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Putting the ceiling center stage – The impact of direct/indirect lighting on 
room appraisal 
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A B S T R A C T   

Luminaires that employ both a direct and indirect lighting component have the potential to optimally benefit 
both the visual and non-visual aspects in lighting designs. This type of luminaire, however, still spans a huge 
range of possible implementations with variations in the ratio of direct/indirect light and in the distribution of 
the light across the ceiling, all with their respective benefits and downsides. However, the effects of all these 
variations on for example preference and general appreciation are not well known. In the current study, we 
investigated the ratio of direct/indirect light and of lighting distribution on the ceiling in an open-plan office 
setting while keeping work-plane illuminance constant, and measured their impact on room appraisal, atmo-
sphere, and visual comfort. In general, more indirect light and a more uniform ceiling distribution were 
appreciated, but not for all participants to the same extent. Participants could be classified into two main groups, 
where in the first group higher perceived brightness corresponded with more positive appraisals and comfort – 
this group responded well to more indirect light and more uniform distribution – whereas the second group 
appeared to dislike a bright environment and was less sensitive to ratio and virtually insensitive to uniformity 
manipulations.   

1. Introduction 

With employee workplace experience and satisfaction being an 
important metric in the quest for ‘a great place to work’ [1–3] the way 
the interior design (including its lighting) influences the appearance of a 
space becomes more and more important. Although often a given (when 
renting an existing building) or an afterthought at the end of the interior 
design phase, general lighting plays an important role in how spaces 
look, how well they are appreciated, and in users’ overall workplace 
satisfaction [4–6], including their health and well-being. There are 
several ways in which lighting can influence occupants, and they can 
roughly be divided into two categories: visual effects, dealing with what 
we see and want to see, and non-visual effects (also referred to as 
non-image forming effects), dealing with how light affects our physi-
ology. The non-visual effects have received increasing attention over the 
past years as the discovery of the intrinsically photosensitive retinal 
ganglion cells (ipRGCs) [7,8] (re)opened a research field looking into 
the exact mechanisms of how light affects our body’s physiology both 
short term (i.e., acute alertness effects – see Refs. [9,10] for full over-
views), but also more long term (i.e., circadian effects) [11–14]. Lighting 

optimization for visual and non-visual effects may sometimes be at odds, 
as one of the key recommendations today is an increased ‘melanopic 
dose’ at the eye during daytime [15,16]. The melanopic dose can be 
raised by increasing light intensity, optimizing the spectrum, or through 
longer exposure time (Commission International de l’Éclairage - CIE, 
2018 [17]). However, if not managed carefully, this may lead to nega-
tive effects on the visual experience. For example, higher intensities 
from recessed luminaires increase the risk of discomfort glare from the 
luminaire or can lead to high contrast, and therefore low comfort vision. 
Alternately, optimizing the spectrum by using higher color temperatures 
may lead to a different atmosphere than intended or appreciated in a 
given culture or for a given task [18,19]. 

Importantly though, visual and non-visual effects do not have to be 
in conflict. For example, using the ceiling as a secondary reflector for a 
luminaire (e.g., by using indirect lighting) can benefit both the visual 
and non-visual effects. By limiting the luminous flux from the direct 
light, discomfort glare from the luminaire is reduced, while the total flux 
(and subsequent human eye exposure) can be increased by adding a 
large indirect light component that does not add to the glare from the 
luminaire. An additional benefit is that using the ceiling as a reflector 

* Corresponding author. High Tech Campus 7, 5656, AE Eindhoven, the Netherlands. 
E-mail address: adrie.de.vries@signify.com (A. de Vries).  

Contents lists available at ScienceDirect 

Building and Environment 

journal homepage: www.elsevier.com/locate/buildenv 

https://doi.org/10.1016/j.buildenv.2021.107989 
Received 3 February 2021; Received in revised form 19 May 2021; Accepted 20 May 2021   

mailto:adrie.de.vries@signify.com
www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2021.107989
https://doi.org/10.1016/j.buildenv.2021.107989
https://doi.org/10.1016/j.buildenv.2021.107989
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2021.107989&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Building and Environment 201 (2021) 107989

2

also increases the room brightness and appraisal [20,21] and using 
combinations of indirect light and direct light have been shown to be 
preferred over a ‘direct light only’ solution in several earlier studies [21, 
22]. More specifically, a study by Houser and colleagues [21] suggested 
that solutions where the indirect light component had a horizontal 
work-plane illuminance contribution of 60% or more were favored over 
those with a stronger direct light component. 

However, by ‘moving’ the flux from the luminaire to the ceiling, also 
the potential glare source is moved from the luminaire to the ceiling. In 
the past, the chance of the ceiling becoming a source of glare was 
relatively small as the majority of office luminaires contained long, 
diffuse fluorescent tubes to provide the indirect light, resulting in a soft, 
large pool of light on the ceiling. However, in the case of LED-based 
luminaires, the indirect component can be anything from a large pool 
of light to a small, bright spot, creating the risk of overly bright (glary) 
ceilings. 

Although information on glare caused by indirect lighting on ceilings 
is scarce, some rules of thumb are presented in CIE 147 [23]. This report 
distinguishes between the effects of uniformly and non-uniformly lit 
ceilings and indicates that for uniformly lit ceilings, the illuminance 
contribution from the indirect light to the horizontal work-plane surface 
(via the ceiling) cannot be more than 1000 lux to comply with the 
common office glare limit of UGR ≤ 19. For non-uniformly lit ceilings, 
the report indicates that the maximum allowed contribution (given a 
certain glare target) depends on the room dimensions, the reflectance of 
all surfaces and the average luminance of the bright spots on the ceiling. 
Taking a typical office case as an example, following the CIE guidelines, 
an average ceiling bright spot luminance of 1000 cd/m2 would result in 
a maximum contribution of the indirect light to the horizontal 
work-plane illuminance of ~700 lux, whereas for an average spot 
luminance of 1800 cd/m2 (which is not uncommon for luminaires with 
a large indirect light component), the maximum contribution to the 
horizontal work-plane illuminance can only be a mere 70 lux. Although 
the report clearly indicates that “this approximation does not claim great 
accuracy”, it does provide an indication of the impact of the type of 
ceiling illumination on glare. 

Next to glare, the overall perception of the space can also change 
radically when changing the ratio of direct/indirect light in the space 
and the distribution of the light over the ceiling. This is mediated by 
changes in the luminous balance, the brightness, the modeling, the 
uniformity (on different surfaces in the space), and the overall atmo-
sphere. Stokkermans and colleagues [24], for example, found that the 
combination of perceived uniformity and brightness was able to accu-
rately predict the atmosphere perception using the dimensions defined 
by Vogels [25]. In their extensive work, Flynn and colleagues [26] used 
a large set of semantic differentials and identified three possible di-
mensions which were tentatively labeled “Bright-Dim”, “Uni-
form-Non-uniform” and “Overhead-Peripheral”. This suggests that in 
addition to distribution characteristics, location/directionality of the 
lighting also plays a key role in subjective impressions of a space. 
Although some general trends can be seen in these results, it is also 
known that individual differences in preference and atmosphere 
perception may be quite significant, as shown in several experiments 
where participants were offered control over light levels [20,27–29]. 
The study by Flynn and colleagues also highlighted this. They concluded 
that the tested lighting variables did induce consistent and shared im-
pressions in the users, but they also found that subgroups could be 
identified with regard to whether they used one, two, or all three of the 
dimensions in their ratings. 

Last, the ratio of direct/indirect light has a substantial effect on 
modeling. Although using only direct lighting tends to result in very 
efficiently lit horizontal surfaces, it also reduces the illuminance on 
vertical surfaces, resulting in poor modeling of faces and objects due to 
harsh shadows. At the opposite end of the spectrum, using only indirect 
lighting results in a very diffuse lighting with very few shadows. This 
latter type of installation is described by Boyce as an “almost infallible 

way to achieve indifferent lighting” [30] which, although not harming 
comfort, will also do little to increase the attractiveness of the space. 
This insight is supported by findings of Veitch et al. [31], who assessed 
facial appearance in what the authors called a ‘mini-experiment’. The 
findings of this experiment show that both 100% direct light and 100% 
indirect light caused facial appearance to be judged less favorably 
compared to a direct/indirect light combination. 

Summarizing, combined direct/indirect lighting may offer more 
flexibility to improve both the non-visual and visual effects of light. 
Although several studies have investigated the effects of different direct/ 
indirect ratios, they have not taken into account the light distribution on 
the ceiling. As there are clear suggestions in the literature that this can 
impact glare, comfort and atmosphere, an experiment was set up to 
assess the preference of users with regard to different direct/indirect 
light ratios, in combination with different distributions of the up-light 
component over the ceiling. Based on the literature discussed above, a 
number of hypotheses were formulated. First, we expected that both the 
perceived brightness and attractiveness of the space would increase with 
an increasing up-light component, given previous findings on the rela-
tion between up-light ratios and the average luminance in the visual 
field. Also, we expected that an increase in ceiling uniformity would 
decrease the perceived room brightness due to the absence of high 
luminance peaks. As perceived brightness is also influenced by the ratio 
of direct/indirect light, we explored the possibility of an interaction 
effect between ratio and ceiling distribution. Moreover, we explored the 
effects of both factors on perceived room atmosphere, given the reported 
relationship between atmosphere and uniformity/brightness. Last, we 
expected that visual comfort would be influenced by the addition of an 
indirect component through contrast and glare reduction. For the lower 
up-light ratios, this is expected to improve comfort for all ceiling dis-
tributions, but higher up-light ratios may reduce comfort for non- 
uniformly lit ceilings, as they may become too bright. 

2. Method 

2.1. Participants 

Based on a power analysis (G-power 3, based on ANOVA repeated 
measures test with small to medium effect size of f(U) = 0.25) a sample 
size of 31 participants was suggested. To account for the groups of 4, 32 
participants were initially invited, which was later increased to 36 by 
the external recruitment agency after 2 participants did not show up. 
These participants (classified as office workers) were selected based on 
the following inclusion criteria: work at least 20 h a week in a modern 
office environment, not more than 50% of their time working elsewhere 
or traveling, normal or corrected to normal vision and no known color 
blindness or eye deficiencies. As indicated, two participants did not 
show up and an additional two participants were excluded from the 
analyses based on incorrect use of the scales, resulting in useable data 
from a total of 32 participants (14 male, 18 female) ranging from 22 to 
39 years old (mean 30.9, SD 4.66). Participants received a modest 
monetary reward (via the agency). The study was approved by the 
Signify internal ethics board. 

2.2. Setup and devices 

An open-plan office setup was simulated in a space of roughly 8.9 ×
5.7 × 2.9 m (length x width x height; see Fig. 1). A long space was 
selected to allow for the ceiling to take up a significant part of the visual 
field (as common in open plan offices). 

Participants were seated at both ‘ends’ of the space, looking in 
opposite directions into the space. Daylight was excluded using opaque 
screens. Each participant was seated at a workstation consisting of a 
regular desk, chair and a PC setup consisting of a 24” display, a keyboard 
and a mouse. 

Two rows of five custom-made luminaires were used to light the 
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space with both direct (down) and indirect (up) lighting, suspended 20 
cm from the ceiling. The direct light component of the luminaire con-
sisted of a Philips SmartBalance surface mounted LED luminaire, able to 
provide up to 4000lm (CCT = 4000 K, Ra ≥ 80). The indirect light 
component consisted of two custom light engines able to provide up to 
8000lm each (CCT = 4000 K, Ra ≥ 80) of which one was equipped with a 
wide distribution lens (for a uniform ceiling distribution) and one 
without any further optics, resulting in a close to Lambertian lighting 
distribution (for the non-uniform ceiling distribution). See Fig. 2 for an 
impression of the resulting luminance distributions on the ceiling and 
Fig. 3 for a schematic overview of the lighting distributions. Each 
component (direct light, indirect light non-uniform and indirect light 
uniform) could be adjusted individually to create the different settings. 
All settings were commissioned and characterized using a Technoteam 
LMK 5 color luminance camera and a Minolta CL-500 illuminance 
spectrophotometer. 

2.3. Experimental design 

The study followed a within-subject design with 5 levels for lighting 
distribution Ratio and 3 levels for Ceiling Distribution keeping the 
horizontal work plane illuminance fixed at approximately 750 lx 
(averaged across the 4 desks, measured in a single point at the location 
of the keyboard). Although the task illuminance for offices according to 
the European standard for indoor workplaces (EN12464–1:2011) is 
typically set at 500 lx, a target illuminance of 750 lx was selected to stay 
in line with the overall goal to improve both visual and non-visual ef-
fects and to prevent overly high contrasts with the ceiling. The resulting 
illuminance at eye level (measured in the vertical plane) ranged between 
447 and 539 lx (Melanopic-EDI between 266 and 309 lx). 

The number of levels for the 2 independent variables were selected to 
balance the total number of conditions with the required granularity to 
create visible impact of each variable between the different steps over 
the full range. As a consequence, the lighting distribution ratios used 

(expressed as percentages of the total luminous flux) were a set of in-
dustry standard ratio’s being 100% direct light (D100-U0), 70% direct 
light + 30% indirect light (D70-U30), 50% direct light + 50% indirect 
light (D50-U50), 30% direct light + 70% indirect light (D30-U70) and 
added to that a setting for 100% indirect light (D0-U100) to cover the 
entire range. Note that the total luminaire flux changed for the different 
settings to keep work-plane illuminance constant. 

Ceiling Distribution variations were realized by starting from the 
wide distribution indirect light component (uniform) and the Lamber-
tian distribution component (non-uniform), to which we added a 50-50 
combination of these 2 distributions to provide an indication of the 
response in between the uniform and non-uniform settings. The full 
characterization information of all lighting conditions, including both 
luminance and illuminance values, is provided in the supplementary 
materials (Tables S1 and S2). 

Nine groups of four participants were formed, each group partici-
pating in a single session (note that, as described in section 2.1, two 
participants did not show up). Sessions took place on consecutive days 
(last week of April, first week of May 2019). Each session started at 
17.30 h to also enable office workers who worked during the day to join 
the test. Participants entered and left the test well before sunset (sunset 
was at ~ 21.00 h). During each session, all 13 conditions were presented 
(each for 5 min) in a randomized order. 

2.4. Measures 

Participants’ assessments were collected using a set of 12 semantic 
differentials, measured on visual analog scales, labeled with a 0 on the 
left side, and a 1 on the right side with a slider always starting in the mid- 
point position. Half of the differentials were inverted in the test appli-
cation, to prevent participants from automatically using the same rating 
for each setting. For the analysis, the inverted items were restored to 
their original polarity to get comparable ratings. 

The first eight differentials were taken from a modified version of the 
room appearance rating system by Veitch and Newsham [33] derived 
from the work by Flynn et al. [26] and Loe et al. [34]. In their modified 
version, the questionnaire was found to load on two different di-
mensions: Attractiveness (average of the items Unattractive – Attractive, 
Ugly – Beautiful, Unpleasant – Pleasant, Dislike – Like, Somber – 
Cheerful) and Illumination (average of the items Vague – Distinct, Dim – 
Bright, Gloomy – Radiant). A previous study [35], however, indicated 
that the brightness semantic differential did not fit in the illumination 
dimension. To verify if this was also the case in the current study, a test 
for internal consistency was performed, rendering a satisfactory Cron-
bach’s alpha (i.e., 0.97) for the attractiveness dimension, but not for the 
illumination dimension (i.e., 0.56). Excluding the brightness semantic 
differential improved the consistency to an acceptable 0.67. Conse-
quently, the brightness differential was used as a separate dimension, 
resulting in the following three room appraisals used for the analysis: 
Attractiveness, Distinct/Radiant and Brightness. As in the original test, 

Fig. 1. Test room shown in a ‘split screen’ setup and the floorplan. A: 100% direct lighting; B: 100% indirect lighting condition. C: floorplan.  

Fig. 2. Luminance camera images - Left: the image corresponding to the con-
dition of 100% indirect lighting with a uniform ceiling distribution. Right: the 
condition of 100% indirect lighting with a non-uniform ceiling distribution – 
see supplementary material Table S2 for a full numerical analysis. 
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for the dimensions with multiple items, the items were averaged to reach 
a single score per dimension. 

Three additional semantic differential pairs were included to gain a 
better understanding of how the atmosphere changed. Vogels [25] 
indicated that atmospheres can be described using four factors: coziness, 
liveliness, detachment, tenseness. Given that the tenseness differentials 
were not applicable to office environments (i.e., they described more 
extreme atmospheres), only coziness, liveliness and detachment were 
included in the present study, resulting in the following semantic dif-
ferentials: for coziness: Cold – Warm, for lively: Monotone – Interesting, 
and for detachment: Homey – Businesslike. 

Last, to gain more insight in how comfortable the participants found 
the different settings, the differential Uncomfortable – Comfortable was 
added. The final overview of the parameters used in the analysis and the 
semantic differentials used to measure these parameters is given in 
Table 1. 

2.5. Procedure 

Participants were collected from the entrance of the building and 
escorted to the test space where they were seated at one of the four 
positions. The light condition upon entry was the same for all groups 
(100% direct light). After reading and signing the informed consent 
form, they received instructions on the overall test procedure. They then 
completed a short test run to ensure the procedure was clear. After this, 
the test leader switched to the first setting and asked them to start the 
first sequence on their PC. Each sequence consisted of 2 tasks, of which 
one used the screen and asked the participants to find the differences 
between two images shown side-by-side, and one used a combination of 
screen and paper and asked the participants to write a summary on 
paper about a short story shown on the screen. The tasks were timed to 
take respectively 2 and 2.5 min and allowed the participants to adapt to 

the new situation. After this, the 12 semantic differentials were shown 
on screen (one at a time) in randomized order. Upon completion of the 
semantic differentials, the participants were prompted to wait until the 
test leader indicated that they could continue. The test leader was pro-
vided with indicator lights (invisible to the participants) to assess if all 
participants finished the semantic differentials. This sequence was 
repeated seven times, followed by a short break of 5 min (to prevent 
biasing the results due to potential negative affect caused by fatigue), 
followed by another 6 sequences to go through all 13 settings (in random 
order). Participants did not interact with each other during the test, 
except during the break, and were instructed to not discuss test related 
aspects. 

After all sequences were done, a short informal interview took place 
to get some first (undocumented) thoughts on the test. Note that the 
‘find the differences’ and ‘summary’ tasks were intended to get in-
dividuals accustomed to the new settings while working, and not 
intended to measure performance. As such, performance was not 
recorded and will not be discussed further. 

2.6. Statistical analysis 

The analyses of the data of the 32 remaining participants were per-
formed in 4 steps. As a first step, to investigate the effect of the factors 
Ratio (direct/indirect light ratio), Distribution (ceiling luminance dis-
tribution) and their interaction on room appraisal, atmosphere and 
comfort, each dependent variable (DV – see Table 1 for an overview of 
the different DV’s) was analyzed using a linear mixed model (LMM) to 
test the significance of the individual model elements. To gain a better 
understanding of the large range of variation in participants’ appraisals 
that was found in step 1, and the potential correlation between different 
DVs, we then employed an (unplanned) clustering analysis strategy 
based on the correlation between DV’s (see Section 3.2 for more details) 
of which the outcome was tested and confirmed by appending the 
LMM’s from step 1 with the factor Group. In step 3 we performed the 
initial LMM analyses again, but separately for the two major groups of 
participants that had emerged in step 2. As a last step, an exploratory 
analysis investigated if the relationship between attractiveness and 
brightness could be modeled for our setup. To do this, we performed a 
linear mixed model analysis using Brightness, Group and their interac-
tion as factors to model Attractiveness (using Participant ID as random 
factor). 

The following software and (sub) packages were used for the above- 
mentioned steps: The lme 4 package in combination with the lmerTest 
packages was employed to test the linear mixed models (LMM’s) using 
Satterthwaite approximation for degrees of freedom and using an α of 
0.05 to test for statistical significance. Post-hoc testing on the models 
was done using the emmeans package employing Tukey corrections for 
multiple comparisons. Model comparisons were performed using the 
performance package (reporting R2 marginal and conditional). Last, the 
hierarchical cluster analysis (employing an agglomerative strategy) was 

Fig. 3. Schematic lighting distributions of the direct light and non-uniform and uniform indirect light components.  

Table 1 
Overview of parameters & semantic differentials employed during the test.  

Dependent variables Semantic differentials 

Room appraisal 
Attractiveness Unattractive – Attractive  

Ugly – Beautiful  
Unpleasant – Pleasant  
Dislike – Like  
Somber – Cheerful 

Illumination Vague – Distinct  
Gloomy – Radiant 

Brightness Dim – Bright  

Atmosphere 
Coziness Cold – Warm 
Lively Monotone – Interesting 
Detachment Homey – Businesslike  

Comfort Uncomfortable – Comfortable  
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performed using the amap package and for step 2 was based on Pearson 
correlations determined using the psych package. Correlations are not 
tested for significance as they are only intended to describe the rela-
tionship of DV’s to each other per participant. Where relevant more 
specific details on the analysis are given when describing the results in 
Section 3. 

3. Results 

The analysis quickly revealed that within the total test population, 
there were subgroups with markedly distinctive outcomes. The 
following sections will discuss each step taken to reach the final findings, 
starting with the overall analysis, followed by identifying/defining the 
subgroups and a subsequent split analysis taking these subgroups into 
account. For the sake of brevity and given the impact of the subgroups, 
the initial overall analysis will only discuss the high-level findings which 
inspired the exploration of subgroups. 

3.1. Overall analysis 

As a first step, to investigate the effect of the factors Ratio (direct/ 
indirect light ratio), Distribution (ceiling luminance distribution) and 
their interaction on room appraisal, atmosphere and comfort, each 
dependent variable (DV) was analyzed using a linear mixed model 
(LMM). This model included the factors Ratio (4 levels – the D100/U0 
level was not included in this factorial model), Distribution (3 levels), 
their interaction, and participant ID as a random intercept factor. The 
mean ratings and standard deviations in Table 2 highlight that on 
average, participants rated the space as somewhat bright (with the 
100% direct light scoring lowest) and business like; attractiveness and 
comfort scored around the middle of the scale; and participants found 
the space to be somewhat monotone and cold. The results of the LMM 
analysis are reported in Table 3 and showed that Ratio had a significant 
effect on all DVs (resulting from higher ratings for larger indirect light 
components), whereas Distribution (and the interaction between Ratio 
and Distribution) did not show a significant effect on any DV, with the 
exception of the Distinct-Radiant dimension. This was somewhat unex-
pected as the mean data (Table 2) showed a change in most DVs for the 
uniform distribution (compared to the other distributions), but only for 
the higher indirect light ratios. 

Furthermore, visual inspection of the data showed a high degree of 
variability, in particular between different participants for the different 
DVs. This was confirmed by testing the significance of the random factor 
in the LMM (see Table 3 for an overview and Table S3 in the supple-
mentary materials for a full numerical overview of this test). On the 
other hand, for quite a few of the participants, there appeared to be a 
correlation between several of the DVs (also see Section 3.2). These 

findings combined could point towards individual differences or po-
tential sub-groups confounding the overall outcome. 

3.2. Data grouping 

To gain a better understanding of the large range of variation and the 
potential correlation between different DVs, we employed a correlation 
and clustering analysis strategy. This would allow us to identify poten-
tial sub-groups in the population. However, given that the data cannot 
be considered as independent (because of the within-subject study 
design) a regular correlation analysis was not appropriate. Instead, we 
determined the (Pearson) correlation between each of the seven DVs 
(across all lighting conditions) for each participant to establish a rating 
pattern for each individual (i.e., which DVs correlated in their data and 
to what degree). This resulted in a total of 21 DV-pair correlations (i.e., 
the correlation between brightness & attractiveness, brightness & 
comfort, brightness & coziness etc.) per participant. Next, a clustering 
analysis was executed to group participants based on their rating pat-
terns. This was done using hierarchical clustering, where ‘distance’ was 
based on correlation between each participant’s DV-pair correlations 
and complete linkage was employed to group participants. 

The resulting analysis showed that there were 4 distinct “groups” of 
participants with similar rating patterns. As Groups 3 and 4 only con-
tained 2 and 3 participants respectively, and Groups 1 and 2 made up 
84% of the total test group (15 and 12 participants, respectively), 
Groups 3 and 4 were excluded from further analyses to prevent strong 
bias caused by single participants. To characterize the two remaining 
groups, Fig. 4 shows the distribution of the correlations computed per 
participant per group for each of the DV-pairs highlighting for which 
correlation pairs the differences were largest. 

Fig. 4 clearly illustrates that the differences between the two groups 
are mainly manifest in the scores relating brightness to the remaining 
DVs. With exception of detachment, the participants in group 1 consis-
tently shows a relatively high correlation between brightness and the 
other DV’s, whereas the participants in group two scores substantially 
lower and with a larger spread. Additionally, DV-pairs not including 
brightness show much smaller differences between group 1 and 2. This 
could imply that the grouping is caused by differences in brightness 
perception, or by differences in the brightness appreciation. To inves-
tigate whether brightness perception was indeed a key component in the 
grouping, we performed a second clustering analysis where distance 
between participants was based on the pair-wise correlations of their 
brightness ratings, employing the complete linkage method to group 
participants. 

This analysis showed that roughly 60% of the participants were in 
the same group for both analyses. Additionally, we performed a visual 
assessment of these new groups by replicating the brightness pair plots 

Table 2 
Mean and standard deviation (SD) of the total test group of the dependent variables per lighting condition.  

Distribution Indirect light Luminous flux Ratioa Brightness Attractiveness Distinct-Radiant Comfort Liveliness Coziness Detachment 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD  

D100-U0 0.48 0.25 0.40 0.17 0.43 0.17 0.48 0.18 0.37 0.18 0.38 0.17 0.69 0.19 
Non-Uniform D70-U30 0.53 0.19 0.41 0.14 0.39 0.14 0.44 0.16 0.38 0.17 0.42 0.19 0.69 0.17 

D50-U50 0.66 0.21 0.45 0.19 0.47 0.19 0.52 0.20 0.39 0.20 0.44 0.22 0.71 0.22 
D30-U70 0.67 0.20 0.45 0.14 0.44 0.16 0.53 0.18 0.39 0.17 0.39 0.17 0.75 0.13 
D0-U100 0.67 0.16 0.48 0.18 0.48 0.17 0.49 0.19 0.43 0.23 0.44 0.19 0.69 0.20 

Mixed D70-U30 0.62 0.20 0.45 0.18 0.46 0.14 0.49 0.18 0.39 0.18 0.44 0.19 0.72 0.16 
D50-U50 0.63 0.17 0.47 0.14 0.46 0.15 0.54 0.14 0.41 0.17 0.43 0.17 0.70 0.15 
D30-U70 0.68 0.17 0.46 0.18 0.51 0.20 0.51 0.21 0.43 0.20 0.40 0.19 0.71 0.18 
D0-U100 0.69 0.16 0.51 0.19 0.53 0.18 0.56 0.20 0.49 0.24 0.48 0.19 0.67 0.22 

Uniform D70-U30 0.56 0.19 0.45 0.15 0.46 0.15 0.47 0.18 0.37 0.19 0.41 0.19 0.72 0.17 
D50-U50 0.63 0.18 0.44 0.17 0.45 0.15 0.50 0.19 0.38 0.21 0.39 0.20 0.72 0.19 
D30-U70 0.71 0.17 0.48 0.20 0.53 0.18 0.51 0.24 0.44 0.21 0.45 0.23 0.71 0.19 
D0-U100 0.63 0.17 0.54 0.19 0.55 0.16 0.59 0.18 0.55 0.21 0.50 0.19 0.60 0.23  

a Luminous flux ratio is defined as the percentage of luminous flux contained in the downwards (D) and the upwards (U) lighting component.  
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from Fig. 4 for these new groups. As can be seen by comparing Fig. 5a 
(grouping across all DVs) to Fig. 5b (grouping using only brightness), 
both groupings result in the same trend with respect to correlations with 
the brightness DV, but the spread in correlations is considerably larger 
for the grouping based on brightness only. To test whether this differ-
ence was caused by the 5 participants that were not in Group 1 and 2 in 
the grouping across all DVs (i.e., the aforementioned Groups 3 and 4), 
we also tested the effect of removing the data of these participants from 
the visualizations (presented in Fig. 5c). However, the differences are 
minor compared to the results of Fig. 5b (the grouping including these 
participants). 

Concluding, it appears that the distinct groups in the DV-pairs cor-
relation analysis are influenced by the difference in how participants’ 
perceived brightness relates to other assessments, more so than how 
they rate the brightness perception per se. Considering the large 

difference in correlations between the two groups for the pairs including 
brightness, there could be a difference in how they appreciate bright-
ness. Hence, the fact that these two groups are quite distinct warrant a 
revisit of the analysis of the overall effects. 

3.3. Overall effects revisited 

Based on the findings in Section 3.2 we reanalyzed the effects of 
Ratio and Distribution (and their interaction) on all DVs (see Table 4 and 
Fig. 6). This was done for Groups 1 and 2 separately as in all DVs (except 
detachment) interactions occurred between Group and either Ratio or 
Distribution (see supplementary materials Table S4). 

3.3.1. Effect of ratio 
As in the first analysis, the effect of Ratio again emerged in both 

Table 3 
Overview of results of the Linear Mixed Models per DV as described in 3.1; Model fits are provided as an indication of overall model strength.    

Brightness Attractiveness Distinct-Radiant Comfort Coziness Liveliness Detachment  

df F p F p F p F p F p F p F p 

Ratio (3,341) 10.60 <0.001 5.32 <0.01 8.91 <0.001 4.92 <0.01 2.97 0.03 9.18 <0.001 3.68 0.01 
Distribution (2,341) 0.85 0.43 2.02 0.13 7.39 <0.001 1.42 0.24 0.46 0.63 2.16 0.12 0.85 0.43 
Ratio * distribution (6,341) 1.27 0.27 0.79 0.58 1.70 0.12 1.33 0.24 1.20 0.31 1.28 0.27 1.08 0.37 
Random effect: participant*  <0.001  <0.001  <0.001  <0.001  <0.001  <0.001  <0.001  

R2 conditional/marginal 0.36/0.07 0.48/0.03 0.50/0.07 0.40/0.04 0.35/0.03 0.41/0.06 0.32/0.03 

* Full results in supplementary materials, based on likelihood ratio test of model reductions – See table S3 Statistical significance (α < 0.05) has been highlighted in 
bold. 

Fig. 4. Boxplots of the Pearson correlations per DV pair split over group 1 and 2; each boxplot shows the distribution of the Pearson correlations computed per 
participant in group 1 and 2. Boxplots indicate the median (central line), 25th and 75th percentile (lower and upper hinge) and the smallest and largest value no 
further than 1.5 * IQR from the hinges (whiskers). 
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groups, resulting in a significant effect for the majority of appraisals (see 
Table 4). Especially in Group 1, all DVs, with the exception of Detach-
ment, were significantly affected by the direct/indirect light ratio. For 
this group, no significant interaction between Ratio and Distribution 
emerged. Post-hoc analyses on the DVs with a significant main effect of 
Ratio (averaged over the three Distributions – see supplementary ma-
terials S5 for an overview of the full results) consistently showed that the 
ratios with a dominant indirect light component (i.e., D30-U70 and D0- 
U100) received higher ratings compared to ratios with a dominant direct 
light component (i.e., D100-U0 and D70-U30). This implies that for this 
group, a higher indirect light component is seen as more bright (Esti-
mated marginal mean - EMM Δ ranging from 0.15 to 0.28), more 
attractive (EMM Δ ranging from 0.11 to 0.16), more distinct/radiant 
(EMM Δ ranging from 0.10 to 0.14), more comfortable (EMM Δ ranging 
from 0.09 to 0.14), more cozy (EMM Δ ranging from 0.13 to 0.15) and 

more lively (EMM Δ ranging from 0.12 to 0.17). 
Group 2, however, showed a more varied set of results with respect 

to Ratio. Also, the analysis showed a significant interaction between 
Ratio and Distribution for brightness perception. Post-hoc analyses 
indicated that the effects of Ratio on brightness were only significant in 
the conditions with a uniform ceiling distribution. Also, in contrast to 
Group 1, Group 2 rated the setting with 100% indirect light (i.e., D0- 
U100) lower on brightness than the D30-U70 condition (EMM Δ =
0.19), suggesting that for this group, using only indirect lights leads to a 
lower rating of brightness. Next to this, although a main effect was found 
for Ratio on attractiveness in Group 2, no significant effects were found 
in post-hoc analyses. This is likely to be caused by the correction applied 
for multiple comparisons. Finally, coziness, liveliness and detachment 
did all show a single significant effect in the post-hoc analyses. In 
contrast with brightness, both coziness and detachment showed a 

Fig. 5. Comparison of different grouping methods (A, B, C). Boxplots as in Fig. 4 but limited to the DV pairs involving brightness. Each boxplot shows the distribution 
of the Pearson correlations computed per participant in group 1 and 2 for the given DV pairs. 

Table 4 
Overview of the test for significance (p < 0.05) for the individual factors in the LMM’s per DV, split over group 1 and group 2.    

Group 1 (n = 15) Group 2 (n = 12)   

df F p R2 * df F p R2 * 

Brightness Ratio (3,154) 8.98 <0.001 0.27/0.12 (3,121) 3.49 0.02 0.37/0.12  
Distribution (2,154) 0.42 0.66  (2,121) 1.71 0.18   
Ratio * Distribution (6,154) 0.22 0.97  (6,121) 2.30 0.04  

Attractiveness Ratio (3,154) 10.56 <0.001 0.37/0.16 (3,121) 2.68 0.05 0.53/0.04  
Distribution (2,154) 4.85 <0.01  (2,121) 0.09 0.91   
Ratio * Distribution (6,154) 0.83 0.55  (6,121) 0.88 0.51  

Distinct-Radiant Ratio (3,154) 10.58 <0.001 0.37/0.20 (3,121) 0.40 0.76 0.57/0.03  
Distribution (2,154) 9.49 <0.001  (2,121) 0.86 0.43   
Ratio * Distribution (6,154) 1.00 0.43  (6,121) 1.03 0.41  

Comfort Ratio (3,154) 9.07 <0.001 0.34/0.14 (3,121) 2.06 0.11 0.32/0.07  
Distribution (2,154) 3.27 0.04  (2,121) 0.25 0.78   
Ratio * Distribution (6,154) 0.58 0.74  (6,121) 1.19 0.31  

Coziness Ratio (3,154) 2.78 0.04 0.26/0.11 (3,121) 4.13 <0.01 0.39/0.09  
Distribution (2,154) 3.21 0.04  (2,121) 0.32 0.73   
Ratio * Distribution (6,154) 1.88 0.09  (6,121) 1.42 0.21  

Liveliness Ratio (3,154) 9.48 <0.001 0.32/0.17 (3,121) 3.18 0.03 0.42/0.06  
Distribution (2,154) 6.76 <0.01  (2,121) 0.48 0.62   
Ratio * Distribution (6,154) 0.57 0.76  (6,121) 0.85 0.54  

Detachment Ratio (3,154) 1.73 0.16 0.23/0.06 (3,121) 3.61 0.02 0.37/0.10  
Distribution (2,154) 2.20 0.11  (2,121) 0.18 0.84   
Ratio * Distribution (6,154) 0.71 0.64  (6,121) 1.94 0.08  

* R2 of full model – conditional/marginal. 
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significant increase from the D30-U70 to the D0-U100, and liveliness a 
significant increase from D50-U50 to D0-U100. 

3.3.2. Effect of distribution 
In contrast with the initial analyses, separate analyses per group did 

reveal effects of Distribution. As already mentioned in section 3.3.1, for 
Group 2, an interaction occurred between Ratio and Distribution for the 
brightness dimension. Further post-hoc testing (see supplementary ma-
terials S5) showed that the effect of Distribution was limited to the 
settings with only indirect light (D0-U100). For these, both the non- 
uniform distribution and the mixed distribution were considered 
significantly brighter than the uniform distribution. However, as said, 
this effect was not visible in any of the other DVs for Group 2. 

Group 1 did not reveal any interaction between Ratio and Distribu-
tion but did show a main effect of Distribution on multiple DVs, being 
attractiveness, distinct/radiant, comfort, coziness, and liveliness, but 
interestingly, not on brightness. In Group 1, a uniform ceiling distribu-
tion was favored over the non-uniform distribution: it was considered 
more attractive (EMM Δ = 0.07), more distinct/radiant (EMM Δ =
0.10), more comfortable (nearly significant with p = 0.06 - EMM Δ =
0.06), more cozy (EMM Δ = 0.07) and more lively (EMM Δ = 0.10). 

3.4. Attractiveness vs brightness 

As an exploratory analysis we investigated if the relationship 

between attractiveness and brightness could be modeled for our setup, 
as a higher brightness is often linked to a higher attractiveness in the 
literature [36–38]. Additionally, the brightness item did not appear to 
be consistent with the remaining two items in the illumination dimen-
sion (see Section 2.4), and the effect of brightness perception in the 
grouping appeared sizable. This might hint towards a difference in how 
brightness (as a perceptual attribute) is rated versus how the more 
subjectively weighted, psychological attributes such as attractiveness 
are rated. 

To do this, we performed a linear mixed model analysis using 
Brightness, Group and their interaction as factors to model Attractive-
ness (using Participant ID as random factor). The results indicated that 
effects of Brightness, Group and Brightness x Group were all significant 
(respectively F (1,336) = 3.94, p = 0.05; F (1,116) = 57.48, p < 0.001; F 
(1,336) = 149.49, p < 0.001). Based on the interaction effect, data for 
the two groups were analyzed independently in a model with Attrac-
tiveness as the DV, Brightness as the fixed factor and Participant ID as 
random factor. These analyses showed that for both groups, brightness 
significantly correlated with attractiveness, however in opposite di-
rections. For Group 1, an increase in brightness was linked to an increase 
in attractiveness (F (1,185) = 202.87, p < 0.001), whereas for Group 2, 
an increase in brightness was linked to a decrease in attractiveness (F 
(1,149) = 29.93, p < 0.001). To get an estimate of model strength, the 
R2-values for both models were assessed. This showed that the model for 
Group 1 had a marginal R2 of 0.43, whereas the model for Group 2 had a 
marginal R2 of 0.11 (see Fig. 7 for a visual representation of the model 
and fit). This seems to imply that brightness had a clear, positive, link 
with the attractiveness rating for Group 1, whereas this link was nega-
tive and less strong (but still significant) for Group 2. 

4. Discussion 

Although past studies have investigated differences in the appraisal 
of lighting installations with 100% direct light versus installations with 
combinations of indirect and direct light, only a few studies have done so 
in a structured manner over the full range of ratios of direct/indirect 
light. Moreover, the role of the distribution of the illuminance on the 
ceiling (resulting from the indirect light) in room appraisal was never 
investigated. In the current study we tested whether there is a difference 
in appraisal, atmosphere, and visual comfort for a range of direct/in-
direct light ratios from fully direct to fully indirect, and three different 
distributions of the light over the ceiling ranging from quite uniform to 
non-uniform light, while maintaining a horizontal desk illuminance of 
approximately 750 lux in all lighting conditions. 

The analysis showed a significant effect of the direct/indirect light 
ratio on appraisal, atmosphere, and comfort, but, surprisingly, the dis-
tribution of the light over the ceiling did not affect these attributes, 
except for the distinct/radiant appraisal. However, a large variation in 
the ratings was apparent in addition to high correlations between certain 
DVs. This prompted an investigation into possible sub-groups in our test 
sample, which revealed two distinct groups of people with different 
rating patterns across the DVs. The results of the analyses for these two 
groups separately painted a much more nuanced image, showing effects 
of both direct/indirect light ratio and light distribution on the ceiling, 
yet different for each group. Additionally, it also suggested that one 
group responded more strongly (i.e., showing a much larger variation in 
their responses) to the different lighting conditions than the other group. 
These groups also differed in the relationship between brightness and 
attractiveness. The first group showed a clear positive relationship (i.e., 
higher perceived brightness was associated with higher attractiveness), 
whereas the results for the second group hinted towards a more indif-
ferent behavior (slightly negative relationship, with a weak correlation). 
It has to be noted that the study sample size was determined assuming 
only 1 group. As such, subdividing the group has impacted the overall 
power of the analysis of the sub-groups. For easy reference we will label 
these groups the “brightness appreciative group” and the “indifferent 

Fig. 6. Group comparison per DV displaying estimated marginal mean (EMM) – 
whiskers represent the standard error of the EMM (see supplementary material 
Table S5 for a numerical overview). 
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group”, respectively. 
As most of the differences between the two groups seemed to be 

found in the correlation between brightness and the other DVs (see 
Fig. 4), we also explored a clustering based only on how participants 
rated brightness (rather than on their rating pattern across all DVs). 
Although there appeared to be quite some overlap between the two sets 
of clusters (approximately 70% of participants were in the same group 
comparing the two analyses), in correlations between brightness and the 
other DVs, the original clusters were more distinct than when clustering 
the participants based on their brightness ratings only. This could 
indicate that the two groups did not only rate the brightness of a given 
condition differently, but also that either their translation of perceived 
brightness to appraisal was different or that they took additional 
perceptual attributes into account for their appraisal. 

If we compare our findings with the work of Stokkermans and col-
leagues [24], we see that they were able to accurately predict perceived 
atmosphere as a function of perceived brightness and uniformity. This 
would imply that in our case it is possible that next to differences in 
perceived brightness, also differences in perceived uniformity influ-
enced room appraisal. Although it is likely that participants perceived 
uniformity differently between the conditions, we did not measure this 
directly. As such, any effects of uniformity can only be derived from 
further analysis of the appraisal ratings in combination with the physical 
conditions (i.e., the objective uniformity of the ceiling) in the present 
study. This would, however, be an interesting avenue to investigate 
further. 

Starting with brightness perception, we see that the brightness 
appreciative group showed an increase in perceived brightness with an 
increased contribution of indirect lighting, where this increase levels off 
towards the higher contributions of indirect lighting. The indifferent 
group showed a more constant brightness rating, almost independently 
of the indirect light component, with the exception of the 100% indirect 
light with the uniform ceiling distribution, which was scored substan-
tially lower in perceived brightness. At the same time, their brightness 
ratings were substantially higher, on average, than the scores of the 
brightness appreciative group. Amongst other things, this could imply 
that their personal reference (i.e., home or work situation) is different. 
However, the fact that the uniform 100% indirect light condition was 
rated significantly less bright by this group, refutes this possible expla-
nation to some extent, as that would have implied identical results also 
for this condition. Additionally, both our own studies on wall and desk 
(il)luminance [32,35], but also other studies investigating the impact of 
different surfaces [20,34] on brightness and preference highlight that, in 
general, the wall and ceiling illuminances have a larger effect on 
perceived brightness compared to desk illuminance. This makes it less 
likely that the above average desk illuminance would be the cause of 
these differences. 

An alternative explanation is that for the indifferent group, the 
appearance and luminance of the direct light (i.e., the light giving sur-
face of the luminaire) played a large role in their brightness assessment. 
This could also explain the lower rated brightness of the 100% indirect 

light with the uniform ceiling distribution of which the luminance peaks 
on the ceiling were substantially lower compared to the luminance of the 
luminaire itself. In contrast, the non-uniform and mixed ceiling distri-
butions resulted in luminance peaks on the ceiling comparable to those 
on the luminaire. 

Next, we look at the translation of perceived brightness to appraisals. 
Earlier, we already concluded that brightness played a large role in the 
grouping of our participants, and that also the other DVs were related to 
brightness, especially for the brightness appreciative group. For the 
indifferent group this is less obvious as the ratings of both brightness and 
the other DVs across the conditions are quite constant. It is important to 
note that with the exception of brightness, the remaining DVs are 
consistently scored lower compared to the brightness appreciate group, 
implying that for the indifferent group a high brightness could be 
associated with an overall lower room appraisal score of the space. 

While, in general, higher perceived brightness results in more posi-
tive appraisals for the brightness appreciative group, there are still 
important differences between the different DVs. The most notable one 
is that for the brightness appreciative group, brightness perception 
seems to have been dominated by the direct/indirect light ratio, whereas 
the atmosphere ratings (with exception of detachment) and the comfort 
rating also showed a clear effect of the distribution of the light on the 
ceiling. This strengthens the earlier findings that next to brightness 
perception, uniformity too plays a role in atmosphere perception. This 
matches the work of Stokkermans et al. [24] mentioned earlier, but also 
for example the work of Loe et al. [34] and Veitch et al. [29] who relate 
uniformity of the scene to interestingness. However, in those studies, 
interestingness favored non-uniform scenes, whereas in our study, the 
more uniform distributions were rated as more positive. Although this 
cannot be concluded based on this study alone, it is possible that uni-
formity differences on the ceiling and uniformity differences on for 
example walls can lead to different associations or meet with different 
expectations of what these surfaces should look like. Having said that, in 
our experiment we were not able to fully isolate the effects of the ceiling 
luminance from that of the wall luminance and we did see a clear in-
crease of luminance for the direct/indirect ratios with a larger indirect 
component. However, as the walls were mainly influenced by the 
(Lambertian) reflection of the indirect light via the ceiling, the impact of 
the different lighting conditions on the distribution/uniformity of the 
wall luminance was limited. This topic, however, would require a more 
in-depth analysis of for example, physical luminance and uniformity 
differences and their appraisals for different contexts and different 
lighting manipulations. 

5. Conclusion 

The current study revealed that both the ratio of direct/indirect light 
and the lighting distribution on the ceiling impact room appraisal, at-
mosphere perception and visual comfort in open plan offices. However, 
key in delineating these effects is taking into account individual differ-
ences. In the initial analysis, only the ratio of direct/indirect light 

Fig. 7. Visualization of the relation between Brightness and Attractiveness, where the solid line gives the model fit and the grey band gives the 95% Confidence 
Interval, for each of the two groups 1 (left) and 2 (right) of participants separately. 
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showed a statistically significant effect on perceived brightness, room 
appraisal, atmosphere perception and visual comfort. After grouping 
participants based on their rating pattern, also the distribution of the 
light on the ceiling was shown to have a significant effect for roughly 
half of the participants. The grouping analysis also showed that there is a 
large variation in how participants rate and appreciate brightness. 
Where one group showed a clear positive relationship between 
perceived brightness and, for example, attractiveness, the other group 
showed a more indifferent behavior. For the former group, next to 
brightness, also uniformity played a role in their room appraisal. 

On the one hand, our results open new avenues to pursue from a 
perception research perspective, such as investigating the impact of 
different surfaces on spatial brightness perception and appraisal and 
further deep dives in the composition of the subgroups. However, on the 
other hand, this also shows the dilemma lighting designers face when 
designing open-plan office spaces for a diverse population. 
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