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Abstract

The achievement of a good visual environment is key to guaranteeing human satisfaction
indoors. In this context, it is crucial to assess the visual environment through the measurement of
human perception. However, the assessment of the visual environment through human perception
is often complicated. Using real spaces or mock-ups is time consuming, costly, and does not allow
the control of all possible variables (e.g., daylight). Photorealistic rendered images present several
limitations, starting from the veracity of the visual stimulus presented to participants. Virtual Reality
(VR) is emerging as a valid alternative for evaluating the perception of the indoor visual environment
due to the ability to control selected variables, analyze cause-effect relationships, and save time and
cost, especially for the evaluation of daylit spaces. The high level of immersion and the possibility of
interaction provide an opportunity to study users’ perceptions and behaviors. However, some
aspects of light assessment in VR need further investigations, such as the comparability of the
perception of light in real and virtual environments. This paper reviews the available literature on
the topic, highlighting the advantages and disadvantages related to the use of VR for lighting
research and design. Previous research is classified into 1) studies focused on the comparability
between lighting conditions in VR and real environments; 2) studies about users’ perception and
behavior with respect to lighting scenarios in VR; and 3) studies exploiting VR for lighting design.
Hardware and software used in existing literature are further analyzed. This paper highlights that
more studies are needed to define a common investigation protocol to make VR a valid investigation
tool for lighting research studies aimed at evaluating visual quality and lighting perception.
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1 Introduction

Virtual Reality (VR) is used in many fields, from industrial design [1] to healthcare facilities [2].
Because of its ability to immerse participants in the virtual environment and isolate them from the
outside world, it has great potential for conducting lighting research studies [3]. This is the primary
reason the authors decided to run this systematic review, covering the theme of VR for assessing
visual quality and lighting perception.
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1.1 Lighting perception assessment methodologies

As it may be related to different domains, the visual quality concept has not a unique definition.
Within the building/architecture domain, it is associated with visual comfort, defined by EN 12665
as “a subjective condition of visual well-being induced by the visual environment” [4], [5]. According
to the International Commission on Illumination (CIE) definition, light is “radiation within the
spectral range of visible radiation, i.e., the optical radiation capable of causing a direct response of
the visual system to stimulation” [6]. Therefore, the presence of a visual system able to perceive
luminous stimuli is the necessary condition for light description. Without the human visual system,
the very concept of light would be meaningless. Although this observation may seem obvious to
those typically dealing with light, it is of fundamental importance since it is the base of the primary
goal of lighting design: a luminous environment thought for human well-being. Although in recent
decades the term “human-centric lighting” has become widespread to refer to lighting aimed at
eliciting so-called non-visual effects, good lighting is by definition human-centric, as suggested by
Houser et al. [7].

This implies that any study on light cannot overlook the human factor and that parameters
describing the quality of the luminous environment must be based on human responses to light. For
this reason, much of the research in this area has focused on studying human perception
mechanisms in response to a wide variety of lighting aspects (e.g., glare sensation, color perception,
occupants’ preferences regarding different lighting conditions).

Irrespective of the specific goal, the common elements of all these studies are the need to set
realistic luminous conditions and gather information on users’ reactions to them. Crucial in this
context is the setup of the visual condition to be tested (i.e., the implementation of the experimental
set-up), which should be as close as possible to real conditions. The more realistic the setting, the
more reliable the results of the experiment, as confirmed by Boyce [8]. Different methodologies are
used to achieve this goal.

Some studies are developed in real spaces (i.e., field studies), where people perform their usual
activities. The research approach, defined by Heydarian and Becerik-Gerber [9], consists in
administrating a questionnaire to occupants (survey-based study) or directly observing people’s
behavior (observational studies). The goal is to test preferences regarding several aspects of the
visual environment (e.g., illuminance levels, Correlated Colour Temperature, glare) or to understand
how occupants interact with building systems like lighting controls or shading devices in response
to specific visual conditions. Many studies exist on the topic, as reported in the systematic review
of Logaddttir et al. [5]. Undoubtedly, studies in real spaces provide the possibility to test the most
realistic visual conditions. However, they present two main limitations. First, a significant amount
of time and resources must be spent to gain access to real buildings and obtain owners' consent.
Second, field studies are affected by a reduction in control over environmental conditions, as it is
difficult, and sometimes impossible, to manipulate specific variables while controlling others [9].
Therefore, it is challenging to identify cause-effect relationships correctly (e.g., if visual sensation
changes throughout the day, is it due to the difference of time, illuminance levels, or a
combination?).

Full-scale mock-ups are used as an alternative to real spaces as they allow better control of the
luminous scenarios during an experimental time. As a result, they provide a more accurate method
to determine the cause-effect relationship. Mock-ups can be used to simulate the lighting conditions



of any typology of space, from an office [10-12] to a single-aisle aircraft, as considered by Albers et
al. [13]. The mock-up method provides key information regarding the correspondence between the
phenomenon manifestation and the causes determining it (i.e., cause-effect relationship). Mock-
ups must be built explicitly, taking into account space restrictions and consuming a relatively large
amount of time and money. In addition, only limited configurations can be tested [9], reducing the
complexity of real spaces in which multiple stimuli occur in combination.

Another experimental alternative consists in using photorealistic rendered images, generally shown
on a screen. Some studies report positive results with this method, which also presents the benefit
of reducing setting time and costs. Newsham et al. [14] conclude that evaluating images can be
valuable for research and design activities. Nascimento and Masuda [15] demonstrate that image-
based analyses can be conducted even when the represented subject is very complex, such as
artwork. The need to distinguish a rendering from a photograph has been highlighted in some
studies. Nishimura et al. [16], evaluating the luminance and chroma on an HMD and display screen,
and Siess and Wolfel [17], have focused on adjusting color temperature, saturation, and contrast on
a PC screen and an HMD in relation to personal preferences.

Some limitations exist in this approach as well. First, considering the results of the study conducted
by Mahdavi and Eissa [18], it is still not clear if the subjective responses obtained by looking at two-
dimensional images are comparable to those reported in a real environment. The elicited sensation
from the reproduced luminous environment is entirely different from the real one since the subject,
while looking at the images, is also located in a space characterized by lighting conditions different
from those of the test spaces representing the image. Second, the chromatic appearance of an
object can be different if the object is seen in person or through an image, which is also affected by
the lighting conditions of the space. Finally, traditional 2D or 3D images present static outputs, lack
interaction, and cannot be used to experience all lighting conditions such as glare [19].

VR represents a potential tool to evaluate subjective responses to visual conditions addressing
limitations of the other experimental methodologies.

1.2 VR applications for the built environment

VR is a technology that permits immersion of the user within the digital content, making them part
of the simulated scenario, and replacing the physical world through different devices, such as CAVEs
(Cave Automatic Virtual Environments) or HMDs (Head Mounted Displays) [20]. VR is part of the
larger family of Extended Realities (XR), i.e., a group of modeling and visualization technologies able
to provide the so-called Immersive Virtual Environments (IVEs). XR technologies, besides VR, are
predominantly represented by Augmented Reality (AR) and Mixed Reality (MR) [21]. AR allows
overlay of digital content and information onto the physical world using screen-based interfaces
such as mobile devices and dedicated glasses. MR, a technology still under development, aims at
merging both the physical and the virtual world, providing digital content in the form of responsive
assets to the surrounding physical environment, and focuses on the interaction between user and
environment reproduced on the device [21].

In the last two decades, VR has found applications in many fields, such as clinical and rehabilitation
[22], training and education [23], and design and manufacturing [24]. Specifically, for engineering
and architectural applications, its use was exported to fields from interior design to construction
site organization [21]. In the latter, for example, it has been employed as an educational tool for



workers’ training [25]. Moreover, it has been seen that IVEs could be employed as a support tool
related to Building Information Modelling (BIM) software and Building Performance Simulations
(BPSs) [26]. Additionally, thanks to its ability to reproduce the real environment inducing emotions
and moods [27], VR has recently found applications supporting environmental design studies on
occupants’ behavior [28].

Due to the mentioned reasons, and in response to the 2002 comparative study performed by Billger
and d’Elia [29], a tool which permits a higher grade of interaction and immersion in a reproduced
space has gained the interest of lighting researchers and designers as well, who are increasingly
utilizing this technology [30]. VR provides the possibility to create and assess specific virtual mock-
ups in a more straightforward, faster, and cheaper manner compared to physical mock-ups [31].
Moreover, Ergan et al. [32] quantified how the versatility of modeling tools allows for simple
manipulation of all the involved variables at will, either one in turn or in a combined way, to make
the management of the experiment easier and to provide the possibility of understanding cause-
effect relationships. In addition, it must not be neglected that simulation software allows for the
design of virtual spaces with varying degrees of interaction. Consequently, users might be simple
observers judging luminous scenes previously selected by the researchers, such as the studies by
Siobhan Rockcastle, Kynthia Chamilothori [33], and Amirkhani et al. [34], or they could interact with
the virtual space by changing several variables (e.g., luminous flux emitted by luminaires, the color
tone of light, optical properties of the surfaces) and selecting the luminous scenario they prefer
using BIM as performed by Natephra et al. [35] and Wong et al. [36]. This allows the possibility to
perform both survey-based experiments aiming at defining occupants’ preferences, and
observational ones, in which participants’ behavior may be studied. VR can also be a valuable tool
in the study of daylit spaces. Daylight continuously changes over time and space, and in standard
experimental studies it is impossible to show the same condition in different moments of the day
and year to various subjects. Virtual reality presents a possibility to deepen the study of daylight,
analyzing its complexity, users’ perception, impression, and behavior, and even its effects on energy
savings in buildings [19][31][33]. Indeed, the possibility to identify occupant preferences may lead
to an optimization in the use of lighting and shading systems, with a consequent reduction of the
lighting-related energy consumption, as confirmed by the study performed by Heydarian et al. [37].

With reference to lighting design applications, Hong and Michalatos [38] and Lee [39] demonstrated
how VR could be a helpful tool for designers, helping them in the decision-making phase, and for
customers, who could be better involved in the design process.

Despite the increasing use of VR in lighting research and design, it is not completely clear how
perceptions in real and virtual environments compare. Several factors should be considered in this
comparison. Some of them are strictly connected to the way light and materials are simulated in VR
[30] and the luminous stimulus produced by the technological tools used to reproduce virtual spaces
(e.g., the head-mounted devices) [40]. Other factors, not necessarily directly influencing the
luminous sensation, interfere with other spheres of perception and may affect the sense of presence
(i.e., the “the subjective experience of being in one place or environment, even when one is
physically situated in another” [41]) and consequently the visual perceptions and evaluations. A
more realistic scene translates into optimal modeling and accurate simulation of the environment
in terms of geometry, color, shading, and texture. Beyond the proper geometrical modeling of the
scene, Gerschiitz et al. [42] note that factors affecting the VR perception are 1) spatial perception



(i.e., appraisal of object size and distances [43,44]), 2) realistic interaction with the model, in turn
divided in realistic manipulation (i.e., haptic feedback from interaction tools such as keyboards,
gamepads or more sophisticated hand controllers) and realistic navigation, and 3) cybersickness.
The last is a side effect of the use of VR, causing headaches, eyestrain, nausea, or disorientation
[45]. It may be due to the mismatch between visual motion cues and motion cues sent by the human
sense of balance.

1.3 Study goal

This paper aims to analyze the available literature in which VR is used to support lighting research
and design. The analysis focuses specifically on factors strictly connected to the visual sensation of
the luminous environment. It neglects those related to the other spheres of perception, such as the
appraisal of object size and distances, already well discussed in previous works [9,42]. For example,
the study focusing on the fidelity of the visual appearance of real objects displayed in VR [40],
despite the analysis encompasses the use of two lighting conditions under which the objects are
illuminated, is not included in the review as the study does not focus on the perception of the
luminous environment but only on the evaluation of the represented objects (e.g., color, shading,
texture, definition, geometry, chromatic aberration, and pixelation).

The rigorous systematic review methodology used to collect papers dealing with this specific topic
is explained in Section 2. A general overview of the collected articles is described in Section 3. In
Section 4, the detailed description of the selected papers is reported. Articles are classified
according to the specific type of investigation in three subsections. Studies in Section 4.1 face the
problem at a basic level, comparing virtual environments with real ones, to understand if the
luminous sensation in VR can be representative of real sensation. Articles discussed in Section 4.2
assume that the visual sensation in VR is reliable and utilizes VR to investigate users’ preferences
about several aspects of lighting or their behavior in interacting with the luminous environment.
Finally, works in Section 4.3 show how VR may be an important tool during the design process.
Section 5 focuses on hardware and software due to the crucial role played by the technology in the
definition of the IVEs.

2 Methodology

The methodology used for collecting the papers consists of three steps: 1) identification of the
database for the query, 2) query definition, and 3) identification of other studies acquired by other
sources.

As a first step, the search engine Scopus developed by Elsevier was selected from the various
databases available (e.g., PubMed, Web of Science, Google Scholar), whose resources include the
Institute for Scientific Information (ISI) and Scopus-indexed papers primarily focused on the domain
of physical and social sciences over the period 1966- April 2021 [46], which is consistent with the
purpose of this research as the first paper linking VR with lighting-related issues [47] is dated 2014.

The search engine of Scopus is flexible: it allows basic or advanced search functionality. The latter
function allows to code with operators to make a customized and specific query. A detailed search
guide can be found in [48]. The query was set in line with the goal outlined in Section 1.3. Figure
LFigure1 shows its structure.
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visual lighting daylighting daylight sunlight "indoor
comfort" "Indoor lighting design" "color fidelity" virtual reality" "Immersive
visualization" perception preference feedback "occupant behavior"

Figure 1. Scopus’ query structure consisting of 3 sections

The AUTHKEY field code was considered so that only documents in which the selected words appear
in the keywords assigned to the document by the author(s) were selected. The search considered
only AUTHKEY because no other characteristic of a paper (e.g., title, abstract) has the same power
to describe the essence of the article in a few words [49]. The following sections characterize the
query:

1. The first set of keywords (in red) covers indoor comfort in general and lighting-related aspects.
The operator OR joins the words such that at least one of the considered terms is included.

2. The second set of keywords (in green) is connected to the first set with the AND operator and
is characterized by two target keywords referred to VR.

3. The third set of words (in blue), also connected with the AND operator, considers the human-
centric perspective related to this area of research.

The timeframe for publications was not specified in the general structure of the query, thus allowing

to exclude a biased sample due to arbitrary constraints on the year range. For the same reason, no

geographical location limiters were considered.

This configured query returned 167 papers (assessed in April 2021).

Following the PRISMA diagram, usually reported in review study to assure reproducibility and
transparency of selection criteria [50], 27 additional studies, not identified by the above-reported
query and identified through other sources, were considered. They were acquired by the authors in
previous studies about the topic and considered crucial even if not intercepted by the systematic
review process. Figure 2Figure—2 shows the followed flow diagram, reporting the information on

how manuscripts were acquired and analyzed. As it can be seen in Figure 2, the final number of
papers (N=33) is the result of a selection process consisting in two phases of screening aiming firstly
at removing duplicates and secondly at excluding works not perfectly matching the topic of the
research, identified by reading the title and the abstract. Finally, the eligibility of the remaining
papers is analyzed via full-text reading.
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167 studies identified 27 studies identified
through query searching through other sources
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Figure 2. PRISMA flow diagram

It is possible to highlight how the duplicate papers were 15, and the total number of papers
considered in the following steps was 179. The screening process and eligibility assessment could
be affected by bias [51]. This may be due to a unilateral decision by only one author [52]. To avoid
these circumstances, all the authors performed a tedious and time-consuming data extraction and
then reached a consensus over discrepancies through discussion [52].

Of a total of 33 selected manuscripts, 84% are indexed on Scopus, while only 16% were derived from
other sources.

To verify the effectiveness of the selection process as described above, an Explanatory Data Analysis
(EDA) was performed considering the titles and the abstract of the selected documents. For this
purpose, the text of the title and abstract of each selected paper were considered: each sentence
was tokenized, then all punctuations marks, stop words, and words less than 3 letters in length were
removed. A lemmatization process was then performed, consisting in converting a word into its base
form. This method differs from the stemming process because it considers the context and converts
the word to its meaningful base form, whereas stemming only removes the last few letters, often
resulting in incorrect meanings and spelling errors (e.g., ‘caring’ lemmatized is ‘care,” whereas in
stemming the base form is ‘car’). Then bigrams and trigrams were formed, each referring to two or
three words frequently occurring together in the selected text (e.g., virtual_reality, lighting_design).
Finally, the EDA was performed using the wordcloud package for Python, where the importance of
each word is displayed in terms of frequency of occurrence with font size (Figure 3Figure-3). Figure

3Figure3 shows the fifty most frequent words in the text of the title and abstract, ensuring that the
screening process and eligibility assessment were performed correctly and that the selected papers
were consistent with the aim of the research. The most frequent words are lighting, design,
perception, virtual reality, and building.
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Figure 3. Exploratory Analysis with wordcloud of the most used terms in the title and abstract of the selected papers
3 General overview of studies

Table 1Fable-L reports a summary of the main statistics of the considered papers.

Table 1. Main information

Parameter Description No.
Documents [Total number of documents 33
Sources IThe frequency distribution of sources as journals 21
lAuthor's keywords (DE) Frequency distribution of the authors' keywords 115
Keywords Plus (D) Frequency distribution of keywords plus (ID) generated by 299

[Scopus system
Period Years of publication 2014:2021
/Authors IAuthors' frequency distribution 93
IAuthors appearances Number of author appearances 146
Authors of single-authored [The number of authors of single-authors articles 1
documents
Authors of multi-authored [The number of authors of multi-authored articles 93
documents
IAuthors per article index Ratio between Authors and Documents 2.85
Co-Authors per article index IAverage number of co-authors in each document 4.45
/Average citations per article IAverage number of citations in each Article 13.85

o Ratio between total authors of multi-authored articles and total
Collaboration index ; ) 2.91

multi-authored articles [53], [54]

Even if in Table 17 able-1 an analysis period covering the last 15 years is reported, from Figure 4Figure

4 it is possible to highlight trends of scientific production covering the considered topic. The Annual
Growth Rate was 32.05%. Figure AFigure—4 also reports the cumulate occurrences of articles

published in the most relevant sources. The author’s interest in journals which deal with
environmental fields is increasing in recent years, as shown by the values recorded by the Building
and Environment journal.
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Figure 4. Annual Scientific production and Source Dynamics

Among the 33 analyzed peer-reviewed scientific articles, it is possible to highlight how Building and
Environment and LEUKOS - Journal of Illuminating Engineering Society of North America, were the
preferred journals with a predominant concentration of articles published on the considered topic
Figure SFigure-5a). Figure 5b identifies the 10 most important authors, considering the selected

topic, ranked in descending order of importance as a function of the number of published articles.
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Figure 5. a) Top 10 most relevant sources; b) Top 10 authors ranked by number of articles
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4 Review

The following sections report in-depth analyses of the selected studies by dividing them according
to the different research steps, as described in Section 1: comparison between luminous conditions
in VR and real environments; VR for lighting research: evaluating users' perception and behaviour;
VR for lighting design.

It must be underlined that this classification is not random but rather based on the evolution in the
investigation procedures adopted by research groups that have published more than one work on
the topic. Generally, they concentrated the primary efforts in verifying the capability of the VR in
representing the luminous environment and then used it as an analysis tool for research purposes.
For example, Heydarian et al. started with studies comparing real and virtual environments [47],
improving in the second work [55] the analysis method by increasing the number of participants in
the tests. Then, once they verified the reliability of the VR as an evaluation tool, they used it to study
users’ perception in different daylit scenes, their interaction whit shading systems, and the effect of
their actions on energy consumptions [37,56]. Similarly, Chamilothori et al. [31] performed a
comparison between real and virtual spaces. Then they used VR to investigate users’ preferences
about several daylight patterns obtained by using different shading systems [57,58]. In this case,
the analysis procedure was improved in the more recent study [58] by adding objective evaluation
parameters (e.g., measurements of heart rate) combined with subjective surveys.

On the other hand, other researchers [19,35] focused on the use of VR for lighting design.

4.1 Comparisons between luminous conditions in VR and real environments

An accurate simulation of lighting conditions is more important than ever when VR is used to study
the luminous environment. Before conducting such investigations, it is necessary to validate how
much VR can realistically reproduce the lighting conditions of the real environment and its influence
on users. Despite the importance of this validation, only a few studies related to the built
environment have been conducted in this area. The following analysis focuses on the studies in
which human subjects experience real and virtual environments by being physically located in a
space or by using a head-mounted display (HMD), respectively. Specifically, according to the
described methodology, only 7 works have been selected.

In the selected studies, comparisons between real and virtual luminous environments are
performed to investigate the validity of the virtual luminous environment and to guarantee
reproducibility of the experiment, as well as to ensure that the feedback received by users about
the visual environment in the virtual space is reliable and equal to the feedback they would have
given in a real space. This latter validation is important if VR tools are to be integrated into the design
phase of projects with the goal of acquiring users' feedback in early design decisions, as confirmed
by Heydarian et al. [47].

The considered studies report two types of luminous environment comparisons: direct and indirect.
The direct evaluation compares the luminous environment displayed in VR with that of the real
space through subjective evaluations (i.e., questions related to the lighting conditions or space).
Various aspects are investigated through questions on a unipolar, 5- or 7-point scale or visual
analogue scale, including the luminous environment appearance (i.e., brightness, CCT, distribution,
contrast, evenness, glare) and high-order perceptions of the considered room (i.e., pleasantness,
interest, spaciousness, excitement, complexity, sense of inner space, sense of privacy, sense of



openness, and satisfaction with the amount of view in the space). The indirect evaluation compares
the real and virtual luminous environments by evaluating their effect on participants with objective
(e.g., performance) or subjective (e.g., perceived symptoms) indicators. The sense of presence can
be classified in the latter category (indirect-subjective) as it is estimated through multiple questions
but is not directly related to the luminous environment. For example, Heydarian et al. [55] used 32
questions, including focus, gaming, control factors, and distraction factors, to estimate the sense of
presence in the virtual scene (e.g., "Did the virtual environment become more real than the physical
environment?"). The great majority of the considered studies investigated the sense of presence:
[31], [59], [60], [47], [55], [61]. Besides the sense of presence, some studies reported direct
comparisons only ([60], [61], [62]), indirect comparison only ([44], [47], [55]), or both comparisons,
including subjective indicators only [31] or both objective and subjective indicators [59]. Most of the
studies conducted experiments with 20-50 participants, except for two investigations in which 9 and
112 people took part in the study ([47], [55], respectively). The lighting conditions differed across
studies, with the majority of them considering electric light only ([59], [62]), daylight only ([31],
[61]), or a mix of them ([60], [47] and [55]).

Given the restricted number of studies and their different methods and goals, it isn't easy to
compare them. However, some consistencies can be found in the reported results. All studies
highlighted the strong presence of participants in VR [31], [59], [60], [47], [55], [61] and some noted
discomfort after the use of the HMD [31], [59]. From the studies reporting direct evaluations, it
resulted that, despite the reference to specific lighting conditions, the luminous environment of the
virtual scene was perceived as similar to the real one, i.e. the evaluations of the two environments
did not differ in terms of lighting appearance and high-order perceptions [31], [59], [61]. This was
true for both daylit and electrically-lit environments, especially when the latter was well-lit and was
not too dark or presented high contrast scenes [62]. The studies reporting indirect evaluations
showed no differences in human performance on everyday office-related tasks in a physical
environment and VR under different illuminance conditions, even though participants took longer
to complete their task in VR [47], [55], [59]. Finally, VR was reported to be superior to other media
(photos and videos) for lighting visualization [60]. These results suggest that VR is a suitable
representation of the physical environment and may be used as a surrogate to real environments
for the evaluations of luminous scenes.

Despite the positive outcome of the analyzed studies, it is important to highlight some of their
limitations that could limit the comparison across real and simulated environments. Limitations are
divided into technical, experimental, and related to the modeling.

The limited luminance of the VR display is one of the most observed technical limitations across
studies, especially when light sources are present in the scene, as in the case of the research study
of Krupinski [63]. The virtual scene is displayed on a screen whose luminance and dynamic range
are top-down limited. Consequently, the luminance values above the screen range are reduced to
the maximum capability of the display. The other technological limitation concerns the resolution
of the virtual scene, which may sometimes be limited either by the method to obtain the digital
representation of the real space (e.g., scanned and not modeled such as in Chen et al. [60]), or by
the display capabilities. As an example, Abd-Alhamid et al. [59] indicated that the resulting lower
evaluations of the VR in terms of "details," contrast," and "colorfulness" were associated with the



limited resolution of the utilized VR, noting that participants described the virtual experience as
seeing the actual room through "fuzzy glass."

The experimental limitations are related to experimental design, measured parameters, and the
studied population. The comparison might be weaker in a between-subjects experiment, such as in
Rockcastle et al. [62], where participants experienced the real space or the simulated one, resulting
in reduced power of the sample. Similarly, in the study of Heydarian et al. [47], each participant
performed the tasks in two lighting conditions (bright and dark), but either in the real environment
or in the simulated one. In addition, the study does not describe the actual luminance or illuminance
values of the different real and simulated conditions, which makes the comparison between the two
environments difficult. In the study of Chen et al. [60], the virtual scene was not calibrated with
photometric measurements from the real one. Moreover, in terms of the studied population, it has
been highlighted that the generally young age of participants could have biased the results, as young
people are more inclined to new technologies, and hence they could be more used to VR [55].

Finally, differences between the real environment and its virtual representation in terms of
modeling and simulation could make the experience less immersive, e.g. the failure to define some
details like small objects or the view to the outside, to freely move in the space [47], [55], or to
model the dynamics of the natural light [31]. Given the promising results of the analyzed studies
and the numerous limitations highlighted, further investigations are encouraged.

The selected works described in this section are summarized in Table Al in Appendix A.

4.2 VR for lighting research: evaluating users' perception and behaviour

In this section, 20 studies in which VR was used to support the analysis about users’ perception and
behavior are analyzed. They are divided into 3 subcategories as a function of the hypothesis
statement: 1) analysis of the daylight perception as a function of different facade patterns, windows
size or other variables such as indoor environment features and sky type (e.g., clear, cloudy); 2)
analysis of the correlation between lighting colors and thermal perception; 3) analysis of how light
and control systems can influence users’ behavior.

4.2.1 Correlation between daylight perception and facade pattern, windows size, or indoor features
and sky type

In this section, the authors focused on the investigation of the effects of fagade pattern, windows
size, or indoor features and the consequent effects on daylight distribution and users’ perception in
social or working spaces.

For constant opening ratio (that in the studies of Chamilothori et al. was equal to 25% in [57] and
[58], or 40% in [64]), different fagade patterns are tested by adjusting regularity (with the same
number, size and shape of apertures but different distribution of the same). The number of facade
patterns varies from 3 [57, 58], where the configuration with blinds is compared with two other
patterns with different apertures distribution, to 20 [64]. The 6 facade patterns judged to be the
most exciting in one study [64] are tested by Sawyer and Chamilothori [65] and combined with color
of furniture/materials and furniture configuration, with constant brightness level, considering a



total of 30 different scenarios. Rockcastle and Chamilothori [33] studied how view direction and sky
type can influence visual interest within eight architectural spaces, with differing internal daylight
composition, from direct sunlight penetration to diffuse and uniform daylight conditions, to cover a
range of typical high and low contrast daylight conditions.

In all these studies, the participants expressed their feedback verbally using a 5 or 11 unipolar scale.
In Chamilothori et al. [57] and Sawyer and Chamilothori [65], only data on perception was analyzed,
while in Chamilothori et al. [64] and Chamilothori et al. [58], the heart rate and the skin conductance
variabilities were also analyzed. Although in one study [64], the results did not reveal a correlation
between biometric data and responses of users in different scenarios, the other study [58] found a
correlation between the participants' perception of the fagade and both the sunlight patterns and
the mean heart rate. In Rockcastle et al. [33], besides verbal questionnaires, head tracking permitted
the analysis of the vertical and frequency distribution of view direction of all participants; the
authors were able to compare subjective data with quantitative predictors to validate the use of
image-based algorithms in predicting impressions of visual interest by varying sky conditions and
view direction. The number of the participants varies between 30 [57] to 100 [65], with Chamilothori
et al. [64] using 80 architects in a first survey and 80 non-technical participants in a second survey,
thus comparing the answers of experts, who are usually aware of the issues analyzed, with those of
users who are not particularly familiar with the topics. The results show how participants’ responses
agreed with architects’ intuitions in the case of non-complex patterns, while differed in case of
complex patterns. The irregular fagade pattern was evaluated as more pleasant, interesting and
exciting [58]. In Sawyer and Chamilothori [65], the color was the more influential variable and
satisfaction was correlated not only with brightness but also with the outside view, complexity, and
overall quality of the environment. Head tracking and eye tracking may provide a finer detailed
analysis of view behavior and support the development of future imaged-based prediction
algorithms [33].

There are other studies where the window size is the primary variable, but it is changed with other
variables. Moscoso et al. [66], considered the following variables: three windows size (small,
medium, large), two space types (small, large), two spatial contexts (socializing, working), and three
sky types (overcast sky, clear sky with high sun angle, clear sky with low sun angle). The participants
involved are 150. A higher number of participants (406) is used in a follow-up study [67], replicating
the same experiment in three different latitudes: northern, southern, and central latitude in Europe
(Norway, Switzerland, and Greece, respectively). Using a unipolar 11 points scale, with a verbal
questionnaire, pleasantness, calmness, interest, excitement, complexity, spaciousness, amount of
view, and brightness were examined. Window size has shown to be statistically significant in
correlation with most of the attributes, and in particular with brightness. Different feedback was
obtained depending on the latitude by varying the size of the window in terms of assessing how
pleasant, calming, exciting, and bright a space is perceived to be. Otherwise, window preferences
seem to not vary in different latitudes: larger windows are preferred over smaller ones to achieve
more pleasant, visually interesting, exciting, complex, and spacious rooms.

In other studies, VR is used to investigate how variation in terms of outside view can influence users’
perception. Hong et al. [61] analyzed how different percentages (15%, 30%, 45%, and 60%) of the
Window-to-Wall Ratio (WWR) influenced the sense of presence and occupant satisfaction,
investigating how the variation of the view outside influence the impact on the sense of openness



and privacy. Abd-Alhamid et al. [68] investigated how the distance from a window and the variation
of the sky view can influence psychological and physiological aspects and stress. Rodriguez et al.
[69] analyzed how the variation of the outside view and lightness improve observers’ preference,
restoration, imageability, and variability responses with respect to identical views with no lightness
changes. Flor et al. [70] investigate the view perception and emotional response towards ETFE
double-skin fagades: three double-skin facade scenarios with different ETFE cushions (clear, fritted,
and switchable sample) were evaluated and compared to a single-skin fagcade with double-glazed
windows.

The rise in WWR favored the increase of occupant satisfaction with the senses of visual comfort,
inner space, and openness, but did not raise the occupant satisfaction on the sense of privacy, which
was more affected by the view outside than the window size [61]. The proximity of the window had
many positive effects (lower stress level, higher parameter of view perception, higher satisfaction,
more stimulating working environment), and this might be due to the view of the sky [68].
Furthermore, in Flor et al. [70], participants preferred window views with clear ETFE facades, often
penalizing energy and daylighting performance. The technique to capture the view stimuli may also
be implemented with dynamism [69]. However, the range of luminance was limited, and the glare
and brightness cannot be accurately evaluated, and further investigations to understand how
different views influence outcomes may be necessary [68].

4.2.2 Correlation between light colors and thermal perception

The second group of selected works analyzed the correlation between light color and thermal
perception. Chinazzo et al. [71] investigated the interaction effects of temperature and colored
daylight (i.e., daylight transmitted through colored glazing) on subjective perception - thermal
perception, visual perception, overall perception (comfort, pleasantness, acceptability) - and
physiological responses. To overcome the difficulty in testing daylight conditions, a novel hybrid
experimental method combining thermal and visual stimuli from real and VR environments was
used, with temperature controlled in the real space and the colors in the virtual one. Three types of
colored glazing (blue, orange, and neutral) in combination with two temperature levels (24°C and
29°C) were investigated. Vittori et al. [72] studied how three different variables (window aspect
ratio, window coating, and electric lighting color temperature) could influence occupants’ thermal
perception, with possible consequences on energy consumptions. Twelve scenes, divided into 3
main blocks according to the 3 variables selected, were used in VR to investigate the subjects’
perception. The electric light is also considered. Salamone et al. in [73] tested 25 participants
exposed to a real scenario in a test cell, and the same environment reproduced in VR, to investigate
the potential of a new approach based on the management of collected data (users biometric data
combined with feedback about their thermal perception along with environmental parameters)
with different Machine Learning techniques to predict the Personal Thermal Comfort Perception.
Chinazzo et al. [71] found that daylight color significantly affected participants’ thermal perception
in terms of thermal acceptability, thermal comfort, and temperature estimation, while no color
effects on thermal sensation and preference were observed. In [72], the interviewed participants
stated feeling relatively hotter in high aspect ratio window conditions and low color temperature.
In [73], the results show that, in Real and VR scenarios, the light color is a non-negligible factor in
predicting thermal perception. Short exposure time may be a limitation, however, as thermal
adaptation was not allowed.



4.2.3 Correlation between lighting control systems and user behavior

Interactions of lighting controls and user behavior were investigated in various studies. Heydarian
et al. [74] studied the influence of manual and semi-automatic control systems on lighting usage in
a single-occupancy office space. During the experiment, two lighting sources were considered, two
electric light fixtures each with three fluorescent light bulbs, and natural light coming through a
window. In the VR model, users had different control options: manual switching of lighting sources
and manual opening of the curtains; manual switching of lighting sources and manually or semi-
automatic opening of the curtains; manual or semi-automatic switching of lighting sources and
manual opening of the curtains; manual or semi-automatic switching of lighting sources and manual
or semi-automatic opening of the curtains. The same research group, in 2016 [56] and 2017 [37],
investigated how default lighting settings could influence users' choice and preference, with
consequences on energy consumption. In the first study [56], the choices and preferences of 160
students were analyzed, while in the second study [37], a further step is carried out. The preferences
of 89 students were translated into an optimal illuminance level on the working plane and, through
generative multi-agent design method, this input was used to generate a fagade pattern. Amirkhani
et al. [34] investigated how different WWR influence occupants’ lighting preferences and intended
behaviors, with possible consequences on energy saving. In the VR reality office, four different WWR
were considered (15%, 30%, 46%, and 62%) and cool-white electric linear luminaires (CCT of 6500
K) were set up, providing a wall-washing light on surfaces around the window. Users’ illuminance
satisfaction was recorded, and changes to modify the contrast were investigated. Carneiro et al. [75]
investigated how the users' awareness could influence choices and actions with consequent energy
benefits. This was done by presenting to the participants a visualization of the energy consumption,
or of the light distribution, with the goal to contradict their initial choice. Mahmoudzadeh et al. [76],
in an office with natural and electric light, investigated three different control arrangements in
terms of user perception, preference, satisfaction, and cognitive load: 1) manual turn on/off electric
light and adjustable blinds, 2) automated integrated natural and electric lights, 3) interactive switch
allowing occupants to make a choice about the lighting type while keeping the illumination level at
a certain amount for energy efficiency reasons.

The number of participants varies between 30 to 160, and in most of the studies they were students.
In all the cases, an office scenario was considered.

These studies revealed that users prefer natural light [37] or a combination of natural and electric
light [76]. Heydarian et al. [56] show that participants were significantly less likely to change the
default lighting setting if the settings had maximum simulated daylight available. Users prefer semi-
automatic systems [74] or solutions where it was possible to interact with more energy-efficient
lighting systems, which gave them a perception of control (even if they prefer a manual system
instead of a fully automated one) [76]. A higher WWR with a supplementary wall washing system
improved lighting satisfaction with respect to lower WWR with higher contrast [34]. The energy
impact visualization had more influence than the illuminance visualization [75]. The participants
enjoyed their experience with the virtual reality technology rather than considering it as a useful
device they intend to employ for other purposes [76]. Some limitations due to the quality of the
models were also found.

The selected works described in this section are summarized in Table Table A2 in Appendix A.



4.3 VR for lighting design

The following analysis focuses on studies where VR technology becomes an active part of the
lighting design process, considering the users' contribution in terms of lighting perception and
lighting preferences. Eight studies published from 2016 were selected, focusing both on daylighting
and electric lighting applications.

The most followed trend of research is the application of VR for an “inverse design,” as defined by
Vittori et al. [72], where the desired lighting effect is the initial input for retrieving missing data of
light sources. In this context, the interaction between users and the VR environment can follow two
methodologies: those where participants were directly involved in the modification of visual
properties of the physical elements of the environment and those where users are passive subjects
used to identify the effects of a predefined automatized lighting scenarios.

The first group of studies includes the one of Wong et al. [36], where the authors gave the
participants the chance to adjust in a VR model the lighting intensity and color. In Natephra et al.
[19], a realistic illuminance distribution in VR was achieved by considering a structured GUI
(Graphical User Interface) with a comprehensive set of widgets where users can control almost all
of the lighting design elements in relation to the lighting energy consumption provided by a real-
time display: type, intensity, and colors of electric lights, colors of surface materials and the percent
of the window closed by obscurant. In Hong et al. [61], windows size was designed directly in VR
according to the user preferences defined as a function of spatial presence or openness feeling and
privacy level. Krupinski et al. [63] proposed a lighting design system where participants changed
surface luminance values in real time VR images, to represent the environment faithfully. In Hong
et al. [61] and Krupinski [63], no significant difference in space perception is detected between real
and virtual environments.

Studies falling into the second group include Hong et al. [38] and Lee et al. [39]. In particular, Lee et
al. [39] focused on the individuation of areas of interest for a realistic global lighting effect. In
LumiSpace system developed by Hong et al. [38], architects could specify daylighting effects and
lighting interest areas that drive the sizing and orienting of openings. Verification of the correct
space dimension perception in VR by the user was also performed, showing better results in VR than
in the equivalent Rhinoceros® model. The results clearly show the feasibility of VR devices for user-
centred lighting design, with considerable savings in terms of cost [36] and time [39].

The connection between VR and BIM represents another interest of research [36, 19], aimed at
managing building design variables starting from standard lighting simulation produced by BIM-
based lighting design tools (primarily Autodesk Revit® and 3D Studio Max®) and users’ perception
expressed with VR. The methodology described in Wong et al. [36], integrates Industry Foundation
Classes (IFC) standard and lighting illumination simulation with VR rendering through DIALux®
software. The work by Natephra et al. [19] presents a tool where initial BIM information is updated
after user feedback is provided via VR devices; however, exchanging information between BIM and
the chosen game engine is limited to only 3D geometry, and information such as the properties of
light bulbs, materials, and textures cannot be transferred [19].

The last research interest focuses on the study of correct visualization of the objects in VR
environment [77, 78] for design needs and mitigation of VR limitations in reproducing the real scale
range of the brightness. In VRGlare system developed by May et al. [77], a real-time VR glare



simulator was developed, and different glare visualization techniques were defined, spacing from
realistic rendering to false color or symbols superimposed, and considering a suitable refresh rate
(45 fps) for a real time calculation of the UGR index, alternating audio and haptic stimulus as well.
Potemin et al. [78] investigated how the luminance values change with different techniques for
blending objects in a virtual environment with mixed reality applications to minimize the visual
discomfort in viewing images. This demonstrates how a video see-thought mixed reality system
ensures more uniform luminance values than an optical see-through mixed reality system,
minimizing the possible discomfort due to visual perception conflicts.

The works analyzed in this chapter are summarized in Appendix A, Table Table A3.

5 VR software and hardware summary

The choice of hardware and software is crucial for the realistic reproduction of IVEs.

In the analyzed papers, different combinations of hardware and software were utilized for
transposing the real environment into the VR experience (Table 2. Software and Hardware used in the
selected papers (NR: Not Reported)

Table—2). Figures 6a and 6b show the software used for 3D modeling and for VR scenes
implementation in the considered studies.

As reported above, the majority of considered studies proposed a virtualization process consisting
of 3D modeling with Robert McNeel & Associates - Rhinoceros® (subsequently Rhinoceros) or
Autodesk - Revit® (subsequently Revit) or Autodesk - 3D Studio Max® (3DS Max), and VR scene
implementation using primarily Epic Games - Unreal Engine (subsequently Unreal) or Unity
Technologies — Unity (subsequently Unity). Unfortunately, numerous papers do not report this
information, especially regarding VR scene implementation.

Worthy of note is the study proposed by Chamilothori et al. [31], who defined a protocol to generate
the virtual environment: the environment is modeled in 3D using Rhinoceros and then exported to
Radiance for lighting scene calculation through the DIVA-for-Rhino plugin. To produce highly
accurate rendering parameters, material properties were defined from spectrophotometer
measurements, and sky generation was based on radiation measurements. The virtual scenes are
then created by exporting the radiance renderings in Unity.

In none of the selected papers, the authors justify why Rhinoceros or Revit, or 3DS MAX was used.
Generally, Rhinoceros is most often used when creating complex shapes, while Revit is most often
used when communication and sharing of information is a requisite. Both have their own parametric
engine: Grasshopper for Rhinoceros and Dynamo for Revit. 3DS Max is usually used in combination
with Revit because it allows the generation of high-quality renderings thanks to the Vray plug-in,
which is widely used for rendering and also among selected papers to produce the virtual reality
model as realistically as possible by setting the correct material and object features. The Vray
extension for renders is also available for Rhinoceros.

Considering the VR scene implementation and optimization for HMDs, Unity, and Unreal, as shown
above, were the most used software. Unreal provides better graphic capabilities and the full source
code at no cost. It includes Blueprints as well, a visual programming language to avoid coding. Unity
provides some open-source components, but the full engine needs a paid license. It is easier to
develop for mobile devices using Unity, while Unreal tends to be oriented for PC and consoles.
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These game engines are coupled with several HMDs, including the most used models of Oculus and
HTC Vive, which together cover over 70% of the applications surveyed (Figure 6).

Oculus, a subsidiary of Meta, the company formerly known as Facebook , provides both tethered
(connected to a PC) and standalone VR headsets, including the Oculus Rift, the Oculus Go, and the
Oculus Quest. The Oculus Go (2017, discontinued) includes a 5.5-inch fast-switching LCD display
with a resolution of 1440x2560 per eye, equivalent to the Oculus Rift (2016, discontinued), with a
previous asset with OLED displays with a resolution of 1080x1200 per-eye and runs at 90 Hz. This
device run on an Android-based operating system, as does the Oculus Quest (2018, discontinued),
equipped with OLED displays with a resolution of 1600x1440 per-eye and running at 72 Hz or LCD
displays with a resolution of 1832x1920 per-eye, running at up to 120 Hz for version 2, released in
2020.

Similarly, the HTC Vive is a growing portfolio of VR headsets developed by HTC and Valve, originally
released in 2016. The original HTC Vive (2016, tethered, discontinued) uses Dual AMOLED displays
with a resolution of 1080x1200 per eye, running at 90 Hz and requires Windows 7+ OS. In 2018, the
system was upgraded to the new HTC Vive Pro with an AMOLED display, a resolution of 1440x1600
per eye and 90 Hz refresh rate. The present version, the HTC Vive Pro 2 (2021) has an LCD display
with a resolution of 2448x2448 per eye, up to 120 HZ refresh rate. HTC Vive also provides other high
performance VR headsets, such as the HTC Vive Cosmos and HTC Vive Pro Eye, with a special focus
on additional sensors such as eye-tracking, providing a wider pool of available data to be collected
and processed during the virtual sessions. Standalone headsets are also available, currently
represented by the HTC Focus 3, running on a Snapdragon XR2 system-on-chip, with an LCD display,
a resolution of 2448x2448 per eye and 90 Hz refresh rate.

Both Oculus and HTC devices have a high sense of immersion, ensuring a 110° field of view, similar
to other devices of the same commercial range with the advantage, however, of an "inside-out"
motion tracking system, which consists of a series of cameras embedded in the headset. It is
necessary to point out that less popular HMDs are already equipped with a wider field of view, from
120° (e.g., the Samsung HMD Odyssey) up to 200° (e.g., the Pimax Vision 8K Plus VR Headset), and
as such are more effective in such VR applications as those under discussion, but are also less user
friendly and more expensive, preventing widespread usability.

Table 2. Software and Hardware used in the selected papers (NR: Not Reported) «

Table2's heading "Others" groups studies utilizing less frequently used software and hardware for
3D modelling and visualizing (e.g., Sketchup, Architecture Interactive, SamsungGear VR) or studies
where this indication was generic (e.g., “physically-based imaging method”).

NR Rhinoceros
14% 19%

NR
Others  12%

6%

a) b) c)
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Figure 6. a) Software used for 3D modeling; b) Software used for VR scene implementation; c) HMDs used

Table 2. Software and Hardware used in the selected papers (NR: Not Reported)

Softwares used for 3D modeling

Softwares used for VR

implementation

HMDs used
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6 Discussion

The presented analysis revealed that a common general experimental procedure can be identified
in most analyzed papers. This consists of different phases, namely 1) identification of an
environment to test; 2) definition of different light scenes to administrate to participants; 3)
geometrical modeling of the identified space employing software for architectural design; 4)
modeling of lighting characteristics and optical properties of materials; 5) exportation of the model
in the virtual environment. When the final goal is to compare the virtual environment and the real
one [31,55,60], the scenes are shown in the two forms (virtual and real). Specific tests are then
presented to users to verify the correspondence between virtual and real spaces, referring to the
sense of presence and the visual sensation. When the goal is to directly evaluate people’s
preferences or their behavior in VR [58,64,66], the tests are used only to compare the different light
scenes.

6.1 Methodological experimental differences
Despite this common experimental structure, a number of methodological differences were found.
They can be summarized as it follows:

e Validation: not all the studies described the validation process of the virtual reproduction of
lighting conditions to verify the correspondence between simulated and real environments
and, when present, different procedures were adopted. Analysing the selected works, four
approaches can be highlighted: 1) studies comparing real and VR data, such as Heydarian et
al. [55] that compares the measured and calculated horizontal illuminance distribution, Abd-
Alhamid et al. [59] and Rockcastle et al. [62] that compare both the vertical illuminance and
luminance values, Krupinski [63], Flor et al. [70] and Chinazzo et al. [71] that compare only
luminance or Chamilothori et al. [58], Sawyer et al. [65] and Heydarian et al. [74] that
compare only vertical illuminance from the view point of the observer; 2) Studies where VR
scene is tuning with spectroradiometer measured data ([31], [16],[57], [58], [66], [67]); 3)
studies that use a subjective validation of sense of presence of VR scene, like Vittori et al.
[72] where the sense of presence is verified showing to the users alternatively as a 360°



picture and a BIM virtual reality spherical model of the same office ; 4) VR scene adjustment
with modelled data, as in Heydarian et al. in [56] and [37], or using Honeybee, Radiance,
Daysim, and Mahmoudzadeh in [76] using DIALux Evo. Among the 33 works analyzed, only
four validate the HDM: Abd-Alhamid et al. [59], Krupinski [63], and Moscoso et al. [66] and
[67], as summarized in Appendix A.

Use of software and hardware: varying types of software are available both for geometrical
and lighting modeling and for the virtual environment development. The most used software
for geometrical modeling are Revit and 3ds Max [19,35-37,47], whereas Unity is usually
employed for the IVE definition [31,56,62,77,78]. The adopted procedures to model light are
even more diversified. Light and optical characteristics can be set both in the software used
for the design of the geometry [36,61] and in the VR one [77]. However, in both cases, the
tools are not specifically designed for lighting analysis purposes, so the setting of the
parameters is often notimmediate and sometimes it is difficult to understand the correlation
between the specific parameter and the corresponding physical quantity. For this reason,
some authors, as previously mentioned, proposed to use support lighting software such as
Radiance and DIVA [64,65]. In this way, it was possible to produce photorealistic and
physically based renders that were then used to generate the virtual space. As with regards
to HMDs, despite the differences, Oculus [31,47,55,58,65] and HTC devices are the most
used technologies [36,59,61,62,77].

Selection of participant sample: the number and composition of participants were very
heterogeneous; in most of the studies the description of the sample composition was
detailed but only sporadic cases provide a correlation between user’s information and
results. For example, in Chinazzo et al. [71], participants' gender is one of the three
confounding factor in the ANCOVA statistical test, and their distributions across
temperature-colour combinations are analyzed. Vittori et al. [72] correlated the differences
in terms of mean thermal sensation with gender, workplace environment and age.
Moreover, sometimes researchers used selection criteria to exclude some participants and
obtain a homogeneous sample. For example, in some studies the authors chose participants
with the same educational level [75] or age to avoid age-related effects [58] or because of
the COVID-19 pandemic [76]. Other authors selected only young and educated participants
who passed a test to verify the absence of vision impairments. In two studies by Heydarian
et al. [47,74], researchers prevented the participation to the test to participants who
manifested motion sickness during a training phase. Moreover, the same authors in another
study [55] did not consider participants not matching normal visual acuity criteria. In two
studies by Abd-Alhamid et al. [59,68], participants who declared problems of epilepsy,
migraine, motion sickness, dizziness, sleep disorders and blurred vision were excluded in the
recruitment phase. Furthermore, color blindness was used as an exclusion criterium in other
studies [58,71,75].

Test duration: the duration of the test was on average 30 minutes for many of the studies
(e.g., [31], [67], [71]), but this duration often included contemplated preparatory phase
before performing the test and the time exposure to a scene is even as low as one minute in
one study [58]. In some studies there was a “recovery time” between different scene
exposures [68], during which people could remove the HMD from the face. This pause could
last from 3 [61] to 5 minutes [59,74] and was essential both to prevent dizziness and to allow
the adaptation to the next light scene. Especially in cases where a correlation between color



6.2

and thermal perception was analyzed [71], [73] the duration of the activity to be performed
included an acclimatization period. The adaptation period was adopted in other cases where
subjective impressions of windows size [66] or occupant behavior aspects [56] were
analyzed.

Utilized metrics to perform the evaluation of light scenes: the methods employed to evaluate
the scenes were strictly dependent on the task people were required to perform in the
virtual environment. When they were simple spectators of the scene, the effect of the virtual
environment was evaluated in different ways. In most cases (e.g., [30], [65], [66]), subjective
surveys were administrated to people to evaluate some spheres of the perception as
pleasantness, interest, calmness, excitement, and complexity. In other cases (e.g., [58], [64],
[68]), physiological parameters such as skin conductance and heart rate were measured.
Sometimes people were asked to perform a specific visual task in the IVE such as reading a
text [37], [56], or defining the color of an object [47], [55]. In the latter cases questions about
text comprehension, color perception, or measurements of the reading speed were
associated with the typical subjective abovementioned tests.

Daylight evaluation: in cases of works including daylight evaluation, differences in the view
of the outside and sky type, can be underlined as well. Regarding the former, Heydarian et
al. [37] have chosen to limit users in their ability to change the shading configurations
because they wanted to emphasize the effect on personal sensation due to the outside view,
while Rodriguez et al. [69] analyzed the subjective responses toward daylight changes in
window views. In both cases, it clearly emerged how personal sensation was influenced by
the outside view and window size [66]. Concerning the latter, in some papers 3 skype types
are considered (overcast sky, clear sky with low sun altitude and clear sky with high sun
altitude [66]), in others 2 (overcast and clear [57][31][33]), in others only 1 (clear sky [19]
and direct sun penetration [58]).

Limitations in the use of VR for lighting research

Based on these observations, it is clear that the primary limitation in the use of VR for lighting
research is the absence of a standardized investigation approach. The definition of shared
methodologies diversified according to the goal of the study (comparison between reality and VR,
evaluation of electric light, evaluation of daylight, assistance to lighting design) would help to reduce
limitations found in many of the analyzed studies and reported in the preceding list, fostering the
replicability of results [58], [65], [33] and extension of the field of analysis [61], [72], [76].

In this sense, the crucial problems to solve in order to fuel the spread of this promising tool are listed
and commented below so as to highlight possible future research steps:

Modeling of light characteristics: the software used for VR reproduction were developed
primarily for gaming. As a consequence, the setting of parameters describing the quality of
the sources and the optical characteristics of the materials is driven not by the will to
reproduce in a reliable physical way the light distribution, but by the need to make the
virtual space fascinating for users. Even the terminology corresponding to the light setting
parameters does not correspond to the typical lighting technical language, resulting in
complex light characteristics modeling. To overcome this limit, light parameters could be
set by means of software specific for lighting evaluations as performed for example in
Carneiro et al. [75]. Even more difficult is daylighting conditions reproduction, namely the



modeling of the outdoor context [31] and the weather conditions [65,71]. To overcome
these limits, it could be useful to analyze the correlation between virtual and real
environments in different locations (latitudes), an aspect treated in Moscoso et al. [66] and
which other authors want to deepen [68], [69]. Both for electric light and daylight it would
be useful to compare different modeling approaches utilized by researchers and to
understand which guarantees the most realistic reproduction.

Validation of the model: to evaluate the correlation of the real and the virtual environment
it would be necessary to identify an accurate and reliable validation method. Indeed, when
using specific software like Radiance and exporting the renders in the IVE software to build
the virtual space, or when the IVE software is equipped with calculation tools (like Unreal
Engine Pixel Inspector), it is possible to compare measured data (e.g., illuminance or
luminance values) with simulated ones as is done in some studies [59,62,70]. However, the
correspondence between these calculated values and the measured ones does not
guarantee that the sensation provided by the HMD is comparable to the real one, as that
depends on the specific characteristics of the used device. In this case, the validation is
generally only based on users’ perception analysis, performed by means of subjective
surveys. For this reason, it is crucial to establish a shared protocol for the evaluation of the
realism of the scene. Otherwise, it would be useful to test a method to measure luminance
and luminance contrasts produced by the HMDs and to compare the obtained values with
the real ones. This protocol could also include spectral measurements.

Spatial modeling: spatial modeling is still understudied. Generally, most of the analyzed
studies were carried out in the office, social or working activity spaces, and another field
that could be further explored is the correlation between human preferences when
“immersed” in different environments [70], [33], [61]. In this sense, the recent technical
standard EN 17037 defines, for real rooms with natural lighting placed in different
geographic contexts, guidelines for achieving an adequate subjective impression of the
lightness indoors and an adequate view out and optimal sunlight exposure [79]. VR future
developments and applications oriented to the building design will need to follow the EN
17037 approach when dealing with the previous aspects. As a consequence, VR would no
longer be independent to the real geographic context of application.

Evaluation method: as for the evaluation of the light scenes, the most important issues
needing further understanding are number of participants, homogeneity of participants
sample, typology of the utilized survey and time of exposition. Considering this latter, it
must be underlined that the exposition time is generally shorter than experiments in real
environments (as noted, even as low as one minute [58]) due to the risks of fatigue and VR-
associate discomfort like cybersickness.

Characteristics of hardware: technological characteristics of the HMD affect the evaluation
of the scene. The most important aspects to consider are the headset maximum luminance
limitation of 80 cd/m? [67], the constrained field of view on distance perception, and the
pixel density of the current VR headsets that decrease the accuracy of perceiving glare,
brightness, and darkness [19]. Another limitation is that the spectral distribution of the light
emitted by HMDs cannot match the real one [80]. Furthermore, light calculation issues
reduce VR’s experience dynamism because of the frequent use of pre-set and static solar
illumination [37]. Indeed, doubling the number of the light sources or using “bendrays
visualization” of glare sources, defined as a technique of representation of glare by casting



multiple rays from the user’s hand to objects within the user’s FOV, significantly slows the
image refreshing, while realistic ambient light rendering produced low accuracy in UGR
calculation [77].

7 Conclusions

In conclusion, it can be said that VR could be considered a promising investigation tool in the lighting
field, both for research purposes and in the design process, as long as the listed limitations are
overcome. Indeed, when carefully calibrated, VR may be supposed to assure a satisfactory
representation of the physical environment [47], becoming an effective technology to study users’
perception and allowing the reduction of time and costs required by real settings [55].

Of course, VR cannot replace real spaces in all lighting investigation fields. Surely, as it has been
often repeated, it would be useful to evaluate users’ preferences regarding different lighting scenes,
to identify the most appreciated setting parameters (CCT, illuminance, typology of the source,
daylight conditions) and to observe people’s behavior considering the interaction with lighting
controls and shading devices. Furthermore, VR could significantly contribute to the study of glare
and contrast phenomenon only if the mentioned limits due to hardware and software have been
surpassed to reduce the difference between real and virtual environments. Undoubtedly, due to its
immediate and immersive representation of reality, VR would be useful for designers to
communicate their ideas to customers. On the contrary, the evaluation of non-visual effects of light
is a more complicated issue. Although when considering some specific aspects, such as the
interrelation between visual perception and thermal sensation, VR has been demonstrated to be a
valuable means of investigation [71-73], in regards to other effects, for example circadian rhythms,
currently the limitations are too significant. In addition to the previously mentioned issues
connected to the intensity of the luminous stimulus provided by the HMDs and the corresponding
spectral distribution, one of the most important problems is the impossibility of maintaining
immersion in VR for long periods to avoid cybersickness. On the contrary, as commonly known, for
the circadian system entrainment, the duration of exposition is crucial.

For all these reasons, further research is necessary and surely future results will provide more
information about the potentiality of VR application in the lighting field.

Undoubtedly, in such a new field of research, where technology is advancing rapidly, the use of a
reproducible and transparent methodology such as the one described here can be used at any time
to review progress in the field, overcoming the possible limitation of this study, which, as explicitly
stated, elaborated the papers acquired from the research terminated in April 2021.

References

[1]  A.Syamimi, Y. Gong, R. Liew, VR industrial applications—A singapore perspective, Virtual
Real. Intell. Hardw. 2 (2020) 409-420. doi:10.1016/j.vrih.2020.06.001.

[2] P.S. Dunston, L.L. Arns, J.D. Mcglothlin, G.C. Lasker, A.G. Kushner, An Immersive Virtual
Reality Mock-Up for Design Review of Hospital Patient Rooms, Collab. Des. Virtual Environ.
(2011) 167-176. d0i:10.1007/978-94-007-0605-7_15.

[3] M. Scorpio, R. Laffi, M. Masullo, G. Ciampi, A. Rosato, L. Maffei, S. Sibilio, Virtual reality for
smart urban lighting design: Review, applications and opportunities, Energies. 13 (2020).



(4]

(5]

(6]

(7]

(8]

(9l

(10]

[11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

doi:10.3390/en13153809.

EN 12665:2011 (CEN 2011), (CEN, 2011). European Committee for Standardization. EN
12665:2011. Light and lighting — Basic terms and criteria for specifying lighting
requirements., (n.d.).

S. Carlucci, F. Causone, F. De Rosa, L. Pagliano, A review of indices for assessing visual
comfort with a view to their use in optimization processes to support building integrated
design, Renew. Sustain. Energy Rev. 47 (2015) 1016—1033. doi:10.1016/j.rser.2015.03.062.

E-ILV Web Page, CIE - Comm. Int. I'Ecleirage. (n.d.).

K.W. Houser, P.R. Boyce, J.M. Zeitzer, M. Herf, Human-centric lighting: Myth, magic or
metaphor?, Light. Res. Technol. (2020) 1-22. doi:10.1177/1477153520958448.

P. Boyce, Editorial: New technologies, new opportunities, Light. Res. Technol. (2018).
doi:10.1177/1477153518773572.

A. Heydarian, B. Becerik-Gerber, Use of immersive virtual environments for occupant
behaviour monitoring and data collection, J. Build. Perform. Simul. 10 (2017) 484-498.

A. Logadéttir, J. Christoffersen, S.A. Fotios, Investigating the use of an adjustment task to set
the preferred illuminance in a workplace environment, Light. Res. Technol. (2011).
doi:10.1177/1477153511400971.

J. Wienold, J. Christoffersen, Evaluation methods and development of a new glare
prediction model for daylight environments with the use of CCD cameras, Energy Build.
(2006). doi:10.1016/j.enbuild.2006.03.017.

I. Konstantzos, A. Tzempelikos, Y.C. Chan, Experimental and simulation analysis of daylight
glare probability inoffices with dynamic window shades, Build. Environ. (2015).
doi:10.1016/j.buildenv.2015.02.007.

F. Albers, J. Maier, C. Marggraf-Micheel, In search of evidence for the hue-heat hypothesis
in the aircraft cabin, Light. Res. Technol. (2015). doi:10.1177/1477153514546784.

G.R. Newsham, C. Richardson, C. Blanchet, J.A. Veitch, Lighting quality research using
rendered images of offices, Light. Res. Technol. (2005). doi:10.1191/1365782805li1320a.

S.M.C. Nascimento, O. Masuda, Best lighting for visual appreciation of artistic paintings—
experiments with real paintings and real illumination, J. Opt. Soc. Am. A. (2014).
doi:10.1364/josaa.31.00a214.

T. Nishimura, K. Hirai, T. Horiuchi, Comparison of color perception of scene images between
head-mounted display and desktop display, Proc. Int. Disp. Work. 3 (2019) 1148-1151.

A. Siess, M. Wolfel, User color temperature preferences in immersive virtual realities,
Comput. Graph. 81 (2019) 20-31. doi:10.1016/j.cag.2019.03.018.

A. Mahdavi, H. Eissa, Subjective evaluation of architectural lighting via computationally
rendered images, J. Illum. Eng. Soc. (2002). doi:10.1080/00994480.2002.10748388.

W. Natephra, A. Motamedi, T. Fukuda, N. Yabuki, Integrating building information modeling
and virtual reality development engines for building indoor lighting design, Vis. Eng. 5
(2017). doi:10.1186/s40327-017-0058-x.



(20]

[21]

[22]

[23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

[31]

(32]

(33]

(34]

M.F. Shiratuddin, W. Thabet, D. Bowman, Evaluating the Effectiveness of Virtual
Environment Displays for Reviewing Construction 3D Models, Proc. CONVR Conf. Constr.
Appl. Virtual Real. (2004) 87-98.

S. Alizadehsalehi, A. Hadavi, J.C. Huang, From BIM to extended reality in AEC industry,
Autom. Constr. 116 (2020) 103254. doi:10.1016/j.autcon.2020.103254.

JACKM.LOOMISand JAMES J. BLASCOVICH and, A. BEALL, Immersive virtual environment
technology as a basic research tool in psychology, 31 (2006) 557-564.

J. Hedberg, S. Alexander, Virtual Reality in Education: Defining Researchable Issues Virtual
Reality in Education: Defining Researchable Issues, EMI. Educ. Media Int. (2017).

J.Q. Coburn, I. Freeman, J.L. Salmon, A Review of the Capabilities of Current Low-Cost
Virtual Reality Technology and Its Potential to Enhance the Design Process, J. Comput. Inf.
Sci. Eng. (2017). d0i:10.1115/1.4036921.

R. Sacks, A. Perlman, R. Barak, Construction safety training using immersive virtual reality,
Constr. Manag. Econ. 31 (2013) 1005-1017. doi:10.1080/01446193.2013.828844.

Y. Zhang, H. Liu, S.C. Kang, M. Al-Hussein, Virtual reality applications for the built
environment: Research trends and opportunities, Autom. Constr. 118 (2020).
doi:10.1016/j.autcon.2020.103311.

S. Saeidi, A. Lowe, N. Johannsen, Y. Zhu, Application of Immersive Virtual Environment (IVE)
in Occupant Energy-Use Behavior Studies Using Physiological Responses, in: Congr. Comput.
Civ. Eng. Proc., American Society of Civil Engineers (ASCE), 2017: pp. 381-389.
doi:10.1061/9780784480830.047.

M. Keshavarzi, L. Caldas, L. Santos, RadVR: A 6DOF Virtual Reality Daylighting Analysis Tool,
Autom. Constr. 125 (2021) 103623. doi:10.1016/j.autcon.2021.103623.

M. Billger, S. d’Elia, Color appearance in virtual reality: a comparison between a full-scale
room and a virtual reality simulation, 9th Congr. Int. Colour Assoc. 4421 (2002) 122.
doi:10.1117/12.464666.

G.A. Gegana, J. Thiodore, F. Gunawan, Study of Lighting and Material Iterations in Full Scale
Model Using Virtual Reality and Interactive Architectural Representation, IOP Conf. Ser.
Earth Environ. Sci. 238 (2019). doi:10.1088/1755-1315/238/1/012025.

K. Chamilothori, J. Wienold, M. Andersen, Adequacy of Immersive Virtual Reality for the
Perception of Daylit Spaces: Comparison of Real and Virtual Environments, LEUKOS - J.
lllum. Eng. Soc. North Am. 15 (2019) 203-226. doi:10.1080/15502724.2017.1404918.

S. Ergan, A. Radwan, Z. Zou, H. Tseng, X. Han, Quantifying Human Experience in
Architectural Spaces with Integrated Virtual Reality and Body Sensor Networks, J. Comput.
Civ. Eng. 33 (2019) 04018062. doi:10.1061/(asce)cp.1943-5487.0000812.

M.A. Siobhan Rockcastle, Kynthia Chamilothori, An Experiment in Virtual Reality to Measure
Daylight-Driven Interest in Rendered Architectural Scenes, Build. Simul. (2017) 2797-2806.

M. Amirkhani, V. Garcia-Hansen, G. Isoardi, A. Allan, Innovative window design strategy to
reduce negative lighting interventions in office buildings, Energy Build. 179 (2018) 253-263.
doi:10.1016/j.enbuild.2018.09.006.



(35]

(36]

[37]

(38]

(39]

(40]

[41]

(42]

[43]

(44]

(45]
(46]

[47]

(48]

[49]

W. Natephra, A. Motamedi, T. Fukuda, N. Yabuki, Integrating Building Information Modeling
and Game Engine for Indoor Lighting Visualization, Proc. 16th Int. Conf. Constr. Appl. Virtual
Real. (2016).

M.O. Wong, J. Du, Z.Q. Zhang, Y.Q. Liu, S.M. Chen, S.H. Lee, An experience-based interactive
lighting design approach using BIM and VR: A case study, IOP Conf. Ser. Earth Environ. Sci.
238 (2019). d0i:10.1088/1755-1315/238/1/012006.

A. Heydarian, E. Pantazis, A. Wang, D. Gerber, B. Becerik-Gerber, Towards user centered
building design: Identifying end-user lighting preferences via immersive virtual
environments, Autom. Constr. 81 (2017) 56—66. doi:10.1016/j.autcon.2017.05.003.

Y. Hong, P. Michalatos, LumiSpace: A VR architectural daylighting design system, SA 2016 -
SIGGRAPH ASIA 2016 Virtual Real. Meets Phys. Real. Model. Simulating Virtual Humans
Environ. (2016). doi:10.1145/2992138.2992140.

C.Y. Lee, M.H. Tsai, I.C. Lin, H.M. Chang, W.C. Lin, Y.S. Wang, C.H. Lin, P.H. Hsu, J.H. Chuang,
VR Lighting Design, SIGGRAPH Asia 2017 Posters, SA 2017. (2017).
doi:10.1145/3145690.3145741.

P.J. Pardo, M.I. Suero, A.L. Pérez, Correlation between perception of color, shadows, and
surface textures and the realism of a scene in virtual reality, J. Opt. Soc. Am. A. 35 (2018)
B130. doi:10.1364/josaa.35.00b130.

B.G. Witmer, M.J. Singer, Measuring presence in virtual environments: A presence
questionnaire, Presence Teleoperators Virtual Environ. (1998).
doi:10.1162/105474698565686.

B. Gerschiitz, M. Fechter, B. Schleich, S. Wartzack, A review of requirements and
approaches for realistic visual perception in virtual reality, Proc. Int. Conf. Eng. Des. ICED.
2019-Augus (2019) 1893-1902. doi:10.1017/dsi.2019.195.

G. Bruder, A. Pusch, F. Steinicke, Analyzing effects of geometric rendering parameters on
size and distance estimation in on-axis stereographics, in: Proceedings, SAP 2012 - ACM
Symp. Appl. Percept., 2012. doi:10.1145/2338676.2338699.

R.S. Renner, E. Steindecker, M. Miiller, B.M. Velichkovsky, R. Stelzer, S. Pannasch, J.R.
Helmert, The influence of the stereo base on blind and sighted reaches in a virtual
environment, ACM Trans. Appl. Percept. (2015). doi:10.1145/2724716.

K. Nesbitt, E. Nalivaiko, Cybersickness, Encycl. Comput. Graph. Games. (2018).

M.E. Falagas, E.l. Pitsouni, G.A. Malietzis, G. Pappas, Comparison of PubMed, Scopus, Web
of Science, and Google Scholar: strengths and weaknesses, FASEB J. 22 (2008) 338—342.
doi:10.1096/fj.07-9492LSF.

A. Heydarian, J.P. Carneiro, D. Gerber, B. Becerik-Gerber, T. Hayes, W. Wood, Immersive
virtual environments: Experiments on impacting design and human building interaction,
Rethink. Compr. Des. Specul. Counterculture - Proc. 19th Int. Conf. Comput. Archit. Des.
Res. Asia, CAADRIA 2014. (2014) 729-738.

S. Language, Scopus Search Guide, (2019) 1-11.
http://schema.elsevier.com/dtds/document/bkapi/search/SCOPUSSearchTips.htm.

S. Uddin, A. Khan, The impact of author-selected keywords on citation counts, J. Informetr.



(50]

[51]

[52]

(53]

(54]

[55]

(56]

[57]

(58]

[59]

(60]

(61]

(62]

[63]

10 (2016) 1166-1177. doi:10.1016/].j0i.2016.10.004.

S. Bidwell, S.I. Chalmers, M. Clarke, G. Crosbie, A. Eastwood, A. Fry-smith, R. Harbour, R.
Lewis, Undertaking Systematic Reviews of Research on Effectiveness CRD ’ s Guidance for
those Carrying Out or Commissioning Reviews, CRD Rep. Number 4 2nd Ed. 4 (2001) 152.
http://opensigle.inist.fr/handle/10068/534964.

J. Smith, H. Noble, Bias in research: Table 1, Evid. Based Nurs. 17 (2014) 100-101.
doi:10.1136/eb-2014-101946.

N. Buscemi, L. Hartling, B. Vandermeer, L. Tjosvold, T.P. Klassen, Single data extraction
generated more errors than double data extraction in systematic reviews, J. Clin. Epidemiol.
59 (2006) 697-703. doi:10.1016/j.jclinepi.2005.11.010.

B. Elango, P. Rajendran, Authorship trends and collaboration pattern in the marine sciences
literature: a scientometric study, Int. J. Inf. Dissem. Technol. (2012).

M.A. Koseoglu, Mapping the institutional collaboration network of strategic management
research: 1980-2014, Scientometrics. 109 (2016) 203—226. d0i:10.1007/s11192-016-1894-
5.

A. Heydarian, J.P. Carneiro, D. Gerber, B. Becerik-Gerber, T. Hayes, W. Wood, Immersive
virtual environments versus physical built environments: A benchmarking study for building
design and user-built environment explorations, Autom. Constr. 54 (2015) 116-126.
doi:10.1016/j.autcon.2015.03.020.

A. Heydarian, E. Pantazis, J.P. Carneiro, D. Gerber, B. Becerik-Gerber, Lights, building, action:
Impact of default lighting settings on occupant behaviour, J. Environ. Psychol. 48 (2016)
212-223. doi:10.1016/j.jenvp.2016.11.001.

K. Chamilothori, J. Wienold, M. Andersen, Daylight patterns as a means to influence the
spatial ambiance: a preliminary study, 3rd Int. Congr. Ambiances. (2016) 1-6.

K. Chamilothori, G. Chinazzo, J. Rodrigues, E.S. Dan-Glauser, J. Wienold, M. Andersen,
Subjective and physiological responses to fagade and sunlight pattern geometry in virtual
reality, Build. Environ. 150 (2019) 144-155. doi:10.1016/j.buildenv.2019.01.009.

F. Abd-Alhamid, M. Kent, C. Bennett, J. Calautit, Y. Wu, Developing an Innovative Method
for Visual Perception Evaluation in a Physical-Based Virtual Environment, Build. Environ. 162
(2019). doi:10.1016/j.buildenv.2019.106278.

Y. Chen, Z. Cui, L. Hao, Virtual reality in lighting research: Comparing physical and virtual
lighting environments, Light. Res. Technol. 51 (2019) 820-837.
doi:10.1177/1477153518825387.

T. Hong, M. Lee, S. Yeom, K. Jeong, Occupant responses on satisfaction with window size in
physical and virtual built environments, Build. Environ. 166 (2019).
doi:10.1016/j.buildenv.2019.106409.

S. Rockcastle, M. Danell, E. Calabrese, G. Sollom-Brotherton, A. Mahic, K. Van Den
Wymelenberg, R. Davis, Comparing perceptions of a dimmable LED lighting system between
a real space and a virtual reality display, Light. Res. Technol. (2021).
doi:10.1177/1477153521990039.

R. Krupinski, Virtual reality system and scientific visualisation for smart designing and



(64]

[65]

[66]

(67]

(68]

[69]

(70]

[71]

(72]

(73]

[74]

[75]

(76]

evaluating of lighting, Energies. 13 (2020). doi:10.3390/en13205518.

K. Chamilothori, J. Wienold, M. Andersen, Fagcade design and our experience of space: the
joint impact of architecture and daylight on human perception and physiological responses,
Light Symp. 2018 - Light Archit. Multi-Sensory Exp. (2018) 1-6.
https://www.researchgate.net/publication/329521502.

A.O. Sawyer, K. Chamilothori, Influence of subjective impressions of a space on brightness
satisfaction: An experimental study in virtual reality, Simul. Ser. 51 (2019) 57-64.

C. Moscoso, K. Chamilothori, J. Wienold, M. Andersen, B. Matusiak, Window Size Effects on
Subjective Impressions of Daylit Spaces: Indoor Studies at High Latitudes Using Virtual
Reality, LEUKOS - J. lllum. Eng. Soc. North Am. (2020).
doi:10.1080/15502724.2020.1726183.

C. Moscoso, K. Chamilothori, J. Wienold, M. Andersen, B. Matusiak, Regional Differences in
the Perception of Daylit Scenes across Europe Using Virtual Reality. Part I: Effects of
Window Size, LEUKOS - J. lllum. Eng. Soc. North Am. (2021).
doi:10.1080/15502724.2020.1854779.

F. Abd-Alhamid, M. Kent, J. Calautit, Y. Wu, Evaluating the impact of viewing location on
view perception using a virtual environment, Build. Environ. 180 (2020).
doi:10.1016/j.buildenv.2020.106932.

F. Rodriguez, V. Garcia-Hansen, A. Allan, G. Isoardi, Subjective responses toward daylight
changes in window views: Assessing dynamic environmental attributes in an immersive
experiment, Build. Environ. 195 (2021). doi:10.1016/j.buildenv.2021.107720.

J.F. Flor, M. Aburas, F. Abd-AlHamid, Y. Wu, Virtual reality as a tool for evaluating user
acceptance of view clarity through ETFE double-skin fagades, Energy Build. 231 (2021).
doi:10.1016/j.enbuild.2020.110554.

G. Chinazzo, K. Chamilothori, J. Wienold, M. Andersen, Temperature—Color Interaction:
Subjective Indoor Environmental Perception and Physiological Responses in Virtual Reality,
Hum. Factors. 63 (2021) 474-502. doi:10.1177/0018720819892383.

F. Vittori, I. Pigliautile, A.L. Pisello, Subjective thermal response driving indoor comfort
perception: A novel experimental analysis coupling building information modelling and
virtual reality, J. Build. Eng. 41 (2021). doi:10.1016/].jobe.2021.102368.

F. Salamone, A. Bellazzi, L. Belussi, G. Damato, L. Danza, F. Dell’aquila, M. Ghellere, V.
Megale, I. Meroni, W. Vitaletti, Evaluation of the visual stimuli on personal thermal comfort
perception in real and virtual environments using machine learning approaches, Sensors
(Switzerland). 20 (2020). doi:10.3390/520061627.

A. Heydarian, J.P. Carneiro, D. Gerber, B. Becerik-Gerber, Immersive virtual environments,
understanding the impact of design features and occupant choice upon lighting for building
performance, Build. Environ. 89 (2015) 217-228. doi:10.1016/j.buildenv.2015.02.038.

J.P. Carneiro, A. Aryal, B. Becerik-Gerber, Influencing occupant’s choices by using
spatiotemporal information visualization in Immersive Virtual Environments, Build. Environ.
150 (2019) 330-338. doi:10.1016/j.buildenv.2019.01.024.

P. Mahmoudzadeh, Y. Afacan, M.N. Adi, Analyzing occupants’ control over lighting systems



(771

(78]

[79]
(80]

in office settings using immersive virtual environments, Build. Environ. 196 (2021).
doi:10.1016/j.buildenv.2021.107823.

K. May, J. Walsh, R. Smith, N. Gu, B. Thomas, VRGlare: A Virtual Reality Lighting
Performance Simulator for real-time Three-Dimensional Glare Simulation and Analysis,
Proc. 37th Int. Symp. Autom. Robot. Constr. (2020). doi:10.22260/isarc2020/0006.

Y. Wang, I.S. Potemin, A. Zhdanov, N. Bogdanov, D. Zhdanov, I. Livshits, Analysis of the
visual perception conflicts in designing mixed reality systems, (2018) 29.
doi:10.1117/12.2503397.

CEN, Daylight in buildings EN 17037:2019, Cen. (2019).

S. Rockcastle, K. Chamilothori, M. Andersen, An experiment in virtual reality to measure
daylight-driven interest in rendered architectural scenes, in: Build. Simul. Conf. Proc., 2017.
doi:10.26868/25222708.2017.828.



Appendix A

Table A1. Selected works about the comparison between luminous conditions in VR and real environments (ref. 4.1)

Ref. Hypothesis statement Methodology Main findings Limitations
[55] Heydarian | Test whether IVEs are | Number of participants: 112 The differences between participants’ | The navigation through the virtual
etal. (2015) adequate representations | Environment reproduced: single occupancy office space performance in dark and bright condition | environment was not perceived realistic:
of physical environments | Configurations: office included two sources of lighting: (1) | is almost equal in physical and virtual | this should influence only the perception
and measure user | natural light and (2) two artificial light fixtures. Four | environment. So IVE can be a valid tool to | of similarities between the IVE and
performance in such | different artificial light settings were available through | investigate user behaviour and | physical environment and not the
environments different combinations. The blinds were kept fully open for | performance cause users’ felt a sense of | performance measures. The sample of
the bright condition and half open for the dark condition. presence. IVE can support the design and | participants was mainly composed by
Measured data: perform a set of similar tasks construction phase of a building acquiring | under graduated students and different
(reading a passage and counting the books in the bookshelf) | information about users’ preferences too. | results could be obtained by older adults.
both in the physical environment and in the IVE.
Sphere of analysis: 32 questions about: focus, gaming,
immersion and involvement, control factors, distraction
factors, IVE interaction.
Scale: unipolar 5 or 7 points scale.
Scene calibration: comparison between real and VR data
HDM calibration: not declared
[31] Investigate the difference in | Number of participants: 29 No significant differences between the | A possible discrepancy between real and

(2019)

Alhamid et al.

objective visual responses
and participants’
interaction with the virtual

Environment reproduced: An office-like test-room
Configurations: Two tasks were used in this study: the
characters contrast test presented on an achromatic chart

complete the same visual tasks when
using VR than when it was presented in
the real environment. The subjective

Chamilothori et | terms  of  satisfaction, | Environment reproduced: The DEMONA (Module de | responses in the real and virtual | virtual environment was the lack of
al. (2019) physiological, physical | demonstration en éclairage naturel), an office with a table | environments for any of the studied | detailsin the virtual one and the different
symptom and sense of | and 2 chairs, a grey carpet, a window in the south facade, | variables were found, so this technology | sky condition. In particular, the view from
presence between real and | all the surfaces are achromatic. could have a wide range of applications. the window because in the virtual
virtual environment. Configurations: 7 scenes were rendered for clear sky type environment the weather conditions
corresponding to every hour from 9:30 AM to 3:30 PM, 2 couldn’t change.
scenes for overcast sky type using 12:30 PM as the time of The limited luminance range of the head
the day. mounted display could limit the
Measured data: Questionnaire, at the end of the investigation of discomfort aspects like
experimental session the participants were invited to glare.
discuss their thoughts on the experiment.
Sphere of analysis: Perceptual Impressions (pleasantness
and complexity and a question about the amount of view in
the space), Physical Symptoms, Reported Presence.
Scale: unipolar 5 points scale.
Scene calibration: VR scene tuning with spectroradiometer
measured data.
HDM calibration: not declared
[59] Abd- | Investigate subjective and | Number of participants: 20 Participants took relatively longer time to | Difference in luminance values between

the real and virtual environment due to
the limited luminance that can be
produced with similar types of displays




environment based on
measurements of perceived
presence

(with black and white chart characters) and Stroop test with
a chromatic chart (with coloured chart characters).
Measured data: Completing tasks and answering
questionnaires.

Sphere of analysis: luminous environment, brightness,
colour-temperature, distribution and high-order
perceptions: pleasantness, spaciousness, excitement and
complexity, general discomfort and sickness.

Scale: unipolar 5 points scale.

Scene calibration: comparison between real and VR data
HDM calibration: eight different shades of grey were used
and their corresponding luminance values were measured
at the centre of the full field of the lens using Hagner S3
photometer in completely dark room

assessments showed no significant
difference for the perception of the
lighting and the perception impressions of
the room between the two environments.

[60] Chen et al.

Analyse what is the best

Number of participants: 40

In IVE was possible to reproduce feelings

The scene was not very clear, captured

(2019) instrument to evaluate | Environment reproduced: A physical test room that | very close to the true ones in physical | scene doesn't permit a good reproduction
luminous parameters | comprises a “reference room” with a bed, desk, cabinet and | scenes. VR can find application to | quality and participants could do limited
(photo, video, IVEs) | a computer, and a “display room” with VR equipment | represent lighting environments | movement.
comparing lighting | placed to display the reproductions. attributes such as open/close,
perception in different | Configurations: 12 lighting scenes which included three | diffuse/glaring, bright/dim and
scenes reference scenes (in the physical test room) and nine | noisy/quiet and in scientific
displayed scenes. investigations.
Measured data: five-part questionnaire to compare the VR
environment with the physical one.
Sphere of analysis: Presentation-ability range, perceptual
attributes rating, emotional attributes, overall satisfaction.
Scale: unipolar 5 or 7 points scale.
Scene calibration: not declared
HDM calibration: not declared
[47] Heydarian | Test whether IVEs are | Number of participants: 9 The differences between participants’ | There was a small sample size. There were
etal. (2014) adequate representations | Environment reproduced: single occupancy office performance in dark and bright condition | a few features of the model that need to
of physical environments | Configurations: office included two sources of lighting: (1) | is almost equal in physical and virtual | be improved.
and measure user | natural light and (2) two artificial light fixtures. Four | environment analysing comprehension,
performance in such | different artificial light settings were available through | speed and object detection. Participants
environments. Preliminary | different combinations. The blinds were kept fully open for | said they were very immersed in the

study of Immersive virtual
environments versus
physical built
environments.

the bright condition and half open for the dark condition.
Measured data: two tasks of (1) reading a passage on a
computer screen; and (2) identifying books of a specific
colour in 30 seconds, filling a questionnaire

Sphere of analysis: sense of presence, good representation,
performance affected by the light setting of the room.
Scale: -

Scene calibration: not declared

virtual environment, and it was a good
reproduction of the real one.




HDM calibration: not declared

[61] Hong et al.
(2019)

Investigate if the virtual
environment is an adequate
representation  of  the
physical environment of
windowed spaces

Number of participants: 50

Environment reproduced: office space.

Configurations: windowed virtual spaces with different
WWR: 15-30-45-60%.

Measured data: comparison between real and virtual
ambient, questionnaire about sense of presence

Sphere of analysis: general presence, spatial presence,
pleasantness, realism.

Scale: unipolar 7 points scale.

Scene verification: not declared

HDM calibration: not declared

Scene calibration: not declared

HDM calibration: not declared

A great sense of presence has been
measured. The virtual environment is
suitable to represent a great sense of
presence and a satisfaction similar to the
physical one. Higher WWRs increases the
occupant satisfaction in terms of visual
comfort, sense of inner space and
openness and decrease the satisfaction in
terms of privacy.

Spaces were too far or too narrow due to
the limited field of view of HMDs.

[62] Rockcastle
etal. (2021)

Evaluate lighting condition
in a real space, comparing it
via HDR  photographs
displayed in a HMD

Number of participants: 30
Environment reproduced:
without daylight
Configurations: 8 light scenes are selected, considering 3
types of light sources: overhead, track, and a lamp desk.
Measured data: task and oral questions

Sphere of analysis: visual comfort, pleasantness, evenness,
brightness, contrast and glare perception for a range of
lighting conditions.

Scale: unipolar 5 points scale.

Scene calibration: comparison between real and VR data
HDM calibration: not declared

Studio workplace setting

Overall response trends are similar for
every type of display. Significant
differences are in VR with scenes with low
average luminance. Scene with the only
desk lamp on was considered the one
with the largest number of people saying
the lighting condition was glaring. No
significant differences between visual
comfort and pleasantness. Some
differences for evenness and brightness,
contrast and glare.

The power of the sample was too low. The
limited horizontal (150°) and vertical
(100°) view angle of the HTC is thought to
contribute to the difference in ratings for
contrasted and glare rating questions.

Table A2. Selected works VR for lighting research: evaluating users' perception and behaviour (Ref. 4.2)

Ref. Hypothesis statement Methodology Main findings Limitations
[57] Investigate the effect of the | Number of participants: 30 Satisfaction with the amount of view was
Chamilothori et | facade and the resulting | Environment reproduced: The DEMONA (Module de | very similar between the two patterns
al. (2016) daylight pattern on the | demonstration en éclairage naturel), an office with a table | with same geometry and slightly greater

perceived spatial ambiance.

and 2 chairs, a grey carpet, a window in the south facade,
all the surfaces are achromatic.

Configurations: Three fagade patterns with the same
opening ratio but different geometry and regularity
(irregular, regular and venetian blind).

Measured data: verbal questions in random order.

Sphere of analysis: Perception (how pleasant, interesting,
complex and exciting was the space and how satisfied the
users were with the amount of view in the space)

Scale: Unipolar 5 points scale.

for the blinds. A preference for irregular
pattern is shown.




Scene calibration: VR scene tuning with spectroradiometer
measured data
HDM calibration: not declared

[58] Analyse how the facade | Number of participants: 72 A preference for irregular fagade pattern | Participants' age was limited to avoid age-
Chamilothori et | pattern and associated | Environment reproduced: social and working spaces. is shown, resulting as more pleasant, | related effects.
al. (2019) daylight distribution | Configurations: Three facade patterns with the same | more interesting and more exciting. The | Limited luminance of the headset that
influence the subjective | opening ratio (25%) but different geometry and regularity | facade and sunlight pattern geometry | cannot induce discomfort glare.
environment perception | (irregular, regular and venetian blind). 2 context scenarios | significantly influenced the participant's
and physiological response. | (working or social activity) compared with a neutral scene. | perception, the mean heart rate, but not
Measured data: Verbal questionnaires and physiological | their skin conductance.
parameters.
Sphere of analysis: Perception, preference, physiological
response.
Scale: Unipolar 11 points scale.
Scene calibration: VR scene tuning with spectroradiometer
measured data
HDM calibration: not declared
[64] Analyse how the fagade | Number of participants: 80 professionals and 80 common | Professionals’ surveys reveal a great | Some discordant results motivate further
Chamilothori et | geometry and the resulting | users. consensus in perception for the same | research.
al. (2018) sunlight patterns affect | Environment reproduced: social and working spaces. patterns (up to 49%). Common users were
perception. Configurations: 20 fagade patterns from existing buildings | in agreement with professional intuitions

Compare the perception
between
lighting/architecture
professionals and common
users.

with the same opening ratio (40%).

Measured data: questionnaires about perception (such as
how exciting and calming the space was perceived) and
physiological response.

Sphere of analysis: Perception and preference

Scale: Unipolar 11 points scale.

Scene calibration: not declared

HDM calibration: not declared

for non-complex patterns and different
perception for complex patterns.

[33] Rockcastle
etal. (2017)

Investigate how people
perceive the immersive
scenes and analyse visual
interest impressions
analysing quantitative
predictors (using a
headtracking), and
subjective perceptual
ratings.

Number of participants: 65

Environment reproduced: 8 different architectural spaces.
Configurations: Sky conditions and view directions change
in every architectural space each with different internal
daylight composition, from direct and exaggerated sunlight
penetration to diffuse and uniform daylight conditions.
Measured data: Verbal questionnaires and headtracking.
Sphere of analysis: Perception.

Scale: Unipolar 11 points scale.

Scene calibration: not declared

HDM calibration: not declared

Subjects explored the 180° scenes with a
45° wide horizontal band, centred in the
field of view, highlighting the importance
to study the daylight-driven visual interest
in architectural design from an occupant
perspective.

[65] Sawyer et
al. (2019)

With brightness level held
constant, analyse what
influences the environment

Number of participants: 100
Environment reproduced: Office

The colour is the more influent variable.
The satisfaction is correlated with
brightness but with outside view,




perception (satisfaction) | Configurations: The brightness level is held constant | complexity and overall quality of the
most. changing: shading design pattern (6 configurations), colour | environment too.
of furniture and materials, furniture configurations. In total
30 different configurations are analysed compared with a
neutral scene.
Measured data: Verbal questionnaires to measure users’
preference changing the selected variables.
Sphere of analysis: Satisfaction, perception.
Scale: Unipolar 11 points scale.
Scene calibration: comparison between real and VR data
HDM calibration: not declared
[66] Moscoso et | Evaluate the interaction | Number of participants: 150 Window size has a statistically significant | Limited movement in the exploration of
al. (2020) between spatial elements | Environment reproduced: A single office and a multi-use | effect on the majority of the attributes. In | the scene; too short time of the
and different lighting | space. particular, the space was evaluated as | experimentation.

conditions in spaces with
different destinations of
use. In particular, evaluate
the effect of windows size
on daylit impression and
how sky type, the use and

Configurations: combination of different variables: 3
different window size (small, medium and large); 2 different
space size (small and large); 2 different destination of use
(social and working); 3 type of sky (overcast, clear with two
solar height)

Measured data: verbal questionnaires.

brighter when a participant was exposed
to a large window compared to the
equivalent small window.

size of the space may | Sphere of analysis: Perception, satisfaction.
influence  window  size | Scale: Unipolar 11 points scale.
preferences. Scene calibration: VR scene tuning with spectroradiometer
measured data.
HDM calibration: A black screen with the logos of the two
collaborating education institutions was used to verify the
correct adjustment of the headset.
[67] Moscoso et | Investigate regional | Number of participants: 406 Window preferences seems to not vary in | Limited maximum luminance of the
al. (2021) differences in the | Environment reproduced: an office and a multipurpose | different latitudes: larger windows are | headset.

perception  of  spaces
making variable windows
size and sky type.

room.
Configurations: combinations of different variables: 3
locations (northern, southern and central latitudes); 3
window Size (large, medium, small); 2 space sizes (large or
small); 2 destinations of use (social and working); 3 type of
sky (overcast, clear sky with low or high sun angle).
Measured data: verbal questionnaires.

Sphere of analysis: Perception, satisfaction.

Scale: Unipolar 11 points scale.

Scene calibration: VR scene tuning with spectroradiometer
measured data.

HDM calibration:  Photometric and  colorimetric
characteristics of the rendered scenes as presented to the
participants in the two VR headsets (the one used in

preferred over smaller, but there are no
differences in space perception between
medium and small windows. There are
larger differences between Norway and
Greece, but not between Norway and
Switzerland.




Norway and the one used in Switzerland and Greece) were
measured to ensure similarity of viewing conditions.

[61] Hong et al.
(2019)

Investigate if the virtual
environment is an adequate
representation  of  the
physical environment of
windowed spaces

Number of participants: 50

Environment reproduced: office space.

Configurations: windowed virtual spaces with different
WWR: 15-30-45-60%.

Measured data: comparison between real and virtual
ambient, questionnaire about sense of presence

Sphere of analysis: general presence, spatial presence,
pleasantness, realism.

Scale: unipolar 7 points scale.

Scene calibration: not declared

HDM calibration: not declared

A great sense of presence has been
measured. The virtual environment is
suitable to represent a great sense of
presence and a satisfaction similar to the
physical one. Higher WWRs increases the
occupant satisfaction in terms of visual
comfort, sense of inner space and
openness and decrease the satisfaction in
terms of privacy.

Spaces were too far or too narrow due to
the limited field of view of HMDs.

[68] Abd-
Alhamid et al.
(2020)

Evaluate the importance of
the window views.

Number of participants: 32

Environment reproduced: Office.

Configurations: repeated measures with the same
participants in 3 conditions: Close, Middle and Far from the
window in randomly order.

Measured data: luminance values and physiological
response.

Sphere of analysis: perception, stress, physiological data,
sickness symptoms.

Scale: Unipolar 11 points scale.

Scene calibration: comparison between real and VR data
HDM calibration: not declared

Importance to be close to window: higher
positive effects and lower stress level,
higher parameter of view perception,
higher satisfaction, more stimulating
working environment); with a certain
distance from the window no significant
changes are recorded: importance of the
sky component. More than the WWR
given by standard, the window solid angle
or dimensions should be considered (the
distance from the window is important).

Limited range of luminance and glare or
high  brightness contrast can't be
accurately evaluated. Only one window
view is considered and this can't be
representative of typical scenarios.
Unwanted simulator symptoms are
recorded. Cognitive performance wasn’t
tested.

[69] Rodriguez
etal. (2021)

Analyse subjective
responses to lightness
changes in outdoor views
with respect to different
view constructs.

Number of participants: 48

Environment reproduced: four outdoor views: Corridor,
Courtyard, Roof, and Wall

Configurations: Using a randomization technique, 48
experiments were produced, each presenting unique
combinations of dynamic (n = 8) and static scenes (n = 8).
Measured data: Questionnaires.

Sphere of analysis: Preference, Restoration, Imageability,
Variability

Scale: Unipolar 5 points scale.

Scene calibration: not declared

HDM calibration: not declared

Results showed significant interactions
between view type and lightness change
factors for the three constructs presented
in dynamic format. A significant
contribution was observed for the Wall
and Corridor categories, indicating that
these view types were significantly
enhanced with the presence of lightness
changes.

The techniques to capture the view
stimuli could be refined to cover spatial
and seasonal differences for different
geographical locations. Likewise, the
instruments to  assess  subjective
responses to views could be adjusted to
capture occupants’ responses to dynamic
views for a range of tasks and setting
types.

[70] Flor et al.
(2021)

Investigate the user
acceptance ETFE double-
skin fagade for energy
retrofitting of office
buildings.

Number of participants: 22

Environment reproduced: Office

Configurations: 3 scenarios with different ETFE cushions, 1)
clear, 2) fritted, 3) switchable sample, were evaluated and
compared to the 0) original single-skin fagade with double-
glazed windows.

Participants preferred window views with
clear ETFE facades over fritted foil
constructions, even if the latter provides
better energy and daylighting
performance. Otherwise, fritted ETFE
facades could be acceptable in spaces




Measured data: Questionnaires

Sphere of analysis: Satisfaction and perception

Scale: Unipolar 7 points scale.

Scene calibration: comparison between real and VR data
HDM calibration: not declared

where window views are not required or
where it is necessary to improve the
environmental performance of the
building envelope.

[71] Chinazzo et
al. (2021)

Evaluate interaction
between thermal and
lighting perception on users
and the influence on
physiological responses.

Number of participants: 57

Environment reproduced: Office

Configurations: Three types of coloured daylight (blue,
orange, and neutral) in combination with two temperature
levels (24°C and 29°C).

Measured data: Verbal questionnaires.

Sphere of analysis: thermal, visual and overall perception.
Scale: Unipolar 5-, 7- and 10-point scale.

Scene calibration: comparison between real and VR data
HDM calibration: not declared

Orange scene was considered the worst
pleasant in comparison with the neutral
and the blue one. Visual and thermal
perception have a connection only with
the low temperature. General perception
hasn’t been influenced by colour and
temperature.

Short exposure time to the thermal
environment, which might not have
allowed for full thermal adaptation. The
use of a visual stimulus presented in the
virtual environment might have been
more predominant than a visual stimulus
in a real environment.

[72] Vittori et al.
(2021)

Occupants’ behaviour is
strongly influenced by their
perception and represents a
major variable affecting
buildings' energy
performance, but its impact
is difficult to predict since
the early design stage.

Number of participants: 50 for the validation, 100 for the
colour experiment.

Environment reproduced: Office

Configurations: with a constant thermal environment, the
following variables are considered: window coating,
window aspect ratio, and artificial lighting colour
temperature.

Measured data: questionnaires.

Sphere of analysis: subjective validation of sense of
presence of VR scene.

Scale: bipolar 5-point scale.

Scene calibration: comparison between real and VR data
HDM calibration: not declared

Validation test: 76% of the interviewees
declared to prefer the 360° picture with
respect to the VR model, even if the same
percentage positively evaluated the
perceived sense of presence in the VR
environment.

Core test: window aspect ratio and
artificial lighting colour temperature
modify the temperature perception of the
users: interviewed people declared to feel
relatively hotter in high aspect ratio
window conditions and low colour
temperature

Limits of the headset.

[73] Salamone
et al. (2020)

Evaluate the influence of
light colour temperature in
thermal perception.

Number of participants: 25

Environment reproduced: Office

Configurations:  maintaining a constant thermal
environment, light colour and images projected vary from
cold to hot tone in real and VR environment.

Measured data: questionnaires and biometric data.
Sphere of analysis: perception.

Scale: bipolar 7-point scale.

Sphere of analysis: subjective validation of sense of
presence of VR scene.

Scale: bipolar 5-point scale.

Scene calibration: not declared

HDM calibration: not declared

Light colour is a non-negligible factor in
predicting thermal perception.

Short exposure time could be a limitation
because the thermal adaptation was not
allowed.

[74] Heydarian
etal. (2015)

Understand occupants'
lighting use behaviour by

Number of participants: 114
Environment reproduced: Office

Semi-automatic  systems, for what
concern curtains, are preferred, especially

Limitations due to the quality of models,
along with the equipment used.




investigating the influence
of manual and semi-
automatic control systems
on lighting-use. Investigate
the influence of manual and
semi-automatic control
systems on lighting use.

Configurations: two sources of lighting: (1) two artificial
light fixtures each with three florescent light bulbs and (2)
natural light coming through a window. Four different
control option: manual switching of lighting sources and
manual opening of the curtains; manual switching of
lighting sources and manually or semi-automatic opening of
the curtains; manual or semi-automatic switching of
lighting sources and manual opening of the curtains;
manual or semi-automatic switching of lighting sources and
manual or semi-automatic opening of the curtains.
Measured data: questionnaires and reading task.

Sphere of analysis: IVE interaction and gaming familiarity,
environmental responsibility, personal preferences.

Scale: unipolar 7 points scale.

Scene calibration: comparison between real and VR data
HDM calibration: not declared

with electric light environments. Users
choose the remote option because it's
easier to use.

[56] Heydarian | Identifying end-user lighting | Number of participants: 160 Participants were significantly less likely | Time and destination of use limitations
etal. (2016) preferences via immersive | Environment reproduced: office to change the default lighting setting if
virtual environment | Configurations: five lighting setting with different | daylighting was available and they
towards user centred | configurations of artificial lighting and shades. performed better.
building design. Measured data: reading a text, questionnaire about the
text, changing of lights settings, evaluation of the ambient.
Sphere of analysis: Preference and user behaviour
Scale: -
Scene calibration: VR scene adjustment with modeled data
(Honeybee, Radiance, Daysim)
HDM calibration: not declared
[37] Heydarian | Collect end-user lighting- | Number of participants: 89 Participants were significantly less likely | Not account for dynamic lighting changes
etal. (2017) related behaviour by using | Environment reproduced: Office to change the default lighting setting if | or the angle of view in the virtual

immersive virtual
environments (IVEs) as an
experimental tool.

Configurations: five lighting setting with different
configurations of artificial lighting and shades.

Measured data: reading a text, questionnaire about the
text, changing of lights settings, evaluation of the ambient.
Sphere of analysis:

Scale: -

Scene calibration: VR scene adjustment with modeled data
(Honeybee, Radiance, Daysim)

HDM calibration: not declared

daylighting was available

performed better.

and they

environment since the solar illumination
of the scenes were preset and static.

[34] Amirkhani
etal. (2018)

Investigate the impact of
the WWR and the power
level of an electric wall-
washing system on
occupants’ lighting

Number of participants: 53

Environment reproduced: Office

Configurations: four different WWRs: 15%, 30%, 46%, and
62% with a cool-white electric linear luminaires providing
wall-washing.

Participants reported higher contrast on
the window wall in the space with a lower
WWR compared with the other groups of
WWR. Increasing the lighting level of the

Current tone-mapping operators are
static, whereas the content and contrast
of scene in the IVR spaces changes with
the users’ head movement.




preferences and intended
behaviour.  Explore the
utility of an IVR space in

Measured data: verbal questionnaires
Sphere of analysis: Preference and satisfaction
Scale: Unipolar 5 points scale.

supplementary  wall-washing  system
improves indoor lighting satisfaction

examining responses to | Scene calibration: not declared
lighting scenarios. HDM calibration: not declared
[75] Carneiro et | User awareness can | Number of participants: 80 The energy impact visualization | Few people changed their initial choice.
al. (2019) influence choice and action | Environment reproduced: office influences more than the illuminance | The effectiveness of the InfoVis can be
with  energy efficiency | Configurations: Two visualizations were presented to the | visualization. further improved if user personality is also
benefits participants, one relating to energy consumption and considered in the InfoVis design. Another
another relating to light distribution in the room, depending limitation of this study is that the
on the participants’ initial choice. If the participant chose participants mainly consisted of students
natural light as the main source of lighting by opening the and, since the participants were of similar
blind, an energy consumption related InfoVis shows the age and education level, it wasn’t possible
impact of heat gain on energy consumption. If the to analyze the impact of age, experience
participant chose mainly artificial light as the lighting and level of education on the study
choice, the illuminance levels in the room is shown to outcomes.
demonstrate that the natural light was sufficient to
illuminate the room. The goal was to contradict their initial
choice.
Measured data: Questionnaires
Sphere of analysis: Preference
Scale: Unipolar 5 points scale
Scene calibration: not declared
HDM calibration: not declared
[76] Occupants' behaviour has | Number of participants: 30 The participants were more likely to | The environmental factors and conditions
Mahmoudzadeh | major effect on building | Environment reproduced: office choose to have natural lighting over | were static and in favour of having natural
etal. (2021) energy consumption. The | Configurations: Three different lighting settings, which | artificial lighting when interacting with | light throughout the experiment.
sense of control can | provided different degrees of control for lighting | more energy efficient lighting systems, | Additionally, since this study was

influence occupants' choice
and performance in office
settings.

arrangement, for the same virtual office setting.

Measured data: Questionnaires, lighting choices

Sphere of analysis: Perception, satisfactio, cognitive loads,
Personality traits

Scale: 7 questions with a agree-disagree format, 1 question
with a 3 points Likert Scale, 1 question with a 6-point Likert
scale, 44 questions on 5-point Likert scale.

Scene calibration: VR scene adjustment with modeled data
(DIALux Evo)

HDM calibration: not declared

which gives them a perception of control.
Overall, the assessments suggested that
the participants were equally satisfied
with semi-automated lighting systems.
The participants underwent a higher
cognitive load when they performed a
task with fully automated lighting system
compared to the conditions where they
had full control or a perception of control
over the lighting system. The participants
who scored high on openness had a wide
range of lighting choices regardless of
having different degrees of control over
lighting. In case of having full control,
participants with bold extraversion

designed for virtual environments, the
obtained average lux levels in the real
work environments might result in
different associations. Due to the COVID-
19 pandemic, the sample size was kept
small.




dimension mostly chose a combination of
both natural and artificial lighting. VR
technology is not perceived as a tool for
performing serious task. Furthermore,
behavioural  observations  of  the
participants during the experiment
signified that the participants had a strong
perception of reality in the IVE.

Table A3. Works ab

out VR for lighting design (Ref.

4.3)

Ref.

Hypothesis statement

Methodology

Main findings

Limitations

[36] Wong et al.
(2019)

Matching BIM and VR
technologies could be
useful for designers and
users, to support user
interaction and to evaluate
lighting design alternatives.

Number of participants: -

Environment reproduced: lecture room

Configurations: Lighting parameters (i.e., intensity and
color) can be adjusted after instantiating the lighting
fixtures

Measured data: -

Sphere of analysis: Lighting instantiation; Lighting
parameter adjustment; Personalized lighting design; Video
projecting; Energy consumption

Scale: -

Scene calibration: comparison between real and VR data
HDM calibration: not declared

A feasible calculation method of lighting
illumination in Unity is lacked. Both the
unit of light intensity in Unity and its
conversion relation with the real-world
unit of luminous flux are not available in
the official documentation. This proposed
approach cannot reflect the real lighting
effect.

The quantitative analysis in the proposed
system cannot be conducted due to the
lack of a feasible calculation method of
lighting illumination in Unity.

[19] Natephra et
al. (2017)

Develop a new prototype
that integrates BIM and VR
to identify the best design
parameters and evaluate if
this approch could be useful
in lighting design.

Number of participants: -

Environment reproduced:office

Configurations: 12 artificial lighting sources, natural light
added as an actor in the virtual environment. Ul tools are
implemented in the model.

Measured data: -

Sphere of analysis: -

Scale: -

Scene calibration: subjective validation of sense of
presence of VR scene and comparison between real and VR
data

HDM calibration: not declared

This method permits to explore the virtual
space and to perceive lighting distribution
and illuminance level as well as in a real
environment. It permits to quantify
illuminance in real-time.

Different sky conditions could be added.
Synchro between BIM and VR could be
automatic. False colour view is not
realistic, it reaches only 1000 lux.

[61] Hong et al.
(2019)

Investigate if the virtual
environment is an adequate
representation  of  the
physical environment of
windowed spaces

Number of participants: 50

Environment reproduced: office space.

Configurations: windowed virtual spaces with different
WWR: 15-30-45-60%.

Measured data: comparison between real and virtual
ambient, questionnaire about sense of presence

A great sense of presence has been
measured. The virtual environment is
suitable to represent a great sense of
presence and a satisfaction similar to the
physical one. Higher WWRs increases the
occupant satisfaction in terms of visual
comfort, sense of inner space and

Spaces were too far or too narrow due to
the limited field of view of HMDs.




Sphere of analysis: general presence, spatial presence,
pleasantness, realism.

Scale: unipolar 7 points scale.

Scene calibration: not declared

HDM calibration: not declared

openness and decrease the satisfaction in
terms of privacy.

[63]
(2020)

Krupinski

An  innovative  lighting
design system using virtual
reality  should  receive
technical information on
luminance level and energy
consumption supporting
designers.

Number of participants: 32 participants in first survey and
129 in the second one.

Environment reproduced: room and external fagade.
Configurations: The spaces were reproduced after an
accurate measurement of geometries, lighting and
materials. Spaces were compared also with imaging
luminance measuring.

Measured data: Comparison between light perception in
the real and the VR environment.

Sphere of analysis: perception

Scale: -

Scene calibration: comparison between real and VR data
HDM calibration: Measure of the luminance range of the
projected image on the VR headset display

Some respondents who observed the real
image considered it a computer
simulation, or understand through details
which image was the virtual one.

All the modelling softwares ignore CRI

[39] Lee et al.
(2017)

An  integrated
design system which
comprise direct, indirect
and inverse lighting design
in VR environments

lighting

Number of participants: -

Environment reproduced: virtual museum room
Configurations: Unlimited. A user can freely identify areas
of interest (“lighting goals”) on surface to solve the inverse
lighting problem.

Measured data: -

Sphere of analysis: realism

Scale: -

Scene calibration: not declared

HDM calibration: not declared

Provision of an hybrid lighting design
interface including direct, indirect, and
inverse  paradigms light in VR
environment to cope selected design
tasks and scenarios

[38] Hong and
Michalatos
(2016)

Evaluate the interaction
between users and
architecture in 3D models.

Number of participants: 20

Environment reproduced: generic room

Configurations: 5 different possibility of interaction.
Measured data: comparison of objects dimension
perception with VR and Rhinoceros software

Sphere of analysis: perception

Scale:-

Scene calibration: not declared

HDM calibration: not declared

VR has an advantage over Rhino in
helping people determine scale. Rhino do
a slightly better perception of distance.

Limited range of light of the screen.
Small number of samples

[77] May et al.
(2020)

Investigate pros and cons of
different ways to inform

user about the glare
intensity through an
immersive VR simulator

Number of participants: -
Environment reproduced: living room
Configurations: -

Measured data: -

Definition of 6 ways (4 visual-based and 2
non visual-based) to inform user about
glare intensity

Acceptable refresh rate (>45 fps) with less
than 5 light sources and 1300 meshes.
Each way used to inform glare intensity
has limitations

-semi realistic mode: low UGR accuracy;




capable of real-time glare
analysis.

Sphere of analysis: perception
Scale: -

Scene calibration: not declared
HDM calibration: not declared

The glare visualization techniques are:
semi realistic mode, heatmap color,
bendrays, animated arrows

Non visual glare information ways are:
glare intensity proportional to an audio
signal, glare intensity proportional to
vibration on haptic device

-heatmap color: loss of real aspects of
objects;

-bendrays: slows the refresh rate and rays
obstruct the FoV of the user;
-arrows:  obstruction in
intuitiveness

-audio and haptic: hardness in locating
glare sources;

FoV, low

[78] Wang et al.
(2018)

Study the visual perception
conflict for mixed reality
(MR) devices. comparing
images of the real, virtual
and mixed worlds as seen
when using the augmented
or mixed reality device
along with an expected
image of the mixed world.

Number of participants: -

Environment reproduced: living room

Configurations: 2: MR with optical see-through device and
MR with video see-through device

Measured data: MR scenes Luminance

Sphere of analysis: realism

Scale:-

Scene calibration: not declared

HDM calibration: not declared

In optical see-through MR system type
only increase luminance of the virtual
objects is possible to make them clear
visible. MR needs a tuning of the virtual
world luminance.

In video see-through MR systems the
absence of indirect illumination makes
the shadows uncorrect. An external
simulation indirect illumination is needed.




