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ABSTRACT
The building sector and the indoor environment conception is un-
dergoing major changes. There is a need to reconsider the way
offices are built from a user’s centric point of view. Research has
shown the influence of perceived comfort and satisfaction on per-
formance in the workplace. By understanding how multi-sensory
information is integrated into the nervous system and which envi-
ronmental parameters influence the most perception, it could be
possible to improvework environments.With the emergence of new
virtual reality (VR) and augmented reality (AR) technologies, the
collection and processing of sensory information is rapidly advanc-
ing, moving forward more dynamic aspects of sensory perception.
Through simulated environments, environmental parameters can
be easily manipulated at reasonable costs, allowing control and
guiding the user’s sensory experience. Moreover, the effects of con-
textual and surrounding stimuli on users can be easily collected
throughout the test, in the form of physiological and behavioral
data. Through the use of indoor simulations, this doctoral research
goal is to develop a multi-criteria comfort scale based on physio-
logical indicators under performance constraints. In doing this, it
would be possible to define new quality indicators combining the
different physical factors adapted to the uses and space. In order
to achieve the objectives of this project, the first step is to develop
and validate an immersive and interactive methodology for the as-
sessment of multisensory information on comfort and performance
in work environments.
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1 INTRODUCTION AND CONTEXT
The building sector and the way the indoor environment is con-
ceived is undergoing major changes. It is a primordial sector con-
sidering that the majority of the world’s population lives in urban
areas and this number is expected to increase by two-thirds over the
next 30 years [1]. According to a study conducted by the European
World Health Organization, in 2013 [2], people spend a large ma-
jority of their life (>90%) in indoor environments. This progressive
detachment from nature has proven to have a series of negative
impacts on people’s satisfaction, well-being, and productivity [3,4].
In future years, with the worsening of climatic conditions, we can

expect human life to become more dependent on artificial environ-
ments. Most of the buildings today are not adapted to the changes of
tomorrow. Some of the responses will play out in how built spaces
are designed, constructed, used, maintained, and retrofitted. Col-
lectively, buildings in the EU are responsible for 40% of our energy
consumption and 36% of greenhouse gas emissions, which mainly
stem from construction, usage, renovation, and demolition. Improv-
ing energy efficiency in buildings, therefore, has a key role to play
in achieving the ambitious goal of carbon neutrality by 2050, set
out in the European Green Deal [5]. To reach these goals, the main
course of action is the complete and efficient renovation of building
stocks, thus supporting rapid technology development. Moreover,

since Covid-19 there has been a shift in our work-related habits. In
fact, three years after the pandemic, the prior mono model of the
workplace setting is no longer an option both for employees and
companies and different and more flexible working systems have
proven more efficient. Telework has proven effective for cost reduc-
tion, motivation, and work-life balance of workers and increases
productivity and overall performance [6]. Because of these impor-
tant changes in work practices, physical offices and the design of
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buildings themselves also have to adapt and develop accordingly
with the new shift of paradigm. It is a challenge for the building
sector since there is the need of creating smart workplaces that
take into account user’s physiological and psychological reactions
to different environmental cues. Future offices are likely to have

smarter and healthier environments, which make the most of envi-
ronmental conditions, as well as societal changes. Today, models of
hybrid work, as well as employee engagement are two important
priorities. The nature of the work environment adapts to the needs
of society and companies; most employees want to be in the con-
ditions to decide where, when, and how they are working. Thus,
facility managers and professionals of the work environment have
to conceive flexible and functional buildings that offer at the time
collaborative opportunities and quieter spaces to increase satisfac-
tion in the workplace environment. Therefore, there is a need to
reconsider the way offices are built in addition to a sustainability
point of view, also from a user’s centric point of view. [7,8]

2 CONTEXTE
In light of this challenge, this research seeks to understand the
impact of environmental parameters (light, odor, sound, layout,
etc. . . ) on human declarative and non-declarative clues. In order to
acknowledge the way people interact with the environment and
tackle the extent of its influence on cognition and behavior, it is
important to address the understanding of the sensory system and
develop an efficient methodology capable of studying it. Sensory
science is the multidisciplinary field at the origin of this issue and it
comprises the measurement, interpretation, and understanding of
human responses to product properties as perceived by the senses
such as sight, smell, taste, touch, and hearing [9]. By understand-
ing how sensory information is processed and integrated, it would
be easier to promptly answer background industry questions and
guide several strategies of renovation and construction from the
standpoint of users. Sensory science has relied for many years on

the classical methods of sensory evaluation, through the collection
of subjective perception, which can be modulated by a range of in-
ternal and external factors, such as expectations, context, memory,
attention, etc. . . , for many aspects can be biased and do not always
translate the full range of feelings and perceptions. Therefore, the
best way to apprehend the cognitive, physiological, and emotional
aspects of perception in the design, and interpret the effect of mul-
tisensory information on humans is by combining different levels
of investigation. In recent years, with the progress in neuroscience,
sensory science has been rapidly expanding in multiple and differ-
ent scopes. Thanks to new methods, tools, and abundant research
in this area, physiological data can now be measured and inter-
preted easily and more reliably, which, coupled with declarative
methodology and cognitive assessments, gives us increased access
to human insights [10]. The building sector has had yet to rely on

sensory science and the different methods of satisfaction assess-
ment to propose user’s centric design that reckon with how the
combination of environmental stimuli can affect perception and
cognition. Research has shown the influence of perceived comfort
and satisfaction on performance in the workplace. It is yet still
unclear which mechanisms are the most involved in cognition and

to what extent elements of the environment take part in this pro-
cess [11,12]. Furthermore, with multisensory integration, we are
aware that sensory modalities compensate each other, and that
elements of the environment can be improved, by understanding
how external information is integrated into the nervous system.
By approaching this issue, we realize the struggle in setting up
an experience to study multisensory information of the indoor
environment. These kinds of tests include many different indepen-
dent and dependent variables that need to be controlled as best
to avoid methodological biases and other possible external effects.
Furthermore, a massive amount of data that ought to be intersected
and interpreted is generated and it requires full confidence in the
data collection in order to make any kind of recommendation [13].
With the emergence of new virtual reality (VR) and augmented

reality (AR) technologies, the collection and processing of sensory
information is rapidly advancing, moving forward more dynamic
aspects of sensory perception, taking account of user-product inter-
actions globally [14]. In indoor environment evaluations, simulated
reality offers new possibilities for experimental design as well as
a functional rapprochement between the laboratory and real life.
In fact, with simulated environments, environmental parameters
can be easily manipulated at reasonable costs, allowing to control
and guide the user’s sensory experience. Effects of contextual and
surrounding stimuli on users can be easily collected throughout the
test, in the form of physiological and behavioral data [15], without
breaking the feeling of presence. Moreover, a realistic immersive
VR environment can elicit vivid perceptual experiences, inducing
a strong sense of presence and embodiment [16]. One main chal-
lenge is to acknowledge to which extent simulated environments
are ecologically valid and which functions would be more solicited
in different environmental simulation display formats. Previous
works indicate that psychological and physiological responses can
differ from natural to simulated content [17,18]. There is a need to
estimate those differences in order to create viable environments to
properly represent real-life simulated conditions, as well as adapted
cognitive tasks.

3 THE AIMS, OBJECTIVES AND SCOPE OF
THE RESEARCH

This doctoral research’s final goal is to develop a multi-criteria
comfort scale based on physiological indicators under performance
constraints. In doing this, it would be possible to define new quality
indicators combining the different physical factors adapted to the
uses and spaces. In order to face this multidisciplinary subject, this
3 years research will include the following objectives:

(1) Develop a media interactive methodology for the investiga-
tion of users comfort and performances in simulated envi-
ronments

(2) Define the comfort threshold of multi-sensorial clues
(3) Define new quality physiological indicators by modelizing

the data
As indicated above, the development and validation of a straightfor-
ward methodology for the assessment of multisensory information
on comfort and performance in an indoor environment is the first
step needed to conduct the research. This new tool could be of
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Figure 1: Schematic representation of the research framework

benefit, on one hand for methodological facilitation purposes and
on the other for cost reductions.

4 THE METHODS AND FUTUREWORK
In order to achieve the objectives of this project, the first step is
to develop and validate the indoor simulations. In environmental
simulations, one of the most used formats, for its visual realism and
ease of use are 360° panoramic photos and videos, which permit
capturing physical-world images. This format is projected in the
head-mounted display (HDM) in a spherical format and the ob-
server finds himself optically in the center of the sphere. Spherical
panoramas are suited for the majority of motifs and allow an unre-
stricted view of the image in both horizontal and vertical directions
[19]. Research identified a strong correlation between psychological
responses and physical environment, as opposed to VR, because
of their smaller degree of realism, but a stronger degree of sense
of presence [20]. The HDM allows a fully-immersive system that
isolates the user’s senses from the external world and gives a higher
degree of immersion. It also allows interesting associations between
photographic techniques and VR, making them more interactive
and immersive when combined with an HDM. Because of the great
level of realism offered by real-world images, this research will
include 360° photos of workplaces, taken with the ‘Insta360Pro’
camera and adapted to be seen in a head-mounted display via the
software Unity. To increase embodiment, some virtual objects or as-
sets (office table, computer etc. . . ), will be added to the scene with a
goal of interaction of the observer with the environment. Elements
of the scene, such as light, color, and intensity will eventually be
edited, to observe the disparate environmental effects on percep-
tion. We expect this mixed simulation to offer a fair compromise
between the physical and simulated environments and to allow
for an ideal validity of the format. A test will be undertaken with
the objective to compare physical and simulated environments and
assess the validity of the latter. Through the test, physiological data
such as electrodermal activity, heart rate and eye movement will be
collected. This test will allow on one hand to evaluate the validity of
the format and on the other to compare office layouts. Moreover, it
will allow us to apply the former methodology to different research

investigating specific environmental clues and sensory dimensions.
For example, the ‘Centre Scientifique et Technique du Bâtiment’
(CSTB) is undertaking a test investigating the effect of the vibroa-
coustic phenomena on comfort and cognition. This methodology
would permit further exploration of the vibroacoustic disturbance
when multiple environmental stimuli are included. Such potential
of multisensory investigation would permit the definition of new
quality indicators for the building sector, as a last objective of this
research.

5 MAIN CONTRIBUTION(S) TO IMX
Interactive media experience, VR, and AR offer enormous potential
in disparate sectors for the investigation of human behavior and
for the development of user-centric designs. This research gives
the possibility to investigate multisensory integration and under-
stand how users interact with simulated environments compared
with real life. The methodology conceived could not only benefit
the building sector, but different disciplines that have to control
multiple variables and wish to maintain ecological conditions. Most
sectors, starting with sensory science have the potential to greatly
evolve by the exploitation and exploration of new interactive tech-
nologies.
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