salinas et al., 2020) in response to brightness perceptions.  

These theories suggest that brightness is a very complex phenomenon and dependent on much 

more than just the amount of light that is being received by the eye. The next section will cover 

more theories behind brightness perception. 

1.2. Mechanisms behind brightness perception 
In order to apply brightness theories, it is important to have a fundamental understanding of 

how brightness is perceived. An interesting take is that of Purves et al. (2004), who suggest 

that what is perceived is determined by the probability distributions of possible light sources, 

and is, therefore, related to past experiences rather than physical attributes of the stimulus and 

surfaces. Although perception will sometimes be affected by associations and interpretation, 

other theories explain that brightness perception already occurs in early visual processing (e.g., 

the retina (Shapley & Enroth-Cugell, 1984) or the primary visual cortex (Rossi et al., 1996)). 

Multiple researchers have tried to understand the mechanisms behind brightness perception, 

but it is a complex field. This section explores some mechanisms in visual processing that seek 

to explain different effects in brightness perception. 

1.2.1. Brightness and Lightness 

Brightness is not to be confused with lightness. Brightness is described by Boyce (2014) as “an 

attribute of light, related to whether more or less light is seen to be emitted”, whereas lightness 
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is “an attribute of the surface, related to whether more or less light is seen to be reflected“. 

Due to lightness constancy (Kingdom, 2011), the lightness of an object will be constant across 

different lighting conditions, but the brightness will change. This can be illustrated by Figure 

1 (Adelson, 1993). Patch A appears brighter than patch B, while B appears lighter than A, 

whereas the luminance of the two is the same (Perdreau & Cavanagh, 2011). In any lighting 

condition, the visual system adapts to perceive the environment as constant. This top-down 

process influences our perception of brightness. Thus, the visual system compensates for the 

perceived difference in illumination since patch B appears to be in the shadow.  

 

Figure 1. Example of lightness constancy. Patch B appears to be lighter than patch A although they have the same luminance 

(Adelson, 1993). 

Furthermore, Barraza and Martín (2020) found that the texture of a surface has a significant 

influence on brightness as well. In their study they conclude that with equal luminance, a 

smooth wall is perceived as brighter than a textured wall.  

1.2.2. Adaptation 

The ability of the human eye to detect absolute light levels is relatively poor because the eye 

can respond well to spatial and temporal changes. When the light levels change, the eye adapts 

accordingly. This process involves three stages: mechanical adaptation (pupillary response), 

neural adaptation and photochemical adaptation (Ferwerda et al., 1996). The different layers 

of cells in the retina enable us to see in multiple different lighting conditions, while maintaining 

a stable perception of brightness. For instance, with one bright light source, the brightness will 

vary across a room and create sharp gradients and dark corners. The eye will adapt while 

looking around to try to create an even brightness within the whole room. 

Furthermore, the time required for the visual system to adapt differs for different stimuli. For 

example, dark-to-light adaptation is faster than light-to-dark adaptation (Mather, 2016). 

Furthermore, adaptation to visually unfamiliar and more complex scenes takes longer 

(Webster, 2015; Stokkermans & Heynderickx, 2014).  

1.2.3. Anchoring Theory 

Anchoring theory suggests that the visual system uses an anchor to judge the luminance and 

lightness of surrounding surfaces. For example, the surface with the highest luminance could 

appear white, the darkest could appear black or the average could be mid-gray (Gilchrist et al., 

1999). Subsequently, this anchor is used to judge the brightness and/or lightness of the 

surrounding surfaces. 
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1.2.4. Lateral Inhibition 

The brightness of a surface depends on the contrast with its surrounding surfaces. For instance, 

a gray patch appears brighter (or lighter) when placed next to a black patch than to a white 

patch. This phenomenon is known as simultaneous brightness contrast (Frisby & Clatworthy, 

1975) and is argued to be due to anchoring theory (Economou et al., 2007) or lateral inhibition. 

The latter refers to the ability of the excited neurons to inhibit the activity of the neighboring 

cells. Consequently, only the most and least stimulated neurons will respond. This mechanism 

enhances contrast and reduces noise in the visual signal, therefore sharpens the edges of objects 

(Mather, 2016). The cells responsible for this phenomenon are the off-center and on-center 

ganglion cells (Purves et al., 2004; Baxant et al., 2016).  

Lateral inhibition is also responsible for the Chevreul illusion (Ratliff, 1972). When two 

different gray luminance patches touch, the contrast around the edge increases. The edge along 

the darker area appears even darker and the lighter area even lighter (Figure 2, left). This effect 

does not occur when the patches do not touch directly (Figure 2, right). 

 

Figure 2. Example of the Chevreul illusion. When two different luminance patches touch (left) there seems to be an increase 

of contrast along the edge. This is not the case when they do not touch (right) (Weerakkody  et al., 2009). 

This can be exaggerated (Figure 3, bottom) by adding a smooth luminance gradient that 

progresses in the same direction as the Chevreul staircase, also known as a ramp. On the 

contrary, this illusion is inhibited (Figure 3, top) when the ramp goes in the opposite direction 

(Lu & Sperling, 1996; Geier & Hudak, 2011).  

 

Figure 3. Addition of a gradient to the Chevreul illusion, the illusion is more extreme when the gradient goes in the same 

direction as the ramp (bottom) but is inhibited when it goes in the opposite direction (top) (Geier & Hudak, 2011). 
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1.2.5. Filling-In 

The brightness of a luminant surface is dependent on the luminance at the edge. One illusion 

that can illustrate this phenomenon is the Craik-O’Brien-Cornsweet effect (Figure 4) 

(Todorović, 1987). The addition of a luminance gradient at the edge affects how the whole 

patch is perceived. The patch on the right has a dark gradient at the border, while the left has a 

light gradient at the border. The two patches have a different brightness, while the luminance 

away from the border is the same.  

 

Figure 4. Craik-O’Brien-Cornsweet effect. Due to the luminance gradient at the border, the luminance of the two patches 

seems to differ although it is the same shade (Adapted from Masuda et al., 2014).  

This phenomenon is argued to be explained by the filling-in theory (Gerrits & Vendrik, 1970; 

Grossberg & Todorovic, 1988; Paradiso & Nakayama, 1991; Davey et al., 1998), but others 

have suggested that this is not the case, and that the brightness is determined by solely edge-

integration effects (Land & McCann, 1971; Cornelissen, 2006) or more complicated (Masuda 

et al., 2011).  

1.2.6. Glare 

Another phenomenon that influences brightness perception is glare, related to an extreme 

brightness non-uniformity (Boyce, 2014). Glare can take two forms: disability glare and 

discomfort glare, whereas the former is related to a reduction in visual performance, the latter 

is related to a feeling of discomfort. Glare can also be created artificially. The addition of glare 

or a halo will vary the brightness, with equal luminance (Figure 5). The addition of a luminance 

gradient towards the center will give the illusion of glare and increase the brightness whereas 

a luminance gradient towards the outer border will reduce the brightness and give the illusion 

of a halo. The center on the left appears brighter than the center on the right, even though they 

have equal luminance (Kinzuka et al., 2021). 
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Figure 5. Glare versus halo illusion. The addition of a gradient at the border influences brightness. A gradient towards the 

center will give the illusion of glare (left), while a gradient away from the center will give the illusion of a halo (right). The 

center on the left appears brighter than the center on the right, even though they are equal in luminance (Kinzuka et al., 2021).  

Furthermore, it was found that brief exposure to glare in the peripheral field of view reduces 

the brightness of a test patch in the foveal field of view (Colombo et al., 2000). Moreover, 

previous research has shown that the perceived intensity of glare is dependent on the location 

of the source within the visual field (Iwata & Tokura, 1997; Kim & Kim, 2011) 

All of these effects are examples to understand how the visual system perceives luminance. 

Due to the complexity of the field, the literature is still inconclusive. Nevertheless, this section 

illustrated that brightness is affected by many internal and external influences, such as 

properties of the surface, the luminance of the surrounding surfaces, adaptation of the visual 

system, edge effects and glaring sources. Thus, the exact brightness of the environment is 

dependent on more than solely the absolute luminance of the surface. These mechanisms can 

have a significant influence on the perception of the surrounding environment. Therefore, it is 

important to understand these mechanisms so they can guide lighting designers. 

1.3. Environmental lighting 
For humans, the most important sense for perceiving the surrounding environment is the eye. 

Fundamental knowledge of visual perception is essential for lighting design. In general, the 

primary goal of lighting design for offices is to enhance performance by creating a safe and 

comfortable working environment (Yilmaz, n.d.). In recent years, the term “Integrative 

Lighting”, described by ISO/CIE (2022) as “lighting integrating both visual and non-visual 

effects, and producing physiological and/or psychological benefits upon humans” has gained 

more attention. The term is frequently used in research focused on studying human perception 

mechanisms in response to a wide variety of lighting aspects. Obtaining a good understanding 

of the interrelation of different lighting aspects creates the opportunity to design lighting 

conditions that fulfill lighting requirements while also considering relevant design goals such 

as energy-savings, well-being, performance, or cost-efficiency (Kozusznik et al., 2019).  

Multiple environmental lighting designs can fulfill lighting requirements but might differ in 

subjective impressions of a room (Flynn et al. 1973). The lighting distribution in a space has 

been found to affect both the appearance and the appraisal of a room. Different aspects include 

the perceived spaciousness (Lindh & Billger, 2021), atmosphere (Vogels, 2008; Stokkermans 

et al., 2018), comfort and interest (Abboushi et al., 2020).  
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Although traditionally an office is uniformly lit, Hawkes et al. (1979) conclude that an office 

space with bright and interesting lighting distribution is preferred. The former is related to 

brightness, whereas the latter is related to the perceived uniformity. Stokkermans et al. (2018) 

did a study on the influence of attributes of light – brightness and perceived uniformity – on 

the perceived atmosphere in a room. Vogels (2008) found that the atmosphere can be described 

in terms of coziness, liveliness, tenseness, and detachment. Stokkermans et al. found that rooms 

with medium perceived uniformity and brightness were perceived as most cozy. Liveliness can 

be increased by increasing the brightness of a room. Additionally increasing the perceived 

uniformity will give the room a more detached feeling, while lowering brightness and 

uniformity makes a room appear tense. Moreover, brightness was found to be well correlated 

with the mean luminance within the 40 degrees horizontal band, while uniformity was found 

to be affected by the type of luminaire and spatial distribution of the luminaires. Their study 

indicates that the lighting distribution is important for the perception of a room.  

Houser et al. (2002) did an experiment where the lighting distribution was varied to be either 

indirect, direct or a mixture between the two while keeping the horizontal illuminance on the 

work plane fixed. Their results show that, in contrast to the floor and desk, the ceiling and wall 

brightness did significantly influence the overall room brightness. Furthermore, with increasing 

the direct component, the wall appeared less uniform due to the appearance of scallops on the 

wall. Finally, the room appeared more spacious and was preferred with an increase in the 

contribution of the indirect component.  

Brightness is an important component of room appraisal. Generally, room appraisal can be 

improved by increasing brightness, although this is not always the case (De Vries et al., 2021). 

Furthermore, increasing wall luminance, and consequently brightness, has been found to be 

stimulating (Van Ooyen et al., 1987) and increasing alertness (De Vries et al., 2018).   

1.4. Brightness of a room 
The relationship between the lighting distribution and the overall brightness of a room has been 

investigated previously. This section will explore different brightness prediction metrics and 

will discuss different parameters within the room that affect the perceived brightness.  

1.4.1. Brightness Prediction Metrics 

Multiple attempts have been made to predict the brightness of a room. Loe et al. (1994) found 

that the average luminance over a 40 degrees horizontal band was a good predictor for the 

visual lightness of a room. On the other hand, De Vries et al. (2022) found that both the 

logarithm of the median luminance over a 60 degrees horizontal band and the ratio of the 

logarithm of the 95% percentile/median luminance over the 40 degrees horizontal band were 

good predictors for the brightness of a room. Furthermore, Kato and Sekiguchi (2005) found 

that brightness increases with an increase in directional diffusivity, related to the incident angle 

of light. Furthermore, Cuttle (2009) introduced Mean Room Surface Exitance, which predicts 

the brightness based on the reflectance within a room. More recently, Hu et al. (2023) found 

that the indirect corneal illuminance is a good predictor for brightness. The indirect corneal 

illuminance is directly related to the amount of light that falls onto the eye. 

What many of these metrics have in common is that they describe the amount of light that falls 

onto the eye. However, they do not consider what we actually perceive. Brightness is not 

simply related to the absolute level of light that enters the eye (Jacobsen & Gilchrist, 1988). 
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Instead, perception is biased; we focus on certain areas, are biased by lightness and shapes, and 

make associations (Kingdom, 2011; Meier et al., 2007). The average luminance within two 

rooms might be the same, but if the lighting distributions differ, there might be a difference in 

brightness between these two rooms. As discussed in section 1.2., this could be due to these 

two rooms inducing a different anchor or accounting for adaptation. The way light is distributed 

within a room is therefore an important aspect of brightness perception.  

1.4.2. Uniformity 

An important parameter of the lighting distribution is uniformity. Uniformity is generally 

described as the variation of lighter and darker areas of a surface. Perfect uniformity would 

require no luminance variation on the surface. In that case, the minimum, maximum and mean 

luminance would be equal. Frequently used uniformity metrics are formulated as: 

▪ A ratio of the minimum to the average luminance, as 𝑈 =
𝐿𝑚𝑖𝑛

𝐿𝑎𝑣𝑔
 (CIE, 2011). 

▪ A ratio of the minimum to the maximum luminance, as 𝑈 =
𝐿𝑚𝑖𝑛

𝐿𝑚𝑎𝑥
 (Hsieh & Li, 2013). 

▪ A statistical measure coefficient of variation, ratio of the standard deviation to the average 

luminance, as 𝐶𝑉 =
𝜎

𝐿𝑎𝑣𝑔
  (Armstrong, 1990). 

▪ Weighted to the human visual system, as 𝑈𝐻𝑉𝑆 =
100

1+𝑘∗𝐶𝑉𝛼∗𝐶𝑉𝛽
𝐻𝑉𝑆

 in %, where k is a 

constant and powers α and β are adjusted based on their relative importance (for details see 

Moreno, 2010). 

The ratio-based metrics do not incorporate the spatial luminance variation within a distribution. 

With equal mean luminance, a distribution with a single large area of peak luminance has an 

equal uniformity as a distribution with multiple smaller areas of the same peak luminance, 

while the perceived uniformity might be different. The ratio metrics are dependent on extreme 

values. This can be helpful in applications where glare is important but is less useful in the 

current study because this study specifically focusses on the luminance pattern of the lighting 

distribution. 

The statistical measure is not sensitive to extremes but does not limit the influence of extremes. 

For instance, one high peak luminance will increase the standard deviation while decreasing 

the uniformity substantially, even though visually the lighting distribution appears relatively 

uniform with one small glaring source. Thus, this metric does not incorporate lighting patterns. 

When evaluating lighting uniformity, it is important to consider the impact of extremes and 

assess their significance in relation to the specific context of the lighting application.  

The uniformity weighted by the human visual system (Moreno, 2010), considers spatial 

frequencies with the contrast sensitivity function. It incorporates pattern detection and the 

contrast sensitivity of the human visual system. Yao et al. (2017) tested the performance of 

these three metrics by correlating uniformity rankings in a perceptual experiment. Note that 

their data were rankings and not ratings, reducing information about the absolute difference 

between the conditions. Results show that UHVS outperforms the other two metrics, but its 

performance is lacking in relatively uniform lighting distributions. Furthermore, this metric is 

adjusted dependent on the subjective interpretation of the importance of different factors. As 

the current research seeks to understand the relation of uniformity and brightness objectively, 

this metric does not suit the current research goal. 
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None of these metrics has a true correlation with the perceived uniformity. Therefore, in the 

current study the term uniformity is described with the following written definition rather than 

a metric: “Lighting distribution providing homogeneous wall coverage with minimal luminance 

variation from the mean”. Perfect uniformity would imply no luminance variation. Uniformity 

will thus increase when the lighting assures higher wall coverage, and when extremes are 

lowered and approach the mean. Uniformity is then influenced by the type of luminaire and 

light source, the number of luminaires, the location of the luminaires within the space, the 

intensity of the light, the surface reflectance and more.  

1.4.3. Uniformity of the Lighting Distribution 

Even if the light falling onto the work plane is sufficient, the way in which the light is 

distributed can greatly affect the overall brightness of the room. If all light is being 

concentrated in one single area, then the surrounding areas may appear relatively dim due to 

an increase of contrast within the room (Jay, 1971).  

It is, however, still unclear how (the uniformity of) the lighting distribution of a room affects 

its perceived brightness. Several attempts have been made to answer this question but resulted 

in contrasting findings. A number of studies indicate that more uniformly lit spaces appear 

brighter (Kobayashi et al., 1998; Kato & Sekiguchi, 2005; Hsieh, 2012; Kirsch, 2015), while 

others suggest the opposite (Tiller & Veitch, 1995; Newsham et al., 2004; Chraibi et al., 2013, 

Sullivan & Donn, 2016; Sullivan & Donn, 2018). 

A frequently referenced paper is Tiller and Veitch (1995), who conducted a pilot study 

comparing the two lighting conditions with either a uniform distribution or a non-uniform 

distribution. One scene contained a luminaire equipped with a plastic prismatic diffuser and 

the other scene was equipped with a deep-cell parabolic louvre. This made the lighting in two 

scenes differ in gradient, contrast, and the location on the wall. They concluded that – with 

equal average luminance – a non-uniformly lit space requires 5-10% less lighting than a 

uniformly lit space. However, in their study they only compared two conditions that were not 

manipulated systematically, making it hard to draw a conclusion on why this difference was 

found. Moreover, they did not give a quantification of the level of uniformity and luminance 

values that were used, making it impossible to compare them to the results of others. In a pilot 

study, Sullivan and Donn (2016; 2018) compared several different scenes with varying light 

distributions on the walls, ceiling and floor, by manipulating the reflectance of these surfaces. 

They found that with equal average luminance, an increased uniformity led to a lower perceived 

brightness. However, they conclude that this finding is not necessarily due to a difference in 

uniformity – as metrics of uniformity often do not include the pattern – but might be due to a 

missing essential parameter in the lighting distribution.  

In contrast, Kirsch (2015) found evidence that suggests the opposite effect. In his research he 

compared a uniform distribution to a gradient and step-gradient, and varied the direction of the 

gradient (top-to-bottom, away from or towards the observer). He found that the uniform 

luminance distribution had a slightly higher visual lightness than all the other (non-uniform) 

lighting distributions. Furthermore, the two step-gradient luminance distribution had the lowest 

perceived visual lightness. Despite his focus being on the effect of luminance distribution on 

brightness in relation to the location of the lighting within the field of view, these outcomes 

suggest that uniform lighting distributions appear brighter than non-uniform lighting 
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distributions. Moreover, his research indicates that the pattern is an important factor in the 

assessment of brightness of a space.  

As suggested by Kirsch (and by Kato & Sekiguchi, 2005), not only the distribution of lighting 

is important in assessing the overall brightness of a room, but also the location of the lighting 

within the field of view is an important contributor. This was also concluded in research by 

Loe et al. (1994) and De Vries et al. (2022), who found that a horizontal band of 40 to 60 

degrees is the most important for assessing the visual lightness of a room. 

Ishida and Ogiuchi (2002) found that brightness was highly correlated with the amount of light 

and not the intensity of light. In other words, brightness was related to how much of the light 

fills the space, more than the intensity of the light source. This finding also indicates that 

uniform lighting would be perceived as brighter. 

To summarize, different models have been proposed to predict the brightness of a room, but 

they often omit the luminance variation present within a room. While the majority of authors 

suggest that uniform luminance distributions appear brighter, others suggest the opposite. What 

all of them have in common is that the luminance variation within a space has an influence on 

the brightness perception of a space. Their contrasting results can be possible due to missing 

an essential parameter or simply due to measurement errors. Therefore, the next section will 

explore different methods for brightness assessment that have been used in the past. 

1.5. Methods for Brightness Assessment 
Multiple different methods have been used in the literature to present lighting stimuli and assess 

brightness judgments. This section will briefly explain methods used by others and discuss the 

most important advantages and disadvantages of these methods. 

1.5.1. Test Scenes 

In order to make brightness judgements, scenes with different lighting settings have to be 

created. In previous research this is done by using existing rooms (Van Ooyen et al., 1987), 

full-scale mock-ups of a space (Loe et al., 1994), scaled mock-ups (Ishida & Ogiuchi, 2002; 

Hsieh, 2012), 2D computer simulations (Stokkermans et al., 2018; Pracki & Krupiński, 2021) 

and virtual reality (VR) (Jin et al., 2022). The advantage of using existing rooms is that it is 

directly applicable, but the biggest disadvantage is that it is inflexible and prone to non-

controllable influences. Mock-ups can be used to investigate different light settings without the 

need for a whole existing room. Moreover, they allow for more control (Bellazzi et al., 2022). 

Both full-scale and scaled mock-ups can be useful, depending on the research question, 

although scaled mock-ups might have difficulties reproducing real-life lighting effects. 

However, both these methods can be costly and time consuming. Therefore, computer 

simulations can be helpful (Newsham, Richardson, Blanchet & Veitch, 2005). VR is more 

suited than 2D computer simulations due to its immersiveness (Natephra, Motamedi, Fukuda 

& Yabuki, 2017). Moreover, VR is an emerging tool in perception experiments in the lighting 

field. The application of VR in lighting research will be discussed in more detail in section 1.6. 

1.5.2. Methods for Assessment 

Different methods for brightness assessments have been done in the past. These include both 

absolute and relative evaluations, ranging from brightness matching (Tiller & Veitch, 1995; 

Sullivan & Donn, 2016; Fotios & Cheal, 2011) and questionnaires (De Vries et al., 2022) to 
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comparisons (Kobayashi, Nakamura & Inui, 1998; Kato & Sekuguchi, 2005) and forced choice 

procedures (Royer & Houser, 2002; Hu et al, 2023). In the brightness matching procedures, 

participants are instructed to directly adjust the lighting settings to match the brightness of the 

reference. The advantage of this method is that the result is absolute and directly applicable, 

but this method can often be difficult to realize. In questionnaires, either verbal or written, 

participants are asked to rate the brightness of a scene relative to the other scenes. The biggest 

advantage of this method is that it is relatively quick, but results can be hard to generalize due 

to the relativity of the measurements. With comparisons, participants are located in a space 

with certain lighting characteristics after which they will be located in a second space with 

different lighting characteristics. Consequently, they are asked to indicate how the brightness 

of this condition relates to the previous condition. The biggest disadvantage of this method is 

that it is quite time-consuming and is prone to adaptation effects. On the other hand, the 

addition of a forced-choice procedure allows for implementing more comparisons that can be 

done in a shorter time frame, but the number of conditions that can be used will be limited 

when comparing all possible combinations (Fotios & Houser, 2013). However, there are certain 

biases in forced choice procedures that need to be addressed (Fotios & Houser, 2013). Firstly, 

interval bias, where there is a consistent asymmetry in the response due to temporal position 

of the stimuli. The previous scene will influence what is perceived at the next scene. This occurs 

when scenes are presented sequentially instead of simultaneously. Secondly, position bias, 

where there is a consistent asymmetry in the response due to the spatial position of the stimuli. 

This occurs when a specific scene is always presented in the same position (e.g. left). This 

might influence the judgment of the participant. Thirdly, centering bias, related to the responses 

centering around the midpoint of the range of stimuli. Participants possibly may assume that 

the stimuli are centered around a midpoint, while this is not necessarily the case. This can result 

in participants being biased towards judging about half of the stimuli as brighter and about half 

of the stimuli as dimmer.  

1.6. Virtual Reality 
VR has been widely used in perception research in a variety of fields thanks to its versatility, 

immersiveness and its ability to allow for quick assessments. Unlike other representation 

methods, with stimuli integrated in the virtual environment, VR is comparable to the real-world 

in many aspects and can be used to test several stimuli that appear in real-world environments 

(Moscoso et al., 2021). VR has gained popularity in lighting research over the past few years, 

both for daylighting and electric lighting applications (Scorpio et al., 2021).  

1.6.1. Advantages and limitations of VR 

One of the main advantages of VR as a tool is that it allows for a completely controlled 

environment which limits external influences. It enables the researcher to easily isolate, add or 

remove stimuli, depending on what is of interest to the researcher (Bellazzi et al., 2022). For 

instance, it gives the possibility to have control over daylighting, which can be challenging in 

real-world scenes. Moreover, VR can show photo-realistic immersive scenes with the 

possibility for the user to move around in, which is a great advantage compared to other visual 

representation methods (Scorpio et al., 2021). Another advantage of VR is that it is very 

flexible. The manipulations are not limited to the physical environment and existing 

instruments, but VR creates the opportunity to show a big variety of stimuli without the expense 

of purchasing or developing new apparatus. Additionally, VR gives the possibility to test 
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multiple variations without boundaries of time and physical space (Heydarian & Becerik-

Gerber, 2016).   

Although VR has great opportunities, the realism is limited due to imperfections in software 

and hardware. Even highly realistic renderings still lack the amount of detail to appear 

indistinguishable from real scenes. For instance, the luminance range of a display is limited, 

making it challenging to reproduce real-life lighting stimuli. Furthermore, the tasks participants 

can perform in VR are limited to what is physically possible in a VR environment. Only tasks 

that can be done with the sensors in the headset are possible. For example, it can be challenging 

to touch or pick up items in VR.  

1.6.2. Accuracy of brightness judgements in VR 

The quality and accessibility of VR as a research tool has increased, thanks to recent 

developments in VR headsets. However, understanding what can and cannot be translated 

between virtual and physical environments is important to evaluate the opportunities and 

limitations of their application. Several studies have compared the perceptual accuracy of 

virtual scenes to real-world scenarios and have shown that judgements of brightness between 

real and VR-scenes are largely accurately comparable (Abd-Alhamid et al., 2019; Chen et al., 

2019; Hegazy et al., 2020; Rockcastle et al., 2021; Jin et al., 2022). Nevertheless, Rockcastle 

et al. (2021) found a larger spread of the perceived brightness in VR scenes than in real scenes. 

This indicates that there are some individual differences of brightness perception in VR. 

Furthermore, the results show that in some cases – mainly in dimly lit or highly contrasted 

scenes – the perceived brightness was significantly higher in the VR scene than in the real 

scene.  This finding could have been due to inaccurate tone-mapping. On the other hand, Jin et 

al. (2022) compared perceptions of brightness, glare, spaciousness, and visual acuity between 

a real-world environment and both a photographed VR-environment and a rendered VR-

environment. The results showed no significant difference of brightness and glare for a 

rendered-VR scene, while the photographed VR-scene was perceived as significantly brighter 

and more glaring than the real-world scene, but they were unable to explain these differences. 

However, the perception of brightness in VR has its limitations. Firstly, the luminance range 

that can be displayed is limited due to restrictions within the hardware of the head-mounted 

display (Moscoso et al., 2021). Secondly, the eye adapts to luminance variation depending on 

the viewing direction within the scene, but the current unavailability of dynamic tone-mapping 

algorithms constrains the ability to mimic the adaptability of the human eye (Moscoso et al., 

2021). In order to carefully generalize results to real-world scenarios, additional testing is 

necessary to establish the accuracy of brightness perception in VR.  

1.6.3. Methods in VR 

Indoor lighting has been investigated in VR scenes with daylighting, electrical lighting and 

combinations of the two. In previous studies, photo-realistic visualizations have been created 

by either photographing an existing space (Rockcastle et al., 2021) or rendering (Chamilothori, 

et al., 2019). The advantage of rendering is no dependence on an existing space that fulfills the 

necessary aspects for the study. 

Assessment of different scenes in VR has been done in various ways, including questionnaires 

provided in VR (Hegazy et al., 2021), verbal questionnaires (Chamilothori et al., 2019; Abd-

Alhamid et al., 2019; Rockcastle et al., 2021), physiological data (Chamilothori et al., 2022), 

adjusting settings (Wong et al., 2019) or forced-choice discrimination (Fotios & Houser, 2013). 
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For a review of different methods used in VR, see Bellazzi et al. (2022). The advantage of 

rating individual scenes with verbal questionnaires is that participants are not restricted to push 

any buttons or move within the VR environment. However, this method can induce observer 

bias, where the answers a participant gives may be influenced by possible expectations and 

hopes of the experimenter. The method of adjustment has the great advantage of absolute 

results that can be directly applicable, but this method can be hard to implement in a VR 

environment as it requires a dynamic scene instead of a static scene. To directly apply the 

results obtained from an adjustment method, it first needs to be investigated to what extent the 

results are generalizable to the real-world. Another useful method is forced-choice 

discrimination. As discussed in section 1.5.2., the advantage of this method is the quick 

assessment which allows comparing multiple different scenes to each other in a short time 

frame. Furthermore, this method does not require a dynamic scene and can utilize a static scene.  

1.7. Purpose 
Previous research has indicated that the degree of uniformity in the lighting distribution has an 

influence on the brightness of a room. However, the literature is contradictory and 

inconclusive. Although previous studies have tried to predict the brightness of a space, there 

are no true metrics of brightness and uniformity (Abboushi et al., 2022). This makes it difficult 

to compare results of different studies. They can only inform us about a general trend. 

Contrasting results in the literature can be due to flaws in the measurement of brightness and/or 

uniformity or due to a missing critical parameter that has not been investigated previously. As 

discussed in section 1.2., brightness sensation is a highly complex topic that can be influenced 

by multiple parameters, therefore this study limited the factors and only focused on the lighting 

distribution on one wall specifically. Different parameters in the lighting distribution have not 

been investigated sufficiently and independently. Therefore, the current research investigated 

how different lighting patterns, resulting in differences in uniformity contribute to judgements 

of brightness, leading to the following research question: 

RQ: “How does the uniformity of the lighting distribution on a wall, created by electrical light 

sources, affect the brightness of a room?” 

The uniformity is dependent on several different lighting parameters in a room, including the 

number, spatial distribution, and type of luminaire (specifically the beam shape of the light). It 

is hypothesized that these parameters are the most influential on the brightness of a room, based 

on results from previous research (Tiller & Veitch, 1995; De Vries et al., 2022; Kirsch, 2015; 

Stokkermans et al., 2018; Hsieh, 2012). The lighting distribution in an office is typically 

symmetrical with relatively uniform and downward directed spots. Manipulating the spatial 

distribution of these spots includes changing the number of spots used and the beam width of 

the spots, giving the following sub questions: 

1) “How does the number of light sources on the wall influence brightness?” 

2) “How does the beam width of the light source influence brightness?” 

The majority of the existing literature suggests that uniformly lit spaces appear brighter than 

non-uniformly lit spaces. Therefore, it is expected that more uniform lighting distributions 

appear brighter than non-uniform lighting distributions. Thus, brightness is expected to 

increase with adding light sources and widening the beam of the light source.  
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Research by Loe et al. (1994) found that the average luminance within the 40 degrees horizontal 

band was a good predictor of brightness. On the other hand, research by De Vries, Heynderickx 

and De Kort (2022) found that both the logarithm of the median over a 60 degrees horizontal 

band and ratio of the logarithm of the 95th percentile/median over a 40 degrees horizontal band 

were good predictors of brightness and better than the average, as suggested by Loe et al. 

(1994). However, the lighting distributions in the studies of Loe (1994) and De Vries (2022) 

were relatively uniform, partially due to the usage of an entire room. In such conditions, the 

mean and median luminance are quite close to each other. It is unsure how these metrics predict 

brightness in less uniform illuminated conditions where the mean and median luminance are 

further apart. 

The current research is interested in which of these two metrics predicts brightness best and 

therefore varies these as a third factor, leading to a third sub question:  

3)  “Does the mean or median luminance provide a better prediction of brightness?” 

It was hypothesized that the median luminance is a better predictor for brightness, due to the 

changes in the mean, median and maximum luminance when comparing a non-uniform to a 

uniform lighting distribution. This is easiest illustrated with an example.  

Considering the example of Figure 6, comprised of a uniform and a non-uniform lighting 

distribution with equal mean luminance of 49 cd/m2 (Table 1, top two rows), the non-uniform 

lighting distribution will have a higher maximum luminance than the uniform lighting 

distribution, but a lower median luminance than the uniform lighting distribution. 

Table 1. 

Two sets of hypothetical lighting distributions (uniform vs non-uniform) containing either equal mean or median luminance, 

with corresponding mean, median and maximum luminance values in cd/m2.  

 Mean  

luminance 

Median  

luminance 

Maximum 

luminance 

Equal mean 

luminance 

Uniform 

Non-uniform 

49.0 

49.0 

50.1 

31.0 

102.4 

175.2 

Equal median 

luminance 

Uniform 

Non-uniform 

37.9 

57.4 

38.5 

38.5 

  86.2 

178.0 

 

 

Figure 6. Visualization of two sets of hypothetical uniform (left on both sides) and non-uniform (right on both sides) lighting 

distributions with an equal mean luminance (left) and equal median luminance (right) condition.  
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Assuming the uniform lighting distribution would appear brighter, in the equal mean luminance 

situation (Table 1, top two rows), the increase in the median (from non-uniform to uniform) 

would support the assumption that uniform is perceived as brighter. However, if the example 

were to be based on the equal median luminance situation (Table 1, bottom two rows), the 

decrease in the mean (from non-uniform to uniform) would not support the assumption, leading 

to our hypothesis that the median is a better predictor than the mean. 

If the two lighting distributions were equal in median luminance (Figure 6, right; Table 1, 

bottom two rows) and the uniform distribution would still be considered brighter, the 

hypothesis of a positive relation between uniformity and brightness would be confirmed.  

To answer these research questions the current study employed a two-alternative forced choice 

procedure in virtual reality with computer rendered scenes. As discussed in section 1.6., VR is 

a great tool in research as it can accurately reproduce real-world stimuli. Moreover, VR is 

flexible and allows for a large variety of stimuli. The two-alternative forced choice (2AFC) 

paired-comparisons procedure is chosen due to its advantage of quickly assessing different 

scenes.  
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2. Method 

2.1. Design 
The study followed a two-alternative forced choice (2AFC) within-subject design. Two 

independent sets of stimuli were created where in one the mean luminance and in the other the 

median luminance was kept constant. Both sets were manipulated on two three-level factors: 

number of light sources (two vs. three vs. four – see details in section 2.4.3.) and beam width 

(narrow vs. medium vs. wide). Additionally, a control condition of a linear uniform gradient 

was added. This resulted in a total of 20 conditions.  

The experiment investigated the influence of the lighting distribution on the brightness of a 

scene. In a virtual reality environment, participants were asked to make a forced choice as to 

which of two adjacent walls, divided by a small divider, appeared brighter. To account for 

position bias, each scene was presented twice, where the position of the conditions was 

swapped between left and right. This resulted in a total of 180 comparisons. The study protocol 

was approved by the Ethical Review Board if the HTI group at TU/e and the Signify Internal 

Studies with Human Subjects assessment. 

2.2. Participants 
A total of 28 participants (20 males and 8 females; age range 18 – 64) were internally recruited 

at Signify. A comparable number of participants is used in studies with a similar method 

(Ratliff et al., 2019; Kinzuka et al., 2021). 

Participants were interns or scientists in an unrelated area and are therefore assumed not to be 

influential on the results. All participants had normal or corrected-to-normal vision. A test with 

a short version of the Ishihara showed that none of the participants exhibited a color-vision 

deficiency. Finally, epilepsy and sensitivity to nausea and/or vertigo were exclusion criteria, 

because of potential risks due to the usage of virtual reality (Nichols & Patel, 2002). 

2.3. Apparatus 
2.3.1. VR headset 

The VR headset used in the experiment was the Oculus Quest 2. This VR headset has a 

resolution of 1832x1920 pixels for both eyes (3664x1920 pixels in total), a 2.2 gamma, refresh 

rate up to 120 Hz, field of view of 89°, peak brightness of 100 nits (equal to 100 cd/m2) and 

xy-standard color space primaries: R (0.640, 0.330), G (0.292, 0.586), B (0.156, 0.058) and W 

(D65 (0.313, 0.329)) (Oculus Developers, n.d.). A luminance measurement (as discussed in 

section 2.4.7.) in the headset showed a maximum luminance of around 78 cd/m2 in the current 

study. 

2.3.2. Application 

For the experimental procedure, a web application was created with WebXR Layers API using 

openGL (Cabanier, 2023). This application (discussed in more detail in section 2.4.6.) showed 

the 180 scenes one by one to the participant. The order of these images was completely 

randomized. Which scene was shown (including which condition appeared on which side), the 

choice of the participant (left or right) and the response time was logged in a JSON datafile. 
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When participants made a choice, by clicking the side button on the left or right controller, the 

next scene was presented and the timer was reset. To account for interval bias, a short fade-to-

black (0.5 seconds fade out, 0.5 seconds pause, 0.5 seconds fade in) was added in between the 

scenes, in order to limit the influence of the previous scene on the judgments of the next scene. 

2.4. Stimuli 
To control for the different mechanics in brightness perception, discussed in section 1.2, the 

scenes were designed to prevent brightness perception effects as much as possible. For 

example, lightness constancy is attempted to be assured by keeping the color and reflectivity 

constant across all of the walls and throughout all of the scenes. Moreover, the appearance of 

the surrounding environment and the baseboards were identical in all of the scenes, giving the 

appearance of a constant lightness within the room. Moreover, no sharp lines and strong 

contrasts are used in the lighting distributions. Furthermore, glaring sources are excluded and 

the differences in luminance between scenes are limited to prevent adaptation effects.  

The stimuli consist of grayscale stereoscopic HDR renderings, which were created with the 

software Radiance 5.4a (2023-01-19) 4a16c6c (Ward, 1994). Radiance utilizes raytracing to 

create visually realistic lighting scenes, allowing to create simulations and do calculations. 

2.4.1. Test Room 

A gray room with dimensions 8.1x9x3m and reflectivity of 60% was created with functions 

genbox and xform. Secondly, to divide the room into two separate rooms, a small divider was 

placed with dimensions 0.1x4x3m resulting in two test rooms with dimensions 4x3. A floor 

plan of the room can be found in Figure 7. The red square indicates the location of the observer. 

 

Figure 7. Floor plan of the room with dimensions 8.1x9x3m. A 4x0.1x3m long dividing wall was placed to separate the room 

into two rooms. The location of the observer is marked with a red square at x = 4.05m, y = 2m and z = 1.2m.  
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Thirdly, to enhance the realism of the room, 0.1m high baseboards with a reflectivity of 50% 

were added along the walls. An example low quality scene with two conditions (two narrow 

and three narrow spots) can be found in Figure 8, created with Radiance function rpict. 

 

Figure 8. Example low quality scene, created with Radiance function rpict, showing two walls with differing lighting 

distribution, divided by a wall. These are the conditions two narrow spots and three narrow spots with equal median luminance.  

2.4.2. Background luminance 

As can be seen in Figure 8, the lighting from the different spots reflects onto the surrounding 

walls, ceiling and floor. The amount of light falling on the surrounding surfaces can influence 

how the test wall itself is perceived. To control for these reflections and variations within the 

room, a mask was created by placing a total of 20 (4x5) luminaires on the ceiling, as well as 

on the floor to create a uniform and symmetrical background lighting in the room. Results from 

function evalglare show a mean and median luminance of around 27 cd/m2 on the surrounding 

walls. Note that no distinction was made with regards to the RGB values of the lighting as 

correlated color temperature was not a factor in this experiment, resulting in all light being set 

to white. The luminaire used for the general lighting was the Philips PowerBalance gen2 

recessed luminaire RC461B PSD W60L60 with light source 1xLED34S/940. Tone-mapping 

(discussed in section 2.4.5.) of the masking was based on the same histogram as the rest of the 

scenes, however, no gamma correction was applied to the masking image. This mask was 

applied over the renderings to cover everything in the room (including plinths) except the test 

walls in Adobe Photoshop 2018 CC (version 19.1.2). This resulted in the background space 

being constant throughout the whole experiment, such that only the test walls varied.  

2.4.3. Conditions 

Two sets of 10 conditions have been created with three types of luminaires and three different 

numbers of spots. The luminaire used for the narrow spot was the Philips TrueFashion projector 

ST714T FPO18 with light source 1xLED27S/PC930. This luminaire has a beam width of 18° 

(FWHM). Next, the luminaire used for the medium spot was the Philips TrueFashion projector 

ST714T FPO36 with the light source 1xLED27S/PC930 and a beam width of 36° (FWHM). 

Furthermore, for the wide spot the Philips CoreLine Downlight DN140B PSED-E IP54 D162 

WR with light source 1xLED10S/830 was used, containing a beam width of 84° (FWHM). 

Finally, the uniform gradient was manually created such that it linearly decreased in luminance 

going from top to bottom, while maintaining approximately an equal mean and median 

luminance.  
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The narrow and medium spots were placed 0.5m from the wall at 3m height. The wide spot 

was placed at 2.7m height to match the location of the beam on the wall with the other two 

This resulted in two sets of 10 conditions, which can be seen in Figures 9 and 10 for the equal 

mean and equal median luminance sets before masking, respectively.  

 

 

 

 

 

 

 



26 

 

 
Figure 9. The 10 conditions used in the equal mean luminance set of conditions before masking. Created with Radiance 

function rpict 
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Figure 10. The 10 conditions used in the equal median luminance set of conditions before masking. Created with Radiance 

function rpict. 

The image sets with equal mean and equal median luminance were created by manually 

dimming the luminaires in the different conditions. From the tone-mapped HDR images 

(discussed in section 2.4.5) the mean, median, minimum and maximum luminance of each of 

the two walls was calculated with function evalglare. Based on the results from evalglare, the 
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dimming factors of the luminaires in the equal-median set were adapted until the median was 

equal in all conditions. These final dimming factors (-m) and their corresponding evalglare 

output can be found in Table 2. Remarkably, the most non-uniform lighting distribution (two 

narrow spots) has the highest minimum luminance of the set. This could be due to the increased 

scaling of this condition. As can be seen in Figure 12, the lighting in this condition reaches 

further down the wall than the lighting does in the other conditions, therefore more of the 

lighting reaches the corners. Hence, less of the walls is covered in this conditions, giving this 

condition a relatively large dark area, but has a much higher peak than the rest of the conditions.  

Table 2. 

Dimming factors (-m) – that were calculated resulting from Radiance function evalglare output for the equal median set of 

conditions – and their corresponding mean, median and maximum luminance values (in cd/m2) for each condition.  

Number of 

spots 

Beam  

width 

-m Mean  

luminance 

Median  

luminance 

Minimum 

luminance 

Maximum 

luminance 

Two Narrow  3.855 57.4 38.5 12.2 178.0 

Three Narrow  1.945 55.9 38.5 9.9 172.4 

Four Narrow 1.13 52.3 38.5 8.3 154.9 

Two Medium 2.325 53.6 38.5 8.1 160.5 

Three Medium 1.13 49.0 38.5 8.1 139.5 

Four Medium 0.75 47.5 38.5 8.1 124.8 

Two Wide 3.99 47.1 38.5 7.8 173.8 

Three Wide 2.46 46.3 38.5 8.1 150.7 

Four Wide 1.815 46.3 38.5 8.1 156.3 

Uniform 1.47 37.9 38.5 10.5 86.2 

 

To enable linking the equal median and equal mean sets, one of the conditions was used as a 

starting point for the other set of conditions. To limit the luminance range for preventing 

adaptation effects, the average mean luminance in the equal median set was calculated (49 

cd/m2). The condition in the set with a mean luminance value closest to 49 cd/m2 was the 

condition with 3 medium spots. Therefore, the mean from the condition with 3 medium spots 

is used as the target mean for the equal mean luminance set of conditions.  

In the same way as in the equal-median set, the dimming factors in the equal-mean set were 

adapted until the output from evalglare showed an equal mean in all conditions. These final 

dimming factors (-m) and their corresponding evalglare output can be found in Table 3. 

Table 3. 

Dimming factors (-m) – that were calculated resulting from Radiance function evalglare output for the equal mean set of 

conditions – and their corresponding mean, median, minimum and maximum luminance values (in cd/m2) for each of the 

different conditions.  

Number of 

spots 

Beam  

width 

-m Mean  

luminance 

Median  

luminance 

Minimum 

luminance 

Maximum 

luminance 

Two Narrow  2.793 49.0 31.0 8.1 175.2 

Three Narrow  1.507 49.0 32.3 8.1 163.3 

Four Narrow 0.997 49.0 35.4 8.1 152.1 

Two Medium 1.963 49.0 34.2 8.1 156.3 

Three Medium 1.13 49.0 38.5 8.1 139.5 

Four Medium 0.791 49.0 39.9 8.1 124.8 

Two Wide 4.279 49.0 39.9 8.1 173.8 

Three Wide 2.702 49.0 40.6 8.1 153.5 

Four Wide 1.993 49.0 40.6 8.1 157.7 

Uniform 2.195 49.0 50.1 16.9 102.4 
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These dimming factors were used to tune the output of the different luminaires to create all of 

the 20 different conditions. Note that within the scope of this research, no distinction was made 

with regard to the brightness related to the span of the horizontal band.  

In terms of uniformity, increasing the number of luminaires and widening the beams results in 

higher wall coverage and lower extremes, and is therefore assumed to increase uniformity. 

Thus, the two narrow beams condition is assumed to be the least uniform and the uniform 

control condition is assumed to be the most uniform of the 10 distributions. 

False color renderings were created to check the luminance range and the change of peak 

luminance values. Figures 11 and 12 show the renderings for the equal mean and median 

luminance set of conditions, respectively. As can be seen, the maximum luminance decreases 

as more luminaires are added or when the beam widens.  

 

Figure 11.  False color renderings for the equal mean luminance set of conditions before masking, showing that the peak 

luminance varies over the image sequence and an overall lumiance range of 0 to 180 cd/m2. Created with Radiance function 

falsecolor. 
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Figure 12. False color renderings for the equal median luminance set of conditions before masking, showing that the peak 

luminance varies over the image sequence and an overall luminance range of 0 to 180 cd/m2. Created with Radiance function 

falsecolor. 

2.4.4. Renderings 

A total of 180 4K (4096x4096) 360° stereoscopic HDR images with equirectangular projection 

were rendered with the Radiance software using the function rtrace, with the script 

stereo_sphere.cal (based on Google Inc., n.d.) and rendering parameters set to default, except 

-ab = 6, -ad = 4096, -as = 2048, -aa = 0.15 and -ar = 1024. Renderings were created with a 

viewpoint in the middle of the room (x = 4.05m), 7 meters away from the test walls (y = 2m) 

and at sitting height (z = 1.2m). These renderings included the information for both the left and 

right eye with an inter-pupillary distance of 63mm. These two equirectangular projections were 

stacked on top of each other in one rendering. An example output rendering can be found in 

the top left of Figure 14. Section 2.4.6. discusses how ow these renderings are projected in the 

VR environment.   

2.4.5. Tone-Mapping 

A high-dynamic range image (HDR) has a larger amount of brightness information than a 

regular image, allowing for more realistic representations of scenes. Most displays have a 
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limited dynamic range and cannot accurately reproduce the full HDR content. With tone-

mapping the dynamic range of the HDR image is mapped to the limited range of the display. 

It is important to consider the human-visual system in this process to make the scene appear 

realistic. The total tone-mapping process for the renderings in this study is visualized in a 

flowchart in Figure 13. 

 

Figure 13. Tone-mapping process visualized in a flowchart. 1) Starting with the original HDR image, created with function 

rpict, a 2) histogram of the maximum luminance range was identified with function phisto. 3) This histogram was used to tone-

map the scene with function pcond and 4) to increase the overall brightness of the room a gamma correction of 4 was applied 

with function ra_tiff. 5) Finally, a mask was applied to cover everything except the test walls. 

1) With Radiance function rpict HDR images of each condition were created. These HDR 

images were used to check the initial luminance measurements of the walls for the different 

conditions. As can be seen (Figure 14, top left) the display is unable to show the full luminance 

range, therefore each luminance value higher than the maximum of the display is set to 

maximum. 

2) From the original HDR images the maximum luminance range was identified. The image 

with the highest peak luminance was chosen to create a histogram with function phisto. This 

was the pair of the conditions with two and three narrow spots in the equal median set. This 

image had the widest range of luminance values (7 to 6263 cd/m2).  

3) Based on the histogram of this first image, all the images were tone-mapped with function 

pcond (Figure 14, top right). This function was found to represent brightness with an acceptable 

accuracy (Chamilothori, 2019). The option -h was used to mimic the human visual response to 

the scene. However, as now only the peak luminance is set to the maximum, the tone-mapping 

process caused the rest of the luminance in the scene to be scaled down making the images 

appear relatively dark.  

4) To increase the overall brightness of the image, it was chosen to increase the gamma 

correction in the images. This was accomplished with Radiance function ra_tiff with a gamma 

correction of 4 (Figure 14, bottom left). A gamma correction of 4 was chosen based on visual 

inspection, giving the room a visually bright appearance corresponding to an office room. Note 

that a gamma correction is a non-linear adjustment and may have changed the intended output 

of the tone-mapping process and may have no longer resembled the human visual system 

accurately. With ra_tiff these TIF files were converted back to HDR in order to calculate the 

final luminance values with function evalglare.  

These HDR images were then converted into a PNG image with IrfanView software (version 

4.62, Skiljan, 2012). No tone-mapping or correction was applied in this conversion. 

5) Finally, as mentioned in section 2.4.2, a mask of background lighting was placed on the 

images using Adobe Photoshop CC 2018 (version 19.1.2). The final result can be seen on the 

bottom right of Figure 14. A full-size figure of the final example rendering can be found in 

Appendix I. 

1) 
Original 

HDR image

2) 
Histogram of the 

maximum 
luminance range

3) 
Tone-mapping 
based on the 

histogram

4) 
Gamma 

correction

5) 
Masking
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Figure 14. Stacked 360° Stereoscopic HDR renderings of an example condition (two narrow beams vs three narrow beams 

with equal median luminance). Top left: rendering directly from Radiance before tone-mapping. Top right: rendering after 

tone-mapping with pcond. Bottom left: rendering after gamma correction. Bottom right: rendering with mask applied. 

2.4.6. Projecting in VR 

The scenes are projected in VR with an application developed with the WebXR Layer API 

using openGL (Cabanier, 2023). Upon initialization, an XREquirectLayer was created with 

the resolution of the images, which is reused for the rest of the run-time. This layer mapped 

the equirectangular projection into the inside of a sphere. The renderings consisted of two 

equirectangular projections stacked on top of each other. In order to be projected in VR, these 

are split into two textures and mapped into two spheres, one for each eye. After a new 

equirectangular texture was loaded, it was sent to the GPU directly. There were no color-

space conversions as there was no processing on the textures.  

2.4.7. Luminance Check  

The actual luminance that was being perceived by the observer when the stimuli were projected 

in the VR headset was measured with a luminance camera (LMK5 Color, using a fisheye lens), 
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centering each condition in the camera’s field of view. An example luminance photograph of 

the condition with 3 medium spots can be found in Figure 15. The luminance photographs for 

all the conditions can be found in Appendix II. A rectangular measurement grid was placed on 

top of the wall to calculate the mean, median and maximum values from each condition. The 

results showed the maximum luminance was around 78 cd/m2. Moreover, the results indicated 

that the mean was around 24 cd/m2 in the equal mean set and the median was around 20 cd/m2 

in the equal median set. The actual measurements for all conditions can be found in Table 4. 

Note, in the equal median set, the median has 1.6 cd/m2 error. This can be due to measurement 

flaws, or the translation between screens. However, this error is assumed to be negligible as it 

is less than 10%.  

The luminance differences within the sets were a little smaller than expected. For instance, the 

ratio of maximum to mean ratio in the equal mean set was 3.57 in the simulation and 3.21 from 

the measurement, indicating that the luminance differences in the scenes are about 11% smaller 

than expected. However, this is assumed to be negligible as differences between scenes can 

still be seen when visually inspecting the conditions in the VR headset. 

Table 4.  

Luminance measurements from the luminance camera for the equal mean (left) and equal median (right) sets of conditions in 

cd/m2.   

Number 

of spots 

Beam 

width 

Equal Mean Luminance Equal Median Luminance 

Mean Median Min. Max. Mean Median Min. Max. 

Two Narrow 24.1 16.7 7.0 77.3 28.1 20.7 9.1 78.1 

Three  Narrow 23.7 17.2 7.3 70.8 27.2 20.3 9.0 75.8 

Four Narrow 24.0 18.7 7.5 67.8 25.6 20.2 8.2 69.2 

Two Medium 24.2 18.3 5.9 68.4 26.0 19.9 6.8 70.9 

Three Medium 24.1 19.9 6.9 62.6 24.1 19.9 7.1 63.0 

Four Medium 23.8 20.4 7.9 56.3 23.4 19.7 7.7 56.7 

Two Wide 24.1 20.7 6.0 58.1 23.4 19.9 5.8 57.7 

Three Wide 24.1 20.9 6.8 53.7 22.8 19.6 6.2 52.6 

Four Wide 24.1 20.9 7.0 49.3 22.9 19.6 6.6 47.9 

Uniform 24.0 24.8 12.1 37.7 18.5 19.1 9.5 31.1 
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Figure 15. Example luminance photograph of the condition with 3 medium spots.  

2.5. Measurements 
In the two-alternative forced choice paired comparisons experiment, participants were 

presented with two walls with differing lighting distributions. Which scene was presented, and 

whether a condition appeared left or right was completely randomized. Participants were forced 

to choose which of the two lighting distributions appeared brighter by answering the question 

“Does the left or right wall appear brighter?”. Participants could answer this question by 

pressing the side button on either the left or right controller, depending on their choice. As it 

was a forced choice, there was no option to indicate that the two conditions appeared equally 

bright. Furthermore, participants were instructed to answer based on their first impression and 

not to think about it for too long. The response times were recorded to enable examining the 

duration participants looked at each scene. 

2.6. Procedure 
After participants entered the room, they were given a short explanation of the experiment, a 

short version of the Ishihara test and the opportunity to ask questions. After informed consent 

was given, participants were seated on a rotating chair, given the VR headset, and given an 

instruction on how to wear and use it. The experiment started with a short test round of eight 

trials to adapt to the environment and to check whether the task was understood. These test 
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stimuli were not from the stimulus set, instead they were created to show a more pronounced 

brightness difference. These test scenes were always in the same order. After this test trial 

participants were given the opportunity to ask any remaining questions before the actual 

experiment started. Throughout the experiment, participants were given the opportunity to take 

a small break if this was desired. The experiment, including instructions, had a total duration 

of around 30 minutes. After the participants were finished, they were given a last opportunity 

to ask questions and were thanked for their participation. Participants were not compensated 

for their participation.  

2.7. Statistical Analysis 
The analysis of the data was conducted with the many-facet Rasch model (MFRM) in Facets 

(Linacre, 2023) and additional tests were done in RStudio (Posit team, 2023). The  MFRM uses 

the natural logarithm of the probability (P) of choosing one condition (X1) over the other (X2)  

by the difference in estimated brightness of the first (δ1) and the second (δ2) condition, which 

is calculated as follows (Linacre, 1997): 

ln (
𝑃(𝑋1>𝑋2)

1−𝑃(𝑋1>𝑋2)
) = δ1– δ2            

The probability of choosing one condition over the other is calculated from the effect sizes, 

measured in log odd units (logits), which can be derived from the previous formula: 

  

 

The model was used to find information about the expected probability of participants 

indicating one wall as brighter than the other, where one characteristic changed while the others 

remained constant. The model fits the objects on an interval scale by giving meaning to the 

distance between the conditions. The conditions themselves are nominal as there is no true 

order within the conditions. As there is no true origin, the data cannot be fitted onto a ratio 

scale. As a result, the data are relative, rather than absolute. The final measurement will indicate 

which condition is more likely than another to be judged brightest and by how much, but cannot 

tell something about the absolute information that can be directly applicable (Wright & 

Linacre, 1989), in this research being luminance information.  

In order to compare the estimates of one characteristic between conditions, the estimates are 

required to have a common zero point. This is achieved by anchoring each characteristic, in 

this case, the number of spots and beam width. The 3 medium spots condition was used as an 

anchor, because this condition was present in both sets of conditions, allowing to plot the 

estimates from both sets on the same scale. This condition is anchored to a brightness score of 

zero and referred to as the reference condition from now on. 

The MFRM method was chosen, because it gives detailed information about the difficulty of 

choosing between scenes. Another one of the advantages of the Rasch model is the possibility 

to gain insight into the performance of the participants, in order to understand how well the 

data from each participant fits into the model. As this is a perception test of physical attributes 

of the space, it is assumed that the results of the test should not differ between people. Thus, 

the person doing the test should not have an impact on the score. Therefore, the participant ID 

𝑃(𝑋1 > 𝑋2) =  
𝑒δ1– δ2

1 + (𝑒δ1– δ2)
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will be anchored to zero, allowing to identify when a participant had an influence on the 

estimation (Linacre, n.d.). 

The Rasch model will transform the observations into linear measures. Fit statistics can help to 

understand to what extent the linear measurement confirmed unidimensionality and other 

necessary specifications (Wright & Linacre, 1989). When these are confirmed, the brightness 

measurements are measured on a true interval scale. The two different fit methods, Infit Mean 

Square (IMS) and Outfit Mean Square (OMS), were used to weigh the inliers and outliers, 

respectively. These fit statistics show when a person or item falls outside the majority of 

responses. (Wright & Linacre, 1996). A mean-square (MS) of 1.0 indicates a perfect fit, 

between 0.7 and 1.3 is a good fit, between 0.5 and 1.5 is reasonable and below 0.5 or above 1.5 

is not meaningful. Furthermore, a mean-square above 2.0 is considered degrading (Linacre, 

2002). Mean-squares below 1.0 indicate an overfit, suggesting the data are more predictable 

than the model expects, while mean-squares above 1.0 indicate a misfit, suggesting the data 

are less predictable than the model expects. A mean-square of 1.5 would indicate that there is 

50% more randomness than expected. In other words, this could indicate random guessing or 

insensitivity (Wright, 1994).  

Two separate Rasch analyses were done. One on condition level, to enable direct comparisons 

between the separate conditions, including the uniform control condition. On the other hand, 

an analysis on factor-level was included, in order to investigate the contribution of the two 

factors (number of spots and beam width) to the brightness judgements. A post-hoc z-test was 

done to do a pairwise comparison between levels of factors (Altman & Bland, 2003). A 

statistical significance level of α = 0.05 was used. Note that the two estimates should be 

independent and therefore not be obtained from the same population. Although this study 

contains a within-subjects design and estimates are obtained from the same population,  with a 

good data-to-model fit, scores from individuals can be assumed to not have influenced the 

estimates.   
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3. Results 

3.1. Participant Fit Statistics 
To interpret whether there were influential inter-personal differences within the data, the 

participant ID was added as a factor in the data analysis. The participant IDs were anchored to 

zero, as they were not allowed to influence the estimates. In the results from the equal mean 

luminance set of conditions only, there are three participants that exceed the 1.5 threshold for 

the IMS and OMS fit statistics. This suggests that these three participants do not fit the model 

very well and possibly have a differing opinion, used a different assessment method or did not 

understand the task completely. However, as these values do not exceed 2.0, they are not 

considered degrading. These results can be found in Appendix III.  

3.2. Condition level 
Before the factors were analyzed individually, brightness estimates were made on condition 

level. The results for this can be found in Table 5, and the full output Table can be found in 

Appendix IV. All items had very good fit statistics with MS-values ≤ 1.10. Figure 16 presents 

the vertical ruler map for participants’ brightness perceptions, with the equal mean luminance 

set of conditions (setmean) on the left and the equal median luminance set of conditions (setmedian 

) on the right. The acronyms 2, 3 and 4 represent two, three and four spots, and N, M and W 

represent narrow, medium and wide, respectively. This Figure presents an overview of the log 

odd unit (logit) scores for the individual conditions. Note, the condition of 3 medium spots was 

used as an anchor, because this condition was identical in both sets. Therefore, the other 

conditions are relative to this reference condition. A positive value indicates the condition was 

perceived as brighter than the reference condition and a negative value indicates the condition 

was perceived as dimmer than the reference condition. The larger the distance between two 

conditions, the higher the perceived difference in brightness between these two conditions.  

Table 5. 

Perceived brightness estimates for the two sets of 10 conditions (in logits) on condition level, standard errors of the estimate 

(SE) and fit statistics IMS and OMS (Infit Mean-Square and Outfit Mean-Square), with equal mean luminance on the left and 

equal median luminance on the right.  

 Equal Mean Luminance Equal Median Luminance 

Brightness  SE  IMS OMS Brightness SE IMS OMS 

2 Narrow 
3 Narrow 
4 Narrow 
2 Medium 
3 Medium 
4 Medium 
2 Wide 
3 Wide 
4 Wide 
Uniform  

-0.61 
-0.64 
-0.95 
0.05 
0.00 
-0.03 
0.27 
0.27 
0.43 
0.77 

0.10 
0.10 
0.10 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.10 

1.06 
1.01 
0.99 
0.95 
0.98 
0.98 
0.95 
1.01 
1.00 
1.06 

1.07 
1.02 
1.01 
0.95 
0.98 
0.98 
0.95 
1.01 
1.01 
1.10 

0.19 
0.22 
-0.38 
0.64 
0.00 
-0.27 
0.27 
0.27 
0.21 
-0.78 

0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.10 

1.00 
1.00 
0.98 
0.98 
1.01 
1.00 
1.00 
1.02 
1.01 
1.01 

1.00 
1.00 
0.97 
0.97 
1.01 
1.00 
1.00 
1.02 
1.01 
1.01 
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To give an indication of the effect size, in the equal mean luminance set of conditions the 

condition with the biggest difference in brightness relative to the reference condition is the four 

narrow spots condition. The four narrow spots condition was chosen over the three medium 

spots condition 27.9% of the time (𝑃 =
𝑒−0.95

1+(𝑒−0.95)
 = 0.279). On the other hand, the uniform 

control condition was chosen over the four narrow spots condition 84.8% of the time (𝑃 =
𝑒1.72

1+(𝑒1.72)
 = 0.848). No post-hoc pairwise comparisons were made at condition level. 

 

Figure 16. Vertical ruler map for the brightness estimates on condition level, separated per set of conditions, with equal 

mean luminance on the left and equal median luminance on the right. A positive estimate (in logits) indicates a higher 

brightness and a negative estimate indicates a lower brightness compared to the reference. 

3.3. Factor level 
The brightness estimates, separated by the factors number of spots and beam width, can be 

found in Table 6. The corresponding vertical ruler map can be found in Figure 17, for setmean 

and setmedian, respectively. All items had very good fit statistics with MS-values ≤ 1.04.  
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Table 6. 

Brightness estimates for the two sets of 10 conditions (in logits) on factor level, standard errors of the estimate (SE) and fit 

statistics IMS and OMS (Infit Mean-Square and Outfit Mean-Square) for the factors: side, number of spots and beam width, 

with equal mean luminance on the left and equal median luminance on the right.  

  Equal Mean Luminance Equal Median Luminance 

Brightness SE IMS OMS Brightness SE IMS OMS 

Side Left 
Right 

0.00 
0.00 

0.05 
0.05 

1.00 
1.00 

1.00 
1.00 

0.00 
-0.06 

0.05 
0.05 

1.00 
1.00 

1.00 
1.00 

  
Number 
of spots 

Two 
Three 
Four 

0.05 
0.00 
-0.03 

0.07 
0.07 
0.07 

1.00 
1.00 
0.98 

1.00 
1.01 
0.98 

0.18 
0.00 
-0.33 

0.06 
0.06 
0.06 

1.00 
1.01 
0.99 

1.00 
1.01 
0.99 

  
Beam 
width 

Narrow 
Medium 
Wide 

-0.77 
0.00 
0.38 

0.07 
0.07 
0.07 

1.01 
0.95 
1.03 

1.02 
0.95 
1.04 

-0.14 
0.00 
0.13 

0.06 
0.06 
0.06 

1.00 
0.98 
1.02 

1.00 
0.98 
1.02 

 

In Figure 17, statistically significant differences from the post-hoc z-tests for pairwise 

comparisons between pairs are marked with * for p < .05, with ** for p <.01 and with *** for 

p <.001. 

 

Figure 17. Vertical ruler map for the estimates on factor level, separated per set of conditions, with equal mean luminance 

on the left and equal median luminance on the right. The estimation of brightness is estimated by the factors: side, number of 

spots and beam width. A positive estimate (in logits) indicates a higher brightness, and a negative estimate indicates a lower 

brightness compared to the reference. Pairs with statistically significant differences are marked as follows:  

* p < .05, ** p < .01, *** p < .001. 
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3.2.1. Side 

To check for position bias, the side on which the condition was presented was included in the 

model. The left side was anchored to zero. For setmean, the right side has an estimate of 0.00 

logits (SE = 0.05), indicating that the right side was chosen over the left side 50% of the time. 

On the other hand, for setmedian, the right side has an estimate of -0.06 logits (SE = 0.05), 

indicating that the right side was chosen over the left side 48.5% of the time. However, this 

effect was not found to be statistically significant with p = .396. Therefore, it can be concluded 

that the position on which the condition was presented had no influence on the probability of 

participants choosing the condition.  

3.2.2. Number of spots 

One of the factors that was manipulated was the number of spots used to create the lighting 

distribution. It was hypothesized that an increase in the number of spots would make the 

lighting distribution more uniform, and therefore brighter. The three spots were anchored to 

zero, as the reference condition contained three medium spots.  

For setmean, the estimate score for two spots was 0.05 logits (SE = 0.07), for three spots was 

0.00 logits (SE = 0.07) and for four spots was -0.03 logits (SE = 0.07) with p-values ≥ .419. 

Thus, the hypothesis that adding more spots will increase brightness is not supported for the 

set of conditions with equal mean luminance.  

For setmedian, the estimate score for two spots was 0.18 logits (SE = 0.06), for three spots was 0 

logits (SE = 0.06) and for four spots was -0.33 logits (SE = 0.06) with p = .034 for two versus 

three, p < .001 for three versus four and p < .001 for two versus four. This indicates that 

participants chose two over three 54.5% of the time, three over four 58.2% of the time and two 

over four 62.5% of the time. Although the effects are relatively small, the hypothesis that 

uniform appears brighter is not supported based on these data. Conversely, these results suggest 

that non-uniform appeared brighter with equal median luminance.   

3.2.3. Beam width 

Another factor that was manipulated was the beam width of the spots used to create the lighting 

distribution. It was hypothesized that widening the beam width would increase the uniformity, 

and therefore the lighting distribution would appear brighter. The medium spots were anchored 

to zero, as the reference condition contained three medium spots.  

For setmean, the estimate score for narrow beams was -0.77 logits (SE = 0.07), for medium 

beams was 0 logits (SE = 0.07) and for wide beams was 0.38 logits (SE = 0.07). A pairwise z-

test between the three conditions reveals that there was a statistically significant difference 

between all three combinations of beam widths, with p-values < .001. This indicates that 

participants chose medium over narrow 68.4% of the time, wide over medium 59.4% of the 

time and wide over narrow 76.0% of the time. Thus, the hypothesis that a wider beam width 

was perceived as brighter is supported by the data for the set of conditions with equal mean 

luminance.  

For setmedian, the estimate score for narrow beams was -0.14 logits (SE = 0.06), for medium 

beams was 0 logits (SE = 0.06) and for wide beams was 0.13 (SE = 0.06). A pairwise z-test 

between the three conditions reveals only partially statistically significant differences between 

the three combinations of the factor, with p = .099 for narrow versus medium, p = .126 for wide 

versus medium and p = .001 for narrow versus wide. This indicates that participants were not 
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able to differentiate between narrow and medium, and between medium and wide, but chose 

wide over narrow 56.7% of the time. Although this effect is statistically significant, the effect 

is very small and therefore does not directly indicate that a wider beam width results in a higher 

perceived brightness. Thus, the hypothesis that a wider beam width results in a higher perceived 

brightness is only partially supported in the equal median luminance set of conditions.  

3.4. Mean versus Median 
To check whether the mean or median was a better predictor for brightness a Pearson 

correlation test was conducted with the brightness estimates. In setmean, the brightness estimates 

were correlated with the corresponding medians. The results show a very strong correlation 

between the median and brightness with r = .84, and p = .002. This suggests that the median 

luminance was a good predictor of the brightness within setmean. 

Similarly, in setmedian, the brightness estimates were correlated with the corresponding means. 

The results show a moderate correlation between the mean and brightness with r = .58, and p 

= .078. This correlation is not statistically significant, suggesting that the mean luminance was 

a predictor of brightness to a lesser extent.  

An explorative correlation test was conducted to investigate the contribution of the maximum 

luminance to the brightness sensation. The minimum luminance was not used as a factor, as it 

did not deviate as much across conditions. A very strong negative correlation was found 

between the maximum luminance and the corresponding median in setmean, with r = -.97, and 

p < .001. On the other hand, a very strong positive correlation was found between the maximum 

luminance and the corresponding mean in setmedian, with r = .98, and p < .001. Suggesting that 

the maximum had a big influence on the median in setmean and mean in setmedian. This indicates 

that the maximum can substitute the median in setmean and the mean in setmedian to predict 

brightness.  

3.5. Uniformity 
The overall data does not seem to provide strong evidence for an overall effect of uniformity 

on brightness. Within setmean, brightness increases significantly with a wider beam width, which 

is considered to increase uniformity, but there does not seem to be an effect of the number of 

spots on brightness. 

In contrast, within setmedian, there seems to be an indication that decreasing the number of spots 

increases brightness, which is considered to decrease uniformity. On the other hand, a wider 

beam width appears to increase brightness, but although the effect of beam width is significant 

(only between the wide and narrow beams), the effect is very small. These results fail to accept 

the hypothesis that there is one overall effect of uniformity on brightness.  

3.6. Participant Exclusion 
However, as mentioned in section 3.1., there were three participants that exceeded the 1.5 fit 

statistics threshold in setmean for both the analysis on condition level and factor level. When 

removing these three participants and repeating the analysis, the effect of number of spots does 

not change. However, the effect of beam width on brightness becomes more pronounced (see 

Table 7; Figure 18). The changes to the analysis outcomes are discussed in more detail below.  
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In setmean, the new estimates for the narrow beams become 0.62 logits (SE = 0.08), for medium 

beams become 0 logits (SE = 0.07) and for wide beams become -1.00 logits (SE = 0.08), with 

p-values <0.001 from the pairwise z-tests. This indicates that participants chose medium over 

narrow 65.0% of the time, wide over medium 73.1% of the time and wide over narrow 83.5% 

of the time. The effect sizes have increased a little in the equal mean luminance set of 

conditions. 

Moreover, in setmedian, the new estimates for the narrow beams become 0.28 logits (SE = 0.07), 

for medium beams become 0 logits (SE = 0.07) and for wide beams become -0.28 logits (SE = 

0.07). The pairwise z-test results show p = 0.005 for narrow versus medium, p = 0.005 for 

medium versus wide and p < 0.001 for narrow versus medium. This indicates that participants 

chose medium over narrow 57.0% of the time, wide over medium 57.0% of the time and wide 

over narrow 63.6% of the time. In other words, widening of the beam width results in a small 

increase in the perceived brightness.  

These results indicate that there may have been participants in the sample population that had 

an opposite opinion on the effect of beam width on brightness.  

Table 7. 

Brightness estimates for the two sets of 10 conditions (in logits) on factor level after removing three participants that exceed 

the fit statistics threshold, standard errors of the estimate (SE) and fit statistics IMS and OMS (Infit Mean-Square and Outfit 

Mean-Square) for the factors: side, number of spots and beam width, with equal mean luminance on the left and equal median 

luminance on the right.  

  Equal Mean Luminance Equal Median Luminance 

Brightness SE IMS OMS Brightness SE IMS OMS 

Side Left 
Right 

0.00 
0.00 

0.05 
0.05 

0.99 
0.99 

1.01 
1.01 

0.00 
-0.07 

0.05 
0.05 

1.00 
1.00 

1.00 
1.00 

  
Number 
of spots 

Two 
Three 
Four 

-0.05 
0.00 
-0.07 

0.07 
0.07 
0.07 

1.00 
1.00 
0.97 

1.02 
1.03 
0.97 

0.20 
0.00 
-0.33 

0.07 
0.07 
0.07 

1.00 
1.02 
0.98 

1.00 
1.02 
0.98 

  
Beam 
width 

Narrow 
Medium 
Wide 

-1.00 
0.00 
0.62 

0.08 
0.07 
0.08 

1.03 
0.92 
1.05 

1.06 
0.92 
1.08 

-0.28 
0.00 
0.28 

0.07 
0.07 
0.07 

1.01 
0.96 
1.02 

1.01 
0.96 
1.02 

 

In Figure 18, statistically significant differences from the post-hoc z-tests for pairwise 

comparisons between pairs are marked with * for p < .05, with ** for p <.01 and with *** for 

p <.001. 
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Figure 18. Vertical ruler map for the estimates on factor level after removing three participants that exceed the fit statistics 

threshold, separated per set of conditions, with equal mean luminance on the left and equal median luminance on the right. 

The estimation of brightness is estimated by the factors: side, number of spots and beam width. A positive measure (in 

logits) indicates a higher brightness, and a negative measure indicates a lower brightness compared to the reference. Pairs 

with statistically significant differences are marked as follows: 

* p < .05, ** p < .01, *** p < .001. 
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4. Discussion 
The aim of the current research was to investigate how uniformity relates to brightness and 

whether the mean or median luminance predicts brightness better to be used as basis for 

comparison between scenes. It was hypothesized that an increase in the number of spots and 

widening of the beam width would increase the uniformity of the lighting distribution and 

would therefore increase the perceived brightness. This hypothesis, however, cannot be firmly 

confirmed with the current results, as discussed in more detail later. Nevertheless, the results 

confirm that the way lighting is distributed within a space has an influence on the perceived 

brightness.  

To allow easy comparison between the conditions, the two sets of conditions can be found in 

Figure 19. With setmean on the left and setmedian on the right. This is a repetition of Figures 9 and 

10. 

 

Figure 19. The two sets of conditions side by side, with setmean on the left and setmedian on the right. This is a repetition of 

Figures 9 and 10.  

When visually observing and comparing the two sets of ten conditions, it can be seen that the  

conditions differ slightly in brightness between the equal mean and median luminance sets, but 

not considerably. In terms of luminance difference, the scenes of two narrow spots have a 

difference in mean luminance of 4 cd/m2 and the two uniform control conditions differ with 

5.5 cd/m2. These differences seem minor, but when closely observing the two sets of scenes, 

some mild changes can be seen. Nevertheless, significant differences in brightness were found 

between the scenes. This indicates that this mild change is very important for brightness 

perception and that the human visual system is very sensitive to luminance differences. On the 
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other hand, this difference might be exaggerated due to the use of virtual reality. The luminance 

range of a display is limited, therefore 5 cd/m2 is 5% of the luminance range of the display. 

The power law of Stevens (1960) indicates that the human visual system is more sensitive to 

luminance differences at low luminance levels than at high luminance levels. The relatively 

low luminance level of the VR display in the current study, as opposed to a real scene, might 

have affected the outcome. Furthermore, as a result of this limited range,  the visual adaptation 

of the eye may have been quicker than would have been in a real-world scene.  

4.1. Condition versus Factor Level 
The results of the equal mean luminance set of conditions (setmean) on condition level, with 

varying median luminance, show that the scene with the uniform control condition is perceived 

as the brightest and chosen over the dimmest condition (four narrow spots) 84.8% of the time. 

The uniform control condition was perceived as the brightest, followed by the three conditions 

with wide beams, the three conditions with medium beams, two of the conditions with narrow 

beams and lastly the condition with four narrow beams. Separated on factor level, the results 

of setmean show that a wider beam width was chosen over a narrower beam 59.4% to 76.0% of 

the time, indicating that more uniform beam widths are perceived as brighter. Unlike beam 

width, changing the number of spots had no influence on the perceived brightness. These 

results suggest that uniform (particularly related to wider beams) lighting distributions appear 

brighter than non-uniform lighting distributions with equal mean luminance. 

These results are in line with results from Kirsch (2015), Kobayashi et al. (1998), Kato & 

Sekiguchi (2005) and Hsieh (2012), who found that with equal mean luminance, uniform 

scenes appeared brighter. On the contrary, the results differ from the results from Tiller and 

Veitch (1995), Newsham et al. (2004), Chraibi et al. (2013), and Sullivan and Donn (2016, 

2018) who found that non-uniform lighting distributions were perceived as brighter than 

uniform lighting distributions with equal mean luminance. A possibility for the disagreement 

of the current results with the results of Tiller and Veitch is the difference in manipulation of 

the stimuli. In the study of Tiller and Veitch, the lighting distribution differed in beam width, 

contrast and location on the wall. The location of the lighting on the wall may have been an 

important factor in the assessment of brightness. This was found by Kirsch (2015), showing 

that the location of the lighting relative to the observer was an important factor for the 

assessment of visual lightness. On the other hand, the method of brightness matching in real 

spaces was used by Tiller and Veitch and by Sullivan and Donn, while the current study used 

a 2AFC paired comparisons method in VR. Participants in the study of Tiller and Veitch 

reported that the brightness assessment was based on the contrast within the room. Possibly, 

their participants used anchoring theory and used the lightest area of the lighting distribution 

for their assessment. Non-uniform lighting distributions may appear brighter when directly 

adjusted due to anchoring but may still appear relatively dim due to the large presence of 

shadows when compared as a whole. Furthermore, brightness perception in real scenes may 

differ from VR scenes.  

In contrast, the results of the equal median luminance set of conditions (setmedian), with varying 

mean luminance, show that the two medium spots condition was perceived as the brightest and 

chosen over the dimmest condition (the uniform control condition) 80.5% of the time. Two 

spots are relatively high on the ruler, while four spots are relatively low on the ruler (Figure 

16), suggesting that in general less uniform lighting distributions appear brighter than more 
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uniform lighting distributions with equal median luminance. However, the order of the 

conditions is less structured in terms of uniformity than in the setmean. Unlike setmean, the effect 

of beam width is not found to be prominent in setmedian. A statistically significant effect of 

widening the beam width from narrow to wide was found, where a wide beam width was 

chosen over a narrow beam 56.7% of the time. On the other hand, decreasing the number of 

spots resulted in a small increase in brightness, with less spots being chosen over more spots 

54.4% to 62.5% of the time. This is surprising, because decreasing the number of spots was 

assumed to decrease the uniformity of the lighting distribution. Thus, in one aspect – beam 

width – an increased uniformity increases the perceived brightness, whereas in the other aspect 

– number of spots – a decreased uniformity increases the perceived brightness. Therefore, these 

results seem quite arbitrary and cannot directly answer the main research question.  

When looking at the results on condition level (Figure 16), the effect sizes in setmean and setmedian 

are about equal in magnitude, while the effects are less pronounced on factor level (Figure 17). 

The reason for this is that on factor level, the effects of the separate walls are stacked, especially 

in setmedian. The condition with two medium spots is perceived as the brightest wall, but there 

is no indication that two spots or medium beams are the determinative factor in this assessment 

as the other walls with two spots or medium beams are not structurally distributed over the 

ruler. Furthermore, the four wide spots are perceived as significantly brighter than four narrow 

and four medium spots. Therefore, the effect of four spots is not clearly present on factor level. 

On the other hand, the conditions (apart from the uniform control condition) assumed to have 

the lowest and highest uniformity, respectively the two narrow spots and four wide spots, have 

the same brightness estimates. This indicates that these two conditions are perceived as equally 

bright. This suggests that the number of spots and beam width are not accurate predictors for 

assessing brightness when the median luminance is kept constant.  

4.2. Mean versus Median 
A possible reason for an effect of beam width, and not of number of spots, to be prevalent in 

setmean is the correlation of the brightness estimates with the corresponding median luminance. 

When the mean luminance is kept constant, the median has a strong correlation with brightness. 

Hence, the median luminance is a good predictor for the perceived brightness. Increasing the 

number of spots while maintaining the beam width barely increased the median luminance 

(with 0.2 cd/m2 to 2 cd/m2), whereas widening the beam width while maintaining the number 

of spots increased the median luminance with 2.2 cd/m2 to 4 cd/m2 (see Table 4). Likewise, as 

can be seen in Figures 11 and 12, the peak luminance decreases substantially more between the 

factor beam width than between the factor number of spots. It is not surprising that the effect 

of beam width is more pronounced than the effect of number of spots, because beam width 

seems to influence uniformity more than the number of spots in a lighting distribution.  

On the other hand, if the median luminance is kept constant, the mean has only a moderate 

correlation with brightness, suggesting the mean luminance is a predictor for brightness to a 

lesser degree. This is in line with results by De Vries et al. (2022), who found that the median 

luminance was a better predictor for brightness than the mean luminance.  

A possible explanation for this finding is the logarithmic nature of our perception. As discussed 

in section 1.1.2, a doubling of luminance is not equal to a doubling in brightness (Stevens, 

1960), but results in less than a doubling in brightness. Therefore, the perceived peak brightness 
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in non-uniform scenes is proportionally lower than the measured peak luminance. An increase 

in the peak luminance has a significant effect on the mean, but only a slight effect on the 

median, making the median more robust to different lighting patterns. In order to distinguish 

between a uniform and non-uniform scene, participants likely tried to average the two scenes. 

Due to lateral inhibition or anchoring theory and possibly the highest-luminance-as-white rule 

(Gilchrist et al., 1999), participants may have perceived the peak luminance as white and scaled 

the rest of the room accordingly. Then, as the peak brightness is perceived to be proportionally 

lower than the actual peak luminance, the rest of the scene would also be scaled down, resulting 

in the perceived average brightness to be lower than the mean luminance and might therefore 

have been closer to the median luminance. This may have occurred since the median luminance 

was lower than the mean luminance in all conditions, except the uniform control condition. 

This was not designed intentionally but may have been an artifact of the study. On the other 

hand, if this was an artifact, this finding should not have occurred in the uniform control 

condition, as here the median was slightly higher than the mean. Excluding this condition from 

the correlation should make the correlation stronger, however, the correlation becomes weaker 

(from r = .84 to r = .78) when this condition is excluded. Based on these results it is difficult 

to conclude whether this was an artifact and future research is required.  

4.3. Uniformity 
As discussed above, the median luminance was found to be a better predictor for brightness 

than the mean luminance. With this in mind, it is reasonable to expect that effects independent 

from the median emerge when the median luminance remains constant. For instance, it was 

expected that uniformity would be isolated when the median was kept constant. However, this 

does not directly appear to be the case. When looking at the results from setmedian on factor 

level, it can be seen that an increase in the number of spots results in a lower perceived 

brightness, while increasing the beam width slightly increased the perceived brightness.  

However, when excluding participants that exceed the fit statistics threshold, the effect of beam 

width becomes more prominent, indicating there might be large inter-personal differences. 

These differences may be due to a different assessment method. Some participants indicated 

that they focused on the wall as a whole while others mentioned that they decided based on the 

contrast in the lighting distribution. For instance, when only focusing on the contrast within the 

room, participants may have used an anchor to base their judgement on, such as the brightest-

as-white rule (Gilchrist et al., 1999). On the other hand, when looking at the lighting within the 

room as a whole, the decision may have been based on the brightness of the room, rather than 

a specific area in the lighting distribution. Alternatively, the difference between participants 

may have been based on a difference in sensation. De Vries et al. (2022) found two distinct 

groups of people, whereas one group responded evenly to brightness differences, while the 

other group exhibited great sensitivity to brightness differences. This may have occurred in the 

current study as well. Participants less sensitive to brightness differences may then have 

decided based on other factors. For example, it could be possible that the judgments in setmedian 

were mainly based on aesthetic preferences when there was no clear factor for brightness. 

Either way, these are only speculations and require further investigation. 

Nevertheless, from these results, it is not apparent that there is one straightforward answer for 

the effect of uniformity on brightness. Instead, it is possibly an interplay of multiple factors. 

For instance, it is possible that the results of previous studies (Kobayashi et al., 1998; Kato & 
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Sekiguchi, 2005; Hsieh, 2012; Kirsch, 2015; Tiller & Veitch, 1995; Newsham et al., 2004; 

Chraibi et al., 2013, Sullivan & Donn, 2016; Sullivan & Donn, 2018) were mediated by the 

median luminance. All of these studies used a constant mean luminance in their setups and did 

not consider the median luminance. These studies reported an effect of uniformity, while it 

may have been a mechanism of the median luminance. For example, in results from Tiller and 

Veitch (1995), the median in the non-uniform lighting distribution may have been higher than 

the median in the uniform lighting distribution. However, the luminance values in their report 

were not reported. A possible explanation for the contrasting results between studies is the use 

of relatively uniform lighting distributions. In such situations, the median is relatively close to 

the mean luminance.  

On the other hand, for example, the results from research by Sullivan and Donn (2016; 2018) 

found that non-uniform lighting distributions appeared brighter than uniform lighting 

distributions. In their study, they manipulated the reflectivity of the walls, ceiling and floor in 

the room in which the luminance of a surface is uniformly increased or decreased. This has a 

large influence on the median luminance, which could have influenced their results. However, 

the median luminance was not reported in their report. Alternatively, as Sullivan and Donn 

manipulated the lighting of the walls, ceiling and floor, it is possible that their results show the 

relative importance of the different surfaces. Given that the effect of glare varies depending on 

the location of the light source in the field of view (Iwata & Tokura, 1997; Kim & Kim, 2011), 

the possibility exists that this also applies for brightness perception. Thus, uniformity might be 

influenced by more parameters that have not yet been investigated in detail, such as the location 

of the lighting on the wall and in the room, contrast within the space or in more detail the 

gradient of the beam.  

4.5. Limitations  
Throughout this study, there were multiple limitations. The equal mean and median luminance 

scenes were presented randomly mixed. Participants were unaware that they were presented 

with two different sets of conditions, where some thought there were multiple repetitions. It 

could have occurred that participants’ judgments for the equal median luminance scenes were 

influenced by the equal mean luminance scenes and vice versa. If the wide beam was perceived 

as significantly brighter than the other beam widths in setmean, participants could have used this 

as a bias in setmedian as well. Then, if the sets were not mixed and participants would have been 

unable to use this bias in setmedian, it is possible that participants would choose narrower beam 

widths more frequently and a negative relation of uniformity on brightness could emerge more 

prominently. If the conditions were presented in two sets separately, the effect of uniformity 

could have been investigated in isolation. 

The spatial distribution of the lighting in the room was manipulated by changing the number 

of spots used in the lighting distribution. However, as suggested by previous research, the 

location of the lighting on the wall may have been a more important factor in perceived 

uniformity than the number of spots. The location of the lighting has more influence on the 

subjective than the objective assessment of uniformity as it does not directly influence the 

luminance values. Perhaps, this is an essential factor in the assessment of brightness as well.  

Furthermore, some participants asked whether the color or paint of the walls, referring to the 

lightness, was constant across the conditions. This suggests that the lightness of the walls was 
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perceived differently across the conditions. This conception could be caused by the masking 

image that was placed on top of the surrounding environment to cover reflections, possibly 

making the room appear non-realistic and potentially influencing the perceived brightness of 

the walls. For instance, less of the wall is covered by light in non-uniform lighting distributions 

than in uniform lighting distributions and could therefore be perceived as darker. This could 

also have occurred due to the use of VR instead of a real room, where one would be able to see 

that the lightness of the wall does not change.  

The median luminance was in all, except one condition, lower than the mean luminance. This 

could be an error in the study design and follow-up studies should include conditions where 

the median luminance is higher than the mean luminance in order to conclude whether the 

median luminance is still a good predictor in those scenes.   

Next, the distance the participant is positioned from the wall is quite small. It is possible to see 

both walls in one field of view, but the walls are relatively close to the observer. If the distance 

had been a little further, there would have been a better overview of the room. Due to the close 

proximity to the wall, participants might have focused on one specific area of the wall instead 

of the wall as being part of a room. When a wall is lit by narrow spots, the room itself might 

appear relatively dark, while a wall lit by wide beams spreads the lighting more diffuse 

throughout the room and may not give this impression.  It is important to have a good overview 

of the rooms in order to make a distinction between the brightness of the rooms and not 

necessarily of one specific area of the lighting.  

The measurements of the luminance distribution directly in the VR headset with the luminance 

camera showed that the median luminance in the equal median luminance set of conditions is 

not completely constant. However, it is possible this difference is not visible to the human eye, 

but for future research it would be important to keep the median luminance perfectly equal.  

Last, as the study was in VR and not in a real-world scenario, a replication study in the real 

world would be necessary verify the validation of the method.  
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5. Conclusion and Recommendations 
Previous research has shown that the lighting distribution of a room is essential for the way the 

room is perceived. Brightness has been found to be an important factor in this. However, it was 

not clear how brightness is affected by the lighting distribution. The majority of studies 

reported that uniform lighting distributions appear brighter, while others suggested the 

opposite.  

This study aimed to answer the main research question: “How does the uniformity of the 

lighting distribution on a wall, created by electrical light sources, affect the brightness of a 

room?” and therefore investigated the effect of uniformity on the brightness of scenes with 

varying lighting distributions. Uniformity was manipulated through the factors number of spots 

and the beam width of these spots. Furthermore, the study stimuli consisted of two sets of 

conditions where in one the mean luminance and in the other the median luminance was kept 

constant, to investigate the role of both. A total of 28 participants participated in a two-

alternative forced choice paired comparisons VR study. The main hypothesis of a positive 

relation between uniformity and brightness cannot directly be confirmed based on the results 

of the current study. The results show that when the mean luminance is constant, uniform 

scenes are perceived as brighter than non-uniform scenes, however, this effect was possibly 

mediated by the median as there was a high correlation between brightness and the median in 

this set.  

On the other hand, when the median luminance is kept constant, the results show a significant 

increase in brightness when decreasing the number of spots, but a small significant increase in 

brightness with widening the beams of lighting used in the lighting distribution. From a 

numeric perspective, beam width seems to have a bigger influence on the uniformity than the 

number of spots. From these results, it seems that either uniformity is not an important factor 

for brightness, or that there is no straightforward answer of the influence of uniformity on 

brightness, instead, uniformity cannot be described in one term and is most likely an interplay 

of multiple factors.  

This work highlights the importance of considering different parameters in the lighting 

distribution to gain an understanding of brightness in order to guide lighting designers to 

achieve effective and efficient lighting design. For future research it would be interesting to 

add more different factors to the study. One interesting factor would be the location of the spots 

on the wall or within the space, since these factors are possibly important for brightness 

assessment as suggested by previous studies. On the other hand, more elaborate manipulations 

of beam width and shape can be interesting to investigate to allow for a more extensive 

conclusion on the effect of the beam shape and gradient of a light source on brightness. 

Furthermore, the reflectance of the walls could be manipulated or contrast in relation to 

brightness could be used as a factor to investigate the effect of uniformity in more detail. 

In the current study, both the mean and median luminance were kept equal in separate sets, but 

due to the correlation test this was not necessarily a requirement to investigate the role of both. 

This allows future research to include more factors in the model.   

Finally, it is important to repeat the procedure in the real-world to check the validity of the 

results from the VR study.  
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Appendix II 

Equal mean set luminance photos and corresponding measurements: 
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Equal median set luminance photos and corresponding measurements: 
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Appendix III 

Person statistics for equal mean set of conditions on condition level.

 

Person statistics for equal mean set of conditions on factor level.
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Person statistics for equal median set of conditions on condition level. 

 

Person statistics for equal median set of conditions on factor level. 
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Appendix IV 

Full output table of brightness estimates on condition level for the equal mean set of conditions.

 

Full output table of brightness estimates on condition level for the equal median set of 

conditions. 

 


