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Abstract

Daylight improves indoor environmental quality, the physical and mental health of occupants, and their efficiency. Research in the area
of human-centric lighting that considers the visual and non-visual effects of light on human vision, have focused on examining human
visual perception in response to a wide variety of lighting aspects. To investigate the effect of surface materials, window size, and
shading patterns on participants’ evaluation of brightness, daylight distribution, contrast, and satisfaction with view, a virtual reality
experiment is implemented in a university classroom. Moreover, responses are compared with metrics (i.e., RAMMG and illumines
level) to evaluate their performance and robustness. Thirty-three subjects evaluated thirteen immersive virtual environments (IVEs) with
different glazing visible light transmittance, reflectance coefficient of surfaces, window to wall ratio, number of windows, and shading
geometry using a Likert-type scale survey. The results indicated that participants’ evaluation of brightness is influenced by reflection
coefficient of the surfaces and WWR. While daylight distribution is affected by number of windows and shading geometry in addition
to other studied parameters. Based on the subjects’ responses the contrast is only affected by reflection coefficient of the surfaces. Their
satisfaction with amount of outside view is also influenced by WWR and number of windows. Moreover, based on statistical results
defining a specific range of acceptable contrast based on the RAMMG metric is not suggested, and users' evaluation depends on the
surface material in addition to the reflection coefficient of them. Furthermore, the level of lighting perceived by people is affected by
materials and their color (beside the reflection coefficient of the surfaces), number of windows (even with similar WWR), and shading
pattern (even with the same aperture ratio) as well as the glazing visible light transmittance.

© 2023 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license
(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Daylight has a profound effect on architectural design, energy
consumption, occupant comfort and experience of space. People’s
preference to access daylight and view has been acknowledged by
several researchers [1,2]. Based on studies daylight exposure and
sunlight penetration which are defined by the window size, the
time of day and the season of the year, influence the occupants’
mood, alertness, stress levels, and well-being [3-5] in a wide range
of spaces, including offices [6-8], schools [9], and residential
buildings [10]. Human-centric lighting that considers the
traditional elements of lighting quality that are rooted in human
vision while simultaneously incorporating new insights about the
non-visual effects of light, has been highlighted in many studies.
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Research in this area have focused on examining human
perception in response to a wide variety of lighting aspects [11].
According to studies designers must consider brightness as a
combination of light and shadow to provide visually attractive
spaces. Non-uniformity of light in space is proved to be more
interesting than uniformity of light in space [12]. Some studies
have also assessed the effect of material properties and the
glazing’s visual transmittance on occupants' satisfaction and
perception of space size [13-14]. Based on studies, material
properties or luminance in the space affect the dimensions of the
room perceived by people and the high contrast at the edges helps
the human visual system to evaluate the dimensions of the room
correctly [15,16]. In addition, regarding the amount of view,
occupants prefer larger windows (with the width, rather than the
height) [17-19]. In two studies [20,19], it is indicated that
windows should occupy at least 20% to 30% of the window wall
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and what can be seen from the window is important in
investigating occupants’ satisfaction with the window [2].

Daylighting in educational spaces requires particular attention
especially in classrooms. It is necessary to provide a well-lit
environment that enables students and staff to carry out their tasks
comfortably and adequately in attractive and stimulating
surroundings [21]. A suitable window design in the classrooms
reduces students stress and their absences due to their illness,
increases students’ performance, and improves their growth [22].
According to studies both sufficient natural sunlight and/or
dynamic lighting systems and a better view of outside from the
window in the classroom improves learning performance,
alertness, cognitive skills, behavior, mood, circadian rhythm,
vocal strength, and productivity [23].

Daylight design is a complicated problem, and designers need
to better understand how daylighting strategies affect building
occupants. Based on literature review, well-performing daylight
models and metrics may not always equate to positive user
experience and it is crucial for designers to understand daylighting
strategies and corresponding human perceptions of comfort.
Especially in educational buildings, where there is a lack of studies
on design parameter affecting occupant’s visual perception
[24,25]. Using real spaces to assess users' perception is
complicated to manipulate specific variables while controlling
others in addition to problems such as daylight changes during the
day and seasons [26,27]. Due to the problems in the real
experiments, several alternate methods have been proposed,
including slides [28], rendered images [29], stereoscopic images
[30] and virtual reality (VR) [31,32] as a surrogate to real spaces
in empirical studies. VR has created opportunities to study human
behavior in novel ways and is used in this study for assessing
design parameters on occupant’s visual perception in classrooms.

1.1. Literature review

VR technology is a suggested solution for the limitations of
daylight studies [33,34], often used for empirical studies in
laboratories to assess the visual preferences of participants in
controlled conditions. The accuracy in simulating physical
environment and its capability in providing a reliable method for
presenting the physical space to users are proven by researchers
[31,35-39]. Bellazza et. al (2022) classified and reviewed previous
studies highlighting the advantages and disadvantages related to
the use of VR for lighting research and design, through a
systematic review [11]. Previous daylighting studies using VR
could be divided in four groups based on their objectives:1)
Evaluation of using VR in daylighting research, 2) Changing space
features and assessing user’s perceptions, 3) Comparing
participants' assessment of the space with daylight indices, and 4)
Integrating VR and daylight simulation engines.

Participants’ subjective and objective visual responses and
participants' interaction with the virtual environment have been
studied wvastly [32,40,41]. Subjective assessments included
questions on luminous environment appearance (brightness, color-
temperature, distribution, contrast, ...), high-order perceptions
(pleasantness, interest, spaciousness, excitement and complexity,
...) [35,36,42] and perceived presence in the virtual and real space
[31]. Objective assessments included physical symptoms
(headache, dizziness, vision problems, etc.) and doing some tasks
to assess visual performance across the two representation

environments [35]. These studies showed that VR has a strong
potential to be used as an empirical research tool in psychological
and architectural research in comparison with other methods [32].
Most of the studies conducted experiments with 20-50
participants [11].

In other studies VR was used to assess occupants’ perception
and behavior in different spaces which are divided in three
categories [43]:

1. analyzing people’s perception of the visual environment
considering different parameters (e.g., multiple facade
patterns, sky type, and window size) [39,44-48],

2. assessing the correlation between lighting temperatures
and occupants’ thermal perception [49,50] and

3. analyzing users behavior in different conditions of light and
control systems [51-53].

In recent years, utilizing Augmented Reality (AR), Mixed
Reality (MR) ,and VR have been increased in building science to
make complex building information more comprehensible . In a
recent study, these Extended Reality techniques are developed to
determine which technology is the most suitable for reviewing
performance-based building design. Facade fenestration
geometries and indoor illuminance simulations were assessed by
120 students and architects with task performance and engagement
level. The authors resulted MR is more suitable than AR and VR
for the aim of the study [54].

Castilla et al. (2023) investigated the effects of different
illuminance conditions in a classroom on university students’
memories in VR. Forty subjects performed a psychological
memory task in three environments with 100, 300 and 500 lux
illuminance levels. Based on neurophysiological responses, their
performance got worse and their neurophysiological activation
decreased with increasing illuminance [55].

Occupants’ perceptions of daylight in space is influenced by
two dominant factors; mean luminance and luminance variation in
the field of view [56]. Luminance distribution in the field of view
is a motivator for a satisfying daylit environment and it creates a
stimulating and interesting environment [57] . Although this is an
important issue in lighting research, measuring luminance in real
spaces has limitations. Therefore, VR has been used to investigate
the effect of luminance distribution on people's perception. In this
regard, Rockcastle et al. (2017) conducted an experiment using
VR headset to examine the users’ subjective evaluations of
rendered daylit architectural scenes. The subjective evaluation of
users was compared with algorithms, designed to predict the
attractiveness of space in the field of view by changing the sky
type and view directions from a fixed view position. The findings
revealed a dependency between visual interest impressions and
quantitative predictors [46].

In another study, Chamilothori et al. (2019) investigated the
effect of fagade and sunlight pattern geometry on occupant’s
subjective perception and physiological responses in VR. An
irregular, regular shadings and blinds with clear skies and the
penetration of direct light in two different scenarios have been
studied. Fagcade and sunlight pattern geometry significantly
influenced subjective responses for both context scenarios. Facade
and sunlight pattern geometry affected heart rate responses, but
not skin conductance responses [45,44]. Moreover, Hong et al.
(2019) compared the participants’ perceptual responses in the
physical and virtual office spaces and then investigated the effect
of window size on user’s satisfaction using VR. The results of this
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study showed that there was no significant difference in
occupant’s responses between physical and virtual spaces.
Besides, the participants expressed a significantly higher visual
satisfaction, inner space, and openness with higher WWRs (i.e.,
30%, 45%, and 60%) [39]. In the same vein, the effect of physical
properties of the space on users’ perception have been investigated
in some studies. For instance, Moscoso et al. (2020) showed that
creating a pleasant, attractive, bright and spacious space and a
sufficient amount of view, depends on window size. However, the
size of the window depends on other factors such as the size of the
space, especially to create a good view [47].

Omidfar and Chamilothori (2019) used VR to examine the
effect of changing the sunlight pattern geometry, rendering
materials and furniture on people's visual satisfaction. Result
showed that there is a strong correlation between participants’
satisfaction with brightness and other perceptual attributes. Also,
the effect of furniture on brightness satisfaction was not
statistically significant, but colored materials had a significant
effect on participants’ satisfaction with brightness [46]. While
based on Chamilothori et al. (2022) among different parameters
(i.e., fagade geometry, sky type, spatial context and country), the
participants’ subjective impressions is only affected by fagade

geometry [58].

1.2. Research gap and objectives

Based on the literature review, occupants’ preference regarding
artificial or natural light, window direction, WWR, spatial context,
shading geometry, sky condition, material properties, and size of
space in VR experiments are assessed mostly in working
environments and less attention has been paid to educational

spaces. This paper, presents a high accuracy and fast method for
simulating virtual environments in comparison to previous studies
by using the V-Ray in 3Ds Max for rendering daylight scenes to
evaluate the effect of design parameter on user's visual perception
in an educational space in Tehran, Iran. Besides statistical analysis
of participants’ answers, participants’ evaluation of space contrast
and brightness have been compared with the RAMMG and
illuminance indices.

The rest of the paper is organized as follows: The second section
gives an overview of the methodology starting with the process of
simulating VR scenes and followed by experimental procedure
and statistical analysis method. Afterwards, the results, limitations
and suggestions for future research are discussed and presented in
section 3. The last section serves the conclusion and discusses
research implications.

2. Methodology

The method in this study consists of three main steps: modeling
and validation, the VR experimental design, and the statistical
analysis (Fig. 1). The following sections provide detailed
explanations of each step.

2.1. Modeling and validation

The studied space is a classroom (6.5%7.5 and 3.5 m height), with
45% WWR (on the southern wall) and 0.5 m light shelf (Fig. 2) in
Faculty of Architecture at Shahid Beheshti University (SBU)
campus in Tehran, Iran, 35480 19.5"N and 51230 38.0"E.

To simulate the classroom environment with high accuracy,
materials and the colors of all the surfaces in the class were
measured and registered using TES-1332A lux meter and then
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Fig. 1. Illustration of the methodological approach in the study.
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Table 1. Material properties of the classroom.

Surface Interior Wall Ceiling Floor Light shelf Whiteboard
Light Reflectance coefficient /glazing 70% 70% 30% 70% 80%

visible light transmittance

Surface Door External wall Window frame Ground Glazing
Light Reflectance coefficient /glazing 60% 30% 50% 10% 70%

visible light transmittance

Table 2. Variables in this study.

Control variables
Moderator variables
Independent variables

Dependent variables

Aperture ratio of shadings- Day and hour- Space context- Simulation height- Age range of participants
Participants’ personal information- Previous space- Experience of using VR headset
Glazing light transmittance- Surface reflectance coefficient- WWR- Number of windows- Shading geometry

Amount of brightness- Daylight distribution- Acceptable contrast- Preference for changing brightness- Satisfaction with

amount of view
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Fig. 3. Left: Horizontal Louvre Shading (An apartment in Rasht, Gilan)- Middle: Girih tiles shading (Alvand office building, Tehran)- Right: Fakhro Madin shading

(Aghajani Handicraft central building, Tehran) - www.caoi.ir, www.archweb.ir.

used to derive the surfaces’ reflectance and glazing visible light
transmission in VRAY, shown in Table 1. To determine that the
simulated scene is similar to the real class, the illuminance values
of the classroom were measured using TES- 1332A at 6 different
points 0.78 m above the floor at 11 A.M on June 7%. The
illuminance values in a grid of 15 x 23 points (6 x 7 square meters),
were simulated using the "V-ray lighting meter" tool at a height of
0.78 cm above the floor. The correlation coefficient of the
measured and simulated values in these six points is 0.99, which
shows that virtual environment is an appropriate representation of
the physical one.

2.1.1. Design alternatives

Glazing visible light transmission, WWR, number of the windows,
the surfaces reflectance (floor, ceiling, wall, furniture), and the
shading patterns are selected as design variables resulting in
thirteen design alternatives to investigate their effect on the
lighting level, light distribution and perceived contrast, brightness
preference and the view satisfaction. The studied variables are
presented in Table 2.

The reflection coefficients of surfaces included three levels: low
(*), medium (**) and high (***) as presented in Table 3. Models
are defined by considering three materials (i.e., mosaic concrete,
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wood and ceramic) for the floor and two materials (i.e., wood and
plastic) for the desks. The classroom is modeled with three WWR
(i.e., 30%, 45% (real environment) and 60%).

Seventy samples of building facades, which have been built in
Iran since 2001, were collected to select and model shading
geometry in this study. Based on the samples, the three geometries
of the horizontal Louvre, Fakhro Madin and Girih tiles, which are
commonly used as traditional Iranian architectural pattern, are
considered (Fig. 3). The aperture ratio of shadings is considered
50% (+ 2%) of the glazing area and the height of the camera 150
cm above the finishing floor. Consequently, thirteen different
daylit scenes are defined as presented in Table 3. The daylight
scenes are simulated at 10 A.M on December 21 and the sky is
clear with sun in all samples.

Table 3. 13 models rendered for 360 immersive scenes for projecting in VR- surfaces’ reflection coefficient: low(*), medium(**) and high(***).

2.1.2. Simulation procedure

The class is modeled in 3D Max 2020 and V-ray 5 software is used
for the daylight simulations. Since the daylight setup is not
supported in V-Ray 5, a single V-Ray Light type dome is set. The
Dome’s texture is set to Physical Sun and Sky Environment map
which is being calculated with the weather file placed in a Sun
Positioner helper. The Dome texture resolution is increased to its
maximum (8192) for most accurate sampling of the texture [59].
To simulate the space in V-Ray, the reflection coefficient of wall,
ceiling and door surfaces is adjusted using color mapping on
materials based on previous studies [59,60]. Furthermore, texture
images are used for the floor, the board on the wall, and the chairs
and the teacher's desk, while their reflection coefficients are
adjusted through modelling a pair of simple similar rooms with

No. Tvis WWR  Number of

windows

Reflectance

Shading geometry

1 90%  Floor: 30%%*- walls: 70%*- ceiling:
70%* -wooden furniture-light shelf:
70%*

Floor: 30%%*- walls: 70%*- ceiling:
70%* -wooden furniture-light shelf:
70%*

Floor: 50%**- walls: 70%-* ceiling:
80%*** -wooden furniture-light
shelf: 70%*

Floor: 60%***- walls: 80%**-
ceiling: 90%*** -wooden furniture-
light shelf: 70%*

Floor: 30%%*- walls: 70%*- ceiling:
70%* -wooden furniture- light shelf
with high reflectivity***

Floor: 60%***- walls: 80%**-
ceiling: 90%*** -plastic furniture-
light shelf: 70%*

Floor: 50%**- walls: 70%*- ceiling:
80%** -plastic furniture-light shelf:
70%*

Floor: 30%- walls: 70%- ceiling:
70% wooden furniture-light shelf:
70%

Floor: 30%- walls: 70%- ceiling:
70% -wooden furniture-light shelf:
70%

Floor: 30%- walls: 70%- ceiling:
70% -wooden furniture-light shelf:
70%

Floor: 30%- walls: 70%- ceiling:
70% -wooden furniture-light shelf:
70%

Floor: 30%- walls: 70%- ceiling:
70% -wooden furniture-light shelf:
70%

Floor: 30%- walls: 70%- ceiling:
70% -wooden furniture-light shelf:
70%

30% 1
2 70% 30% 1
3 70% 30% 1
4 70% 30% 1
5 70% 30% 1
6 70% 30% 1
7 70% 30% 1
8 70% 45% 1
9 70% 60% 1
10 70% 30% 2
11 70% 30% 3
12 70% 30% 1

13 70% 30% 1

horizontal blinds

horizontal blinds

horizontal blinds

horizontal blinds

horizontal blinds

horizontal blinds

horizontal blinds

horizontal blinds

horizontal blinds

horizontal blinds

horizontal blinds

Girih tiles

Fakhro Madin

P
A ]

B
e

No.12 No.13
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and without texture in 3ds Max. The visible light transmission of
the glass is also defined in V-Ray software using its light refraction
value.

The center point of the class is selected for 360° stereoscopic
simulations and displaying on the headset. The images’ resolution
is set 4000x8000 pixels, and the spherical camera is selected. The
primary engine for Global Illumination (GI) is the irradiance map
and the secondary engine is light cache. Other settings are
presented in Table 4. The simulations are performed on a system
which is supported by an Nvidia GeforcGTX 1060, 6 GB GPU'.
Each simulation lasts about three to four hours.

2.2. Virtual reality (VR) experiment

Due to the limited range of luminance of the VR display, the
resulting HDR (High Dynamic Range) images should be
converted to LDR (Low Dynamic Range) format. The image
reproduction method proposed by Reinhard (2002) [61] has shown

Table 4. V-Ray rendering settings.

the most realistic, detail expression in bright spaces, space
perception, and luminous contrast images in [45,62]. According to
these studies, in the present research, Reinhard 2002 operator is
used to convert HDR images to LDR using Luminance HDR
software with the gamma correction factor of 2.2 and key value of
0.54.

Thirteen simulated images are converted to LDR using
Luminance HDR software and imported into Unity 2019.3 (unity
2019.3.14f1) software. Each 360-degree image is set and saved as
the sky background in Unity software and displayed in VR headset
(Fig. 4). The VR headset used (Oculus Rift S) has an LCD display
with a 2560 x 1440-pixel, with a refresh rate up to 80 Hz.

The questionnaire can be divided into two parts. The first part is
filled by the participants and the second part is asked orally by the
researcher. In the first part of the questionnaire, personal
information included age, gender, level of education, field of
study, the previous environment (in which they were before the
test) and their familiarity with VR headset were asked. The

Irradiance map light cache
Current Preset Subdivs Interp.Samples Subdivs Sample Size Retrace
low 150 20 1000 0.01 2

Fig. 4. Equirectangular image applied as the sky background in the software Unity to create 360 immersive scene- model No.2.

]

|
[
|
[ |
|
|

Fig. 5. The photograph of a participant doing the experiment and exploring the virtual environment.

!Intel(R) core (TM) i7- 8700 CPU-3.2 GHz.3.19 GHz, installed memory 8 GB.64 bit.
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participants’ visual evaluation of lighting in the space including
contrast, brightness, lighting distribution, changing the brightness
and the satisfaction with the view are asked in the second part of
the questionnaire (Table 5). Verbal questionnaires have been used
in experiments using VR headsets in previous studies[31,47,49].
The questions were bipolar ratings with 10-point scale (1
corresponding to not at all and 10 corresponding to very much)
and were based on the studies conducted in the field of "perception
and evaluation of environment lighting by people”
[25,31,36,35,46,63-67].

The experiment is conducted in the VR laboratory in Shahid
Beheshti University on November 11-19, 2020. Five students took
part in a pilot experiment to investigate the comprehensibility of
the questionnaire and some changes were made in the order of the
questions. The participants were invited via posts on social media
groups and verbal invitations and they were volunteers. The initial
total sample size was considered 40 according to the number of
sample size in similar studies[31,35,36,38,68,69]. Due to the
limitations of the research during COVID-19, the test was
conducted with the 33 people (13 women and 20 men).

The age range of participants are considered similar.
Participants’ characteristics, their previous space (before the test),
and their experience of using VR headsets were asked in the
questionnaire. At first, subjects were asked to read a document
containing information about the experiment and then they
answered some questions about their personal information. Then
they were asked to put on the headset. For adjusting the headset
on their eyes, simulated scene on a summer day in which the light

Table 5. The verbal questionnaire.

was diffused in the space was shown to the participants. Before
asking the questions, all the images were shown to the participants
once (each image for 3 to 5 seconds). The images were shown
sequentially without break to participants and questions were
asked orally. The participants were given enough time to answer
each question, and it was possible to go back to the previous
images during the experiment. The duration of the experiment was
30 to 40 min per participant, conducted in scheduled appointments
from 9:00 AM to 4:30 PM (Fig. 5).

2.3. Statistical analysis and comparison with indices

Statistical analyses are conducted using statistical software SPSS.
The significance of each independent variable on users' responses
is examined by mean comparison tests and the relationship of
questions (interrelated variables) by correlation tests. Due to the
small number of samples and according to the results of the studies
[70] and [71], Shapiro-Wilk test is used for assessing normality of
data distribution. Based on the results of normality tests, the
distribution of all data was non- normal and Spearman correlation
test, U-mean (Mann-Whitney), H (Kruskal-Wallis) and Friedman
test are used with a significance level of 0.05.

Moreover, participants’ evaluation of space contrast and
brightness have been compared with the RAMMG and
illuminance indices. RAMMG 1is one of the local contrast
algorithms developed by Rizzi et al. [72] which measures the
contrast of the image by considering the luminance difference of
a pixel and its neighborhood or the local features of an image.
RAMMG applies a multi-level approach to compute mean local

Question

10- point Likert scale

How bright is this space?

How distributed is the light in this space?

How contrasted is the light in this space?

What is your preference for the brightness in this space?

How satisfied are you with the amount of view in this space?

0= completely dark, 10= completely bright
O=completely non-uniform, 10= completely uniform

0= completely unacceptable, 10= completely acceptable
0= completely darker, 10= completely brighter

0= completely dissatisfied, 10= completely satisfied

Table 6. Radiance parameters values used in Climate Studio simulations.

ab (ambient bounce) Iw (limit weight)

ad (acceleration device)

60 0.01

1

Gender: (DFemale () Male
@<2s5 (92530 [ 30<
Acedemic Degree: .Undergraduate ® Master @ PHD
VR Experience: @ ves ®No
Major: @ Architecture ® Other
Previous Space: @ Outdoor ) Indoor

Fig. 6. Participants' information asked in the first part of questionnaire.
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pixel variations across a subsampled pyramid structure, to account
for perceived differences in brightness across multiple image
resolutions [73]. In some studies by Rockcastle [73-75,65], this
index has also been found significantly related to participants'
evaluation of the contrast, stimulation, excitement, and complexity
of the space. Each of the 13 scenes is analyzed in Python 3.7 using
the RAMMG contrast metric [76]. In addition, daylight levels are
simulated in each model by Climate Studio software (Table 6) at
10 am on December 21. The point-in-Time Illuminance data are
calculated in a 0.6*0.6 m grid at the eye level (elevation of 1.5 m).
The area with useful illuminance (between 300-3000 lux) in each
model is calculated and compared with participants’ responses.

3. Results and discussion

3.1. Survey results

Thirty-three people, between 20 and 32 years (39% female and 61%

male, p: 24.64 years old, SD = 3.86) participated in the test, which

45% of them had experiences of using VR headset before the test.
To assess the impact of their previous environments on light
perception in the VR headset, participants were also asked about
their previous space, where 55% were indoors before the test. Half
of the participants studied architecture (Fig. 6).

Testing the effect of participants’ age, gender, major,
experience of using the VR headset and their previous space,
shows that the experience of using the headset has a significant
effect on participants’ perception of daylight distribution and their
preference for brightness. In addition, the previous space
participant attended before the test is effective on users'
assessment of the brightness, daylight distribution and the
acceptable contrast. The participants’ field of study has a
significant effect only on people's assessment of the amount of
brightness and the preference for brightness and does not affect
other dependent variables (Table 7).

Table 7. The effect of participants’ experiences and major on 5 aspects of visual perception.

Dependent variables Moderator variables

Experience of using VR headset Previous space Field of study
Amount of brightness 0.088 0.004 0.014
Daylight distribution 0.000 0.000 0.436
Acceptable contrast 0.998 0.000 0.774
Preference for brightness 0.000 0.747 0.000
Satisfaction with amount of view 0.063 0.656 0.783

Table 8. The effect of independent variable on dependent ones using Friedman test with p-value of 0.05.

No. sample Design variable Brightness Daylight Acceptable Preference for the  Satisfaction with
amount distribution contrast brightness amount of view
1,2 glazing visible light 1 :0.529 $:0.250 x> :2.778 0111 1 :5.556
transmittance sig: 0.467 sig:0.617 sig:0.096 sig:0.739 sig:0.018
2t07 reflectance of surfaces 1%:39.415 1%:32.208 ¥*:21.006 1%:42.635 1%:3.736
sig:0.000 sig:0.000 sig:0.001 sig:0.000 sig:0.588
2,89 WWR 1*:31.248 12:19.942 1%:4.340 1*:18.909 1%:40.922
sig:0.000 sig:0.000 sig:0.114 sig:0.000 sig:0.000
2,10,11 number of windows 1*:4.769 1*:17.38 x%:4.160 $*:0.209 1%:6.529
sig:0.092 sig:0.000 sig:0.125 sig:0.901 sig:0.038
2,12,13 shading geometry 122,721 112,727 ¥*:0.396 1%:0.418 $%:5.200
sig:0.257 sig:0.002 sig:0.820 sig:0.812 sig:0.074

Table 9. The correlation between studied variables using Spearman correlation test.

Daylight distribution Acceptable contrast Changing amount of Satisfaction with amount
brightness of view
Brightness 0.279%* 0.096* -0.407** 0.386**
sig 0.000 0.048 0.000 0.000
Daylight distribution 0.124* 0.014 0.230**
sig 0.010 0.780 0.000
Acceptable contrast -0.058 0.186**
sig 0.232 0.000
Changing amount of brightness -0.183**
sig 0.000

**: Correlation is significant at the 0.01 level.

*: Correlation is significant at the 0.05 level.
|:| Weak positive correlation |:| Moderate positive correlation

D Weak negative correlation I:l Moderate negative correlation
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Participants' answer percentages and RAMMG values for 13 scenes
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Fig. 7. Percentage of participants' assessment of the acceptable contrast of each image on a Likert scale for different values of RAMMG.

In order to evaluate the effect of the studied parameters on the
participants' evaluation of each design alternative, the
participants’ responses in each group is analyzed separately.

According to results, shown in Table 8, among the studied
parameters, only changing the reflectance of surfaces and WWR
have a statistically significant effect on participants’ evaluations
of brightness in the space (p<0.05) Besides, daylight distribution
is affected by changing reflectance coefficients, WWR, number of
windows and shading geometry. Moreover surface reflectance
have a significant influence on both acceptable contrast
participants’ preference for the brightness, while the latter is also
influenced by WWR. In addition, changing glazing visible light
transmittance, WWR and number of windows significantly affect
their satisfaction with the amount of outside view. Also other
findings of parameters’ influence on participants’ evaluations
confirm the calidity of the model, according to the similarity of the
results to the previous studies (e.g., window size effects on
participants’ spatial perception and satisfaction with amount of
view as in [47] and higher occupants’ satisfaction of visual
comfort, inner space and openness with higher WWRs as in[39]).
However in other studies [48], participants’ perception and
emotional states for instance satisfaction with view and amount
of view is influenced by facade clarity and in [58] fagade geometry
has significant effects on perceived brightness and amount of
view.

In the next step, further analyses are performed to investigate
the association between examined attributes. Table 9 presents the
correlation between studied variables and shows that there is a
weak (0.3 <p <0.5) to moderate (0.5 <p < 0.7) uphill degrees of
correlation for almost all the variables. Also, the minimum
correlation coefficients are between acceptable contrast with
brightness and daylight distribution (0.096 and 0.144 respectively)
and the maximum correlations are between the question about
amount of brightness with preference of changing it and

satisfaction with the amount of view (0.407 and 0.386
respectively).

Statistically, significant (positive) associations are found
between the brightness and participants’ satisfaction with amount
of view and between the brightness and their preference to change
the brightness (negative). Moreover, a weak positive correlation is
found between brightness and acceptable contrast, brightness and
daylight distribution, and also between daylight distribution with
contrast and view, and finally a negative weak correlation between
satisfaction with view and changing the brightness. Indeed, the
results align with the findings by Omidfar Sawyer and
Chamilothori [46] who indicated that there is an association
between participants’ evaluation of brightness and other visual
perceptions (e.g. outside view) and the occupants’ perception of
brightness must be studied with considering other visual attributes.

3.2. Comparison of the participants' assessment of the contrast
acceptability with RAMMG

In order to compare participants' evaluation of the acceptable level
of contrast with the RAMMOG, the correlation coefficient between
all participants' answers and the RAMMG metric is calculated.
Using Spearman test, the correlation coefficient of participants'
evaluation and RAMMG index is -0.093 (p-value<0.1), which
shows a weak correlation. Figure 7 shows the percentage of
participants’ answers of contrast for each scene with different
RAMMG:s.

The highest values of RAMMG belongs to models No.8 and 9,
with 45% and 60% WWR. More than 50% of participants
evaluated the contrast in these scenes unacceptable. The models
No. 11 and No. 12 with two and three windows respectively, have
almost equal RAMMG index. However, the contrast is acceptable
in the class with three windows and unacceptable in the class with
two windows (model No. 10) and one window (model No. 2 )
based on more than 50% of participants’ answers.
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Fig. 8. Comparing percentage of participants' answers and area with illuminances between 300 and 3000 lux.

The RAMMG is almost equal in models No. 12,13 and 2 with
different shading geometry, but according to the participants’
opinion, contrast in model No. 2 with louvre shading geometry is
more acceptable than the geometry of Fakhro-Madin and Girih
tiles. The contrast in the class with high reflectivity light shelf is
unacceptable for nearly 70% of participants, while RAMMG is
almost similar to class No.l and No. 2. The contrast in classes
with ceramic and wooden floor and blue desks is evaluated
acceptable by more than 50% of participants (No. 4, 6, and 7). In
class No. 3 (wooden floor and chair), even though the value of
RAMMG is the lowest and close to samples 7 and 4, the
participants rated the contrast of this scene lower than 6 and
unacceptable. Ultimately, the occupants’ evaluation of the contrast
in the space depends on the materials and their colors ( in addition
to their reflectance coefficient) , the number and dimensions of the
windows and shading geometry (variables investigated in this
research) and it is not possible to define certain ranges for
acceptable or unacceptable values for indices like RAMMG (the
spearman correlation test p-value = 0.053 (>0.01)). In previous
studies, RAMMG is correlated with visual interest impressions
[65] and is a good predictor of contrast-based visual effects
(diffuse — direct, calming — exciting and subdued — stimulating)
[74] . In previous studies VR scenes are rendered in grayscale so
it is necessary to conduct more experiments to investigate the
correlation between occupants’ contrast assessment and such
quantitative predictors.

3.3. Comparison of the participants' assessment of the brightness
with point in time illuminance

To identify the gap between lighting standards and occupants’
perception of lighting some attempts have been made to propose
new acceptable ranges for daylight metrics or address more
correlated metrics to explain the perceived brightness in the space
more accurately [24,77,78].

The percentage of area with illuminance lower, between, or
higher than 300 - 3000 lux, versus the percentage of participants’
answers to perceived brightness (1 to 10 in Likert scale) are shown
in Fig. 8. Participants assess model No.1 with 90% glazing light
transmittance and more illuminance values brighter than model
No.2. The percentage of area with illuminance between 300 and
3000 lux in models No. 3, 4, 6, and 7 is the same, however the
reflection coefficient of the surfaces and the illuminance values of
points of models No. 4 and 6, are higher than those of model No.3
and 7 (respectively). Model 4 is assessed brighter than 3, but
models 6 and 7 are evaluated almost the same. In model 5 with
high reflective light shelf, the brightness of the points is higher
than in model 2, the percentage of the space with lighting is 300
to 3000 lux is equal, and there is not much difference in the
responses of the participants. The percentage of area with more
than 3000 lux illuminance in model No. 9 (with 60% WWR) is
more than other scenes. Despite the larger windows in samples 8
and 9 and higher brightness in these two models, participants

2383-8701/© 2023 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

55 M. S. Mirdamadi / Journal of Daylighting 10 (2023) 45-59

assessed the models with higher reflection coefficient (for
example, No. 4) brighter. In scenes 10 and 11 witha WWR of 30%,
illuminance at the eye level is almost equal to scene No. 2, but
according to the participants, model 11 with three windows is
brighter. The amount of brightness in models 12 and 13 is almost
equal to model 2, but the participants rated model 2 with the
horizontal louver shading brighter. In summary, the brightness
perceived by people depends on the color of the surface material
in addition to the reflection coefficient of the surfaces, which is in
line with the results of previous study by Omidfar Sawyer and
Chamilothori [46] who indicated that colored materials have
significant effect on people’s satisfaction with brightness. These
results as well as the results of [55] that students’ memory
improves in less illuminated classrooms (100 lux rather than 300
and 500 lux) have important effects on energy use of lighting in
spaces.

The luminance range of VR displays is one of the main
limitations of the present study. The maximum brightness of
Oculus Rift S display is 74 cd/m?. Therefore, it is not possible to
study glare or an annoying luminance with a VR headset.
Furthermore, at the time of the test, due to restrictions because of
the spread of the Covid-19, this research was conducted with 33
participants and it is suggested that future experiments will be
conducted with more people. This experiment is conducted in a
VR scene with the perspective view of a fixed point of a standing
subject in the center of a university classroom. In future studies it
would be useful to conduct similar experiments for other buildings
such as offices, hospitals and schools with other points of view
(e.g. sitting at the desk) to uncover additional correlations between
lighting parameters and occupants’ perception and increase their
performance. In some previous studies, conducting a visual task
(e.g. reading a text [52,79] discriminating colors [35,80]) was
asked of the subjects, which can be beneficial to figure out IVR
realism and compare different environments. Lastly, five features
of the space with a clear sky were investigated in this paper and
future research with other spaces’ features, sky condition and age
ranges of participants is needed.

4. Conclusion

This paper, presented an experiment in VR in which participants
assessed their perceptions and impressions of a daylit classroom
across series of variations of glazing light transmittance, surface

Table Al. V-Ray material properties for the surfaces (invariable).

reflect coefficients (materials), WWR, number of windows and
shading geometry. The main purpose of this study was to
investigate variables in the interior spaces, which have more
effects on occupants’ perception of daylight. For these aims, 13
physically based classrooms were simulated with high speed and
accuracy in V-Ray software. Then, participants' visual perception
and evaluation of the brightness, lighting distribution, contrast,
and view were questioned in an immersive VR using a 10-point
Likert scale survey. The findings in this study demonstrate that
changing some parameters affecting the lighting of the space has
no significant effect on occupants’ visual perception of lighting,
lighting distribution, acceptable contrast and satisfaction with
amount of view. The results of the correlation between the
dependent variables also indicates that people’s visual perception
and evaluation aspects depends on each other and can not be
investigated without considering the features of the environment,
which immerse human’s visual perception. Afterwards, the local
contrast metric (RAMMG) is calculated for all thirteen images.
Results of RAMMG is compared with the opinion of the
participants regarding the contrast acceptable. Based on the
statistical results, there is no correlation between people's opinion
and this index. By comparing the results of RAMMG and the
opinion of the participants, using ceramic floor (with high
reflection coefficient) and furniture with blue color made the
contrast of the surfaces more acceptable for participants despite no
significant change in RAMMG. Also, by increasing the number of
windows (with constant WWR), the contrast of the surfaces is
evaluated as more acceptable. This study emphasizes the need to
consider the evaluation of users in addition to quantitative metrics
for assessing the lighting of indoor spaces. Lastly, the Point-in-
Time Illuminance of scenes in eye height of participants is
calculated using Climate Studio software. By comparing the
results of illuminance values in thirteen scenes with participants’
evaluation of brightness it can be concluded that the perceived
brightness by people may change by changing the material with
the same reflection coefficient, despite of no changing in
illuminance. Therefore, further research is encouraged to explore
a wide range of stimuli on human’s visual perception in indoors to
discover the validity of the present study findings in other spaces,
sky types and interior space features.

Appendix Al

Material- Reflection coefficient

V-Ray material proeprties

Vray color map-diffuse color:153

RGB multiplier:0.004
Reflect color: black- fresnel reflection: disabled
Refract color: black

Preset: Aluminium

Diffuse color:42
Reflect color: white-roughness: 0-metalness: 1
Refract color:black-glossiness:1-IOR:1.002

Door Door: 60%
Handle
Whiteboard Whiteboard: 80%

Preset: Aluminium

Diffuse color:230
Reflect color:white-roughness:0.08-metalness:0.2
Refract color:black-glossiness:1-IOR:1.002

Frame

Preset: Aluminium

Diffuse color:230
Reflect color:white-roughness:0.09-metalness:0.18
Refract color:black-glossiness:1-IOR:1.002
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Wall board Carpet: 10% Vray bitmap- Tiles-U:10.1-V:6.2
Frame: 70% Vray color map-diffuse color:178.5
RGB multiplier:0.004

Reflect color: black- fresnel reflection: disabled
Refract color: black

Presenting desk Vray bitmap
Professor desk Wood Vray bitmap
Aluminum Preset: Aluminium
Diffuse color:205

Reflect color:white-metalness:1

Refract color:black-glossiness:1-IOR:1.002
Window frame Metal Vray color map-diffuse color:127.5

RGB multiplier:0.004

disabled Reflect color:black- fresnel reflection:

black Refract color:

Window shelf marble Vray bitmap-
Tiles-U:9.2-V:0.4

Brick facade 30% Vray bitmap-
Tiles-U:2.5-V:2.5

Ground Asphalt: 10% Vray color map-diffuse color:25.5
RGB multiplier:0.004

Reflect color:black- fresnel reflection: disabled
Refract color:black

Shading 50% Vray color map-diffuse color:127.5
RGB multiplier:0.004
disabled Reflect color: black- fresnel reflection:
black Refract color:

Table A2. V-Ray material properties for the surfaces (variables).

Material (dimensions in cm) Reflection coefficient/visible light V-Ray material
transmittance
Floor
Mosaic (real model) (30*30) 30% Vray bitmap
Wood (10*100) 50% Vray bitmap
Ceramic (40*40) 60% Vray bitmap
Wall
Light grey (real model) 70% Vray color map-diffuse color:178.5
RGB multiplier:0.004

Reflect color: black- fresnel reflection: disabled
Refract color: black

Light grey 80% Vray color map-diffuse color:204
RGB multiplier:0.004
Reflect color: black- fresnel reflection: disabled
Refract color: black

Ceiling

Light grey (real model) 70% Vray color map-diffuse color:178.5
RGB multiplier:0.004
Reflect color: black- fresnel reflection:disabled
Refract color:black

Light grey 80% Vray color map-diffuse color:204
RGB multiplier:0.004
disabled Reflect color: black- fresnel reflection:
black Refract color:

Light grey 90% 229.5Vray color map-diffuse color:
RGB multiplier:0.004
disabled Reflect color: black- fresnel reflection:
Refract color:black

Window glass

Glazing (real model) 70% Diffuse color: black

Reflect color: white
Refract color:185
Refract IOR: 1.5
Glazing 90% Diffuse color: black
Reflect color: white
Refract color: 238
Refract IOR: 1.5
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Light shelf

mirror

Desks
Wood (real model)
Metal (real model)

Blue

Grey

Appendix A2

A2 Questionnaire

Diffuse color: black
Reflect color: white
Refract color: black
Refract IOR: 1.5

Vray bitmap

Preset: Aluminum

Diffuse color:42

Reflect color: white-roughness:0-metalness: 1
Refract color: black-glossiness:1-IOR:1.002
Vray color map-diffuse color:R:0, G:4, B:34
Roughness: 0.86

Reflect color: black -Glossiness: 0.45
Refract color: black- Glossiness: 1

Vray color map-diffuse color:R:8, G:8, B:8
Roughness: 0.4

Reflect color: black-Glossiness: 0.35
Refract color: black- Glossiness: 1

Gender:

Age:

Major:

Academic Degree: Undergraduate Master of Science PhD
Have you ever experienced VR Headset? Yes No

Your previous space: Indoor Outdoor

Table A3. The verbal questionnaire of the experiment.

Question

10- point Likert scale

How bright is this space?

How distributed is the light in this space?

How contrasted is the light in this space?

What is your preference for the brightness in this space?

How satisfied are you with the amount of view in this space?

0= completely dark, 10= completely bright
O=completely non-uniform, 10= completely uniform

0= completely unacceptable, 10= completely acceptable
O=completely darker, 10= completely brighter

0= completely dissatisfied, 10= completely satisfied
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