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Abstract This research presents an innovative approach to evaluating indoor spaces,
combining qualitative attributes with numerical architectural metrics. A hypothetical compar-
ative visualization system is introduced, utilizing HDR visual imaging and thermal imaging in
360� field of view across multiple indoor environments. The study aims to provide architects
and occupants with a user-friendly tool informing them about the primary considerations of
their built spaces, with a specific focus on indoor environmental qualities in remote Arctic re-
gions. Key inquiries delve into the efficacy of the spherical approach and the capacity of
comparative visualization to offer insights into space quality. Preliminary experiments contrast
indoor environments in terms of circadian lighting, thermal uniformity, and view access to
outside in the 360� field of view (VAR360). The resulting visualizations hold significance in
introducing an immersive approach for depicting specific non-visible environmental qualities,
particularly in relation to the window characteristics of spaces. It demonstrates the integra-
tion of multiple environmental variables, both steady-state and temporal, from central points
within spaces, providing a comprehensive view over their non-visible qualities. These results
should be useful for researchers and practitioners within building sciences, computer vision,
and photobiology, showcasing an out-of-the-box approach for categorizing indoor spaces based
on standards and human-environmental qualifications.
ª 2025 The Author(s). Publishing services by Elsevier B.V. on behalf of Higher Education Press
and KeAi. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

This study introduces a hypothetical approach aimed at
establishing a rule-of-thumb technique for evaluating in-
door built environments based on their favourable lighting,
thermal, and view access qualities. Leveraging the
advanced image-based methods for environmental assess-
ments, including immersive thermal and lighting represen-
tations and the view access ratio in the 360� field of view
(VAR360) proposed by Tabatabaeifard et al. (2023a,b),
similar to the view access index introduced by Ko et al.
(2023). The present paper takes advantage of an Immer-
sive Capturing System (ICS), introduced by Tabatabaeifard
et al. (2023a,b), which captures thermal and visual im-
ages in 360� viewing directions. Preliminary experiments
are conducted to explore the potential of developing a
comparative evaluation framework. The focus is on con-
trasting indoor environments, particularly in terms of their
temporal characteristics related to circadian lighting,
thermal uniformity, and VAR360. Synthesizing information
from 360� images, the paper proposes comparative repre-
sentation systems to assess indoor spaces based on their
biophilic, lighting, and thermal attributes. The primary
objective of this research is to present a simplified post-
occupancy evaluation method for the long-term assess-
ment of indoor environmental qualities in remote Arctic
regions, contributing to a more comprehensive under-
standing of architectural spaces in challenging climates.

Objective of the research:

1) Develop a hypothetical visualization system that is
widely accessible and user-friendly for architects and
building occupants.

2) Enable visualization of built environments within an
evaluation system that encompasses a large number of
built spaces.

Key questions addressed:

1) Relevance of spherical approach:
� Explore whether the spherical approach yields mean-
ingful results reflecting the reality of indoor
ambiences.

� Assess the impact of architectural features and out-
door environments on different indoor spaces.

2) Comparative visualization insights:
� Investigate the capability of comparative visualization
in providing insights into the quality of a space
compared to other indoor environments.
1.1. View access in the 360� field of view (VAR360)

Windows play a crucial role in controlling indoor conditions
within Arctic buildings (Cavalerie et al., 2024). A wider
window in general is usually considered more “pleasant,
interesting, exciting, bright, spacious, and with a more
satisfying amount of view” (Moscoso et al., 2021). A
growing body of evidence supports the notion that human
exposure to nature holds substantial benefits (Chang and
Chen, 2005; Franco et al., 2017; Lawton et al., 2017;
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Pretty, 2004). Ko et al. (2021) characterizes the three
principal features of a good view, namely the view content
(outdoor scene), view access (glazing ratio in the field of
view), and view clarity (glazing types). “View access” re-
fers to the amount of view an occupant can visually access
from the viewing position (Ko et al., 2022). Recent studies
on view access and visual content (Ko et al., 2021) focus
primarily on causal architectural mechanisms linking phys-
ical features to occupant effects, such as distance from the
window and window size (Lee et al., 2022; Poto�cnik and
Ko�sir, 2021). A subjective study of lighting quality and the
number of outdoor views indicates that relatively medium
to large window sizes would be preferable, although other
factors such as space size should be considered (Moscoso
et al., 2021). However, in the Arctic region, where solar
and thermal conditions are prevalent, it is imperative to
consider the impact of exposure to solar radiation on sur-
face temperatures and total solar gain, particularly with
regards to glazing design and its ratio. This research initi-
ates a method for navigating the biophilic potentials within
indoor Arctic spaces steering future architectural decisions
toward crafting biophilic environments that actively
contribute to circadian lighting and thermal comfort in such
climates.

In general, a broader view of the outdoors is more
desirable (Kaasalainen et al., 2020), and the attributes of
windows and transparency ratios within Arctic architecture
should wield significant influence over the potential
enhancement of occupants’ well-being by establishing vi-
sual connection with the natural surroundings. However, its
counter-potential in terms of increased energy consump-
tion is of concern in the context of the Arctic climate (Morin
et al., 2010). Therefore, augmenting transparency in Arctic
building facades necessitates a judicious consideration of
the causes and effects pertaining to thermal and lighting
conditions in such latitudes. In such contexts with extreme
low outdoor air temperature in cold seasons, a non-uniform
distribution of surface temperature is expected, due to the
presence of relatively hot (heater systems) and cold
(thermal bridges on exterior walls) surfaces within such
indoor spaces. Moreover, in higher latitudes with extended
photoperiods and low solar altitudes, this effect is exac-
erbated by solar radiation, which has the potential to
significantly distort the radiant field. Since the complexity
associated with non-uniform spaces suggests that uniform
spaces may be simpler to manage in terms of thermal
comfort (Zhang, 2003), this research considers the thermal
uniformity as a positive attribute within indoor spaces
which supports control over thermal comfort in Arctic
interior spaces.

1.2. Thermal uniformity

The inquiry into the uniformity of the radiant temperature
exposure field has been part of studies exploring thermal
comfort as a fundamental human-environment phenome-
non (Fanger et al., 1985; Masayuki et al., 2001; Marino
et al., 2017; Olesen, 1982; Rizzo et al., 1991; Rupp et al.,
2015). The presence of excessively hot or cold surfaces
disrupts this uniformity, leading to uneven exposure of
different body parts to varying temperatures, thereby
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inducing discomfort sensations. Empirical investigations,
involving a substantial participant pool, underscore that a
higher radiant asymmetry correlates with an increased
number of dissatisfied individuals (Fanger et al., 1985). The
immersive capturing method employed in this research is
not intended for precise measurements; rather, it is
designed to offer qualitative insights into interiors. How-
ever, the 360� thermal images enable the representation of
diversities and fluctuations throughout the day or an
extended period. By utilizing thermal pixel values, it be-
comes feasible to calculate the uniformity in the 360�

exposure field. A 360� thermal and visual Immersive
Capturing System (ICS) developed by Tabatabaeifard et al.
(2023a,b) captures a spherical field of radiant exposure,
aligning with theoretical approaches developed in studies
that address radiant asymmetry (Liu et al., 2014; Tanabe
et al., 2000). The present research leverages this tech-
nical advantage to contrast the uniformity of surface
temperature as a comfort-supportive attribute of indoor
spaces, VAR360, and integrative lighting across multiple
spaces during the specified timeframe of 10:00 to 16:00
throughout the day.

1.3. Circadian lighting

Daylight, with its variations in intensity, spectral power
distribution (SPD), and direction across days and seasons
(Rossi, 2019), emerges as an optimal light source for
circadian system activation, providing the right spectrum
and intensity during daylight hours (Figueiro and Rea,
2016). Evolving personalized passive technologies for
assessing circadian light exposure (Tag et al., 2020) and
simulation applications for new designs (ALFA, 2018) un-
derscore the dynamic landscape of circadian lighting
research. However, in the realm of indoor retrofits,
leveraging the spatio-temporal potential for delivering
specific circadian lighting intensities to occupants using
current methods is hindered by complexity and dependence
on sophisticated measurement devices.

Despite its limitations, the simplicity of the ICS, along
with its advantages in addressing view access, thermal
radiant uniformity, and circadian lighting in various indoor
environments, renders it suitable for the objectives of this
research. Therefore, this paper establishes preliminary
tests for the comparative visualization of spaces. Spherical
captures were initiated from the centre of spaces to ensure
a relatively balanced distance from vertical surfaces (walls,
windows, and doors), providing a comprehensive view of
the interior space. Capturing spherical perspectives from
the centre viewing points addresses the representation of
both lighting and thermal conditions on every side of the
spaces, considering not only the ratio of view access to
windows but also the reflecting walls on the opposite side
of the rooms. An advantage of capturing images from the
centre lies in its ability to assess lighting conditions holis-
tically. This approach enables the depiction of natural light
spread through different areas, including those with indi-
rect exposure to windows. Going beyond the view access
ratio in the immersive scene, this comprehensive approach
offers a broader understanding of the overall visual and
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thermal experiences within indoor spaces. By addressing
lighting and thermal conditions from a central perspective,
valuable insights are provided into the intricate interplay
between architectural elements, environmental factors,
and occupants’ experiences of indoor environments.

The utilization of virtual sensing technologies for
establishing continuous, informative, and reliable building
sensing and data environments during building operation is
widely advocated (Yoon, 2022). While numerous studies
have employed wide-angle thermal and/or visual imaging
techniques to capture environments (Gutin et al., 2006;
Hatefnia et al., 2018; Leung and Ge, 2013; Malczewski and
Buczkowski, 2014), the development of 360� thermal and
visual capturing systems represents a significant advance-
ment. These systems allow for the representation of various
visible and non-visible environmental conditions, which are
crucial for occupants’ well-being (Tabatabaeifard et al.,
2023a,b). However, there remains a gap in the literature
concerning the integration of these technologies into
practical applications, particularly in interdisciplinary
research (Alamirah et al., 2022). This research addresses
this gap by developing forward-looking visualizations by
employing a simplified approach through immersive lighting
measurement, integrating thermal and view access attri-
butes across multiple spaces. By doing so, this hypothetical
approach lays the groundwork for the future of indoor
circadian lighting evaluations across a diverse array of
spaces. The potential implications of this research extend
to enhancing our understanding of how indoor environ-
ments can be optimized to support circadian health on a
broader scale.

2. Methodology

The capturing method employed in this research aligns with
the approach detailed in Tabatabaeifard et al. (2023a,b,
2024), with nuances in the analysis and visualization
methodologies tailored for a comprehensive comparative
evaluation of multiple spaces, specifically focusing on their
view access advantages. The View Access Ratio in the 360�

field of view (VAR360) is defined as the ratio of the number
of pixels representing window areas in a 360� image to the
total number of pixels within that image. This method,
initially proposed by Tabatabaeifard et al. (2023a,b) for
addressing view access in lighting and thermal analyses of
indoor built spaces from specific viewpoints, and by Ko
et al. (2023) as a technique to assess the percentage of
window view area in the visual field, serves as a pivotal
metric.

To calculate the VAR360, window areas within the im-
ages were manually identified and modified in Adobe Pho-
toshop. These areas were replaced with a uniform colour
(RGB: 0, 0, 224), while the remaining pixels were set to
black. The pixel count of the window areas was then
determined by analysing the assigned RGB values using
MATLAB. The resultant ratio, representing pixels in the
window areas relative to the total number of pixels in the
field of view, is presented as a percentage. This variable is
juxtaposed with the Window-to-Wall Ratio (WWR) and the
Window-to-Floor Ratio (WFR) of the seven indoor spaces,
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both of which are expressed as percentages. Together,
these metrics contribute to a comprehensive understanding
of the view access dynamics within the evaluated spaces.

A Ricoh Theta Z1 visual camera was utilized, maintaining
a constant configuration of aperture (f/3.5) and ISO speed
(ISO-100) throughout all captures. For each set of High
Dynamic Range (HDR) images, a bracket of 10e13 Low Dy-
namic Range (LDR) images was captured with varying
exposure values, as recommended by Bolduc et al. (2023)
(Pierson et al., 2019). HDR visual imaging enables pixel-
wise calculation of Equivalenrt Melanopic Lux (EML) and
photopic luminance intensity in a 360� view. The range of
exposure values may vary depending on the overall
brightness of a particular space in relation to window
configurations and access to daylighting (Carrier, 2022;
Tabatabaeifard et al., 2023a,b). The Photosphere software
was employed to generate HDR files from the captured
photos, utilizing a self-calibration algorithm proposed by
Mitsunaga and Nayar (1999), which establishes the camera
response curve and assigns RGB brightness values accord-
ingly. Subsequently, the HDR files underwent processing in
MATLAB for computation and data extraction. A secondary
calibration for each RGB channel was conducted by
applying melanopic and photopic coefficients,1 as outlined
by Jung (2017), to generate new corresponding XYZ chan-
nels. This calibration procedure was applied to all HDR
images analysed in this study. The Melanopic lux to Phot-
opic lux (M/P) ratio was evaluated through a pixel-wise
calculation of the average dominance ratio of Melanopic
luminance (EML) to photopic luminance in the 360� field of
fiew (FOV) (Lalande et al., 2020).

A higher dominance ratio between 10:00 a.m. to 1:00
p.m. is considered desirable, aligning with the daytime
period recommended by the WELL building standard as the
most conducive for supporting alertness with available
daylight (WELL Building Standard (WELL), 2022). Moreover,
higher thermal uniformity is preferred for enhanced ther-
mal comfort. The same preference applies to a higher view
access ratio to the outdoor environments, representing a
key component of biophilic architecture, which can pro-
mote the biological and psychological well-being of the
occupants. Therefore, the presentation contrasts the in-
tensity of these three variables by examining their values at
the maximum and minimum points across the four spaces.
This comparison underscores the highest and lowest values
for each parameter in relation to the values observed in the
four spaces. The values representing for M/P ratio and
thermal uniformity ratio are scaled between 0 and 1, with
bubble sizes representing the relative view access ratio in
the 360� FOV relatively across the four spaces. To facilitate
a discussion on the architectural characteristics of each
space, scaled floor plans and 360� equirectangular images
of the scenes are included alongside the presented results.
It is important to note that due to the limitations of the
capturing method, thermal images were taken in 360�

panoramic viewing directions, while visual images were
1 Equivalent photopic Cd/m2 Z 179 � ((0.2127 � R) þ
(0.7151 � G) þ (0.0722 � B)).
Equivalent melanopic Cd/m2 Z 179 � ((0.0180 � R) þ (0.4024 � G) þ
(0.5950 � B)).

213
captured in a spherical 360� FOV (Tabatabaeifard et al.,
2023a,b). Despite this acknowledged limitation, the paper
utilizes thermal data within the proposed conceptual
framework for calculating thermal uniformity as a repre-
sentative measure of the spherical field of exposure to
radiant temperature. Figure 1 illustrates the mean surface
temperature fluctuations observed in Room 2-1 across 360�

view directions and at different hours. Additionally, it in-
cludes a panoramic thermal image captured at 12:00 p.m.

Results associated with capturing 360� views from a
single location in a room may be limited in representing
certain characteristics due to variations in distances from
different surfaces. Therefore, to validate the functionality
of the methodological approach, the research conducts
benchmarking to verify if the quantitative data captured in
360� aligns with the expected outcomes for each space
based on their architectural and environmental character-
istics. In addition, the final results will be contrasted with
standard thresholds, serving as baselines for different
values, and compared with those of other spaces.

Visual access is limited to its corresponding portion in
the 360� FOV from any viewpoint in a space. The approach
could favour health-supportive daylight (Shishegar and
Boubekri, 2016) in certain areas of interior environments
based on the functionality of that space specifically from
the human perspective (Aries et al., 2010). The 360� image
illustrates the ratio of window areas in the overall spherical
view, dependent on factors such as distance from the
window, view angle, actual window size, and the size and
shape of the space. Analysing results from 360 captures is
complicated due to the inherent effect of spherical
perspective. While the relevance of spherical captures to
actual indoor conditions may be questionable, the view
access ratio is a crucial attribute that defines daylighting
within a space. Perceived lighting in a space is influenced
by outdoor lighting conditions, view quality, and indoor
architectural features such as layout, transparency ratios,
and materials. In post-occupancy evaluations of VAR360,
results are influenced by the distance from indoor obsta-
cles. For instance, in areas near windows, the view access
and consequent abundance of daylight in the 360� scene
should be highest compared to other locations in the room
(Carrier, 2022). However, lighting attributes in the back of
the room may be overlooked due to non-uniform distance
from the cameras. This effect is consistent in both lighting
and thermal 360� representations. Therefore, capturing
from an equal distance from windows and opposite walls
within the space (centre of the room) is reasonable for
studying the lighting, thermal, and VAR360 aspects of in-
door environments. Figure 2 illustrates this concept
simplistically, depicting immersive captures from the
centre points and the expected influences on view access
and lighting conditions.
2.1. Case study

360� thermal and visual imaging were carried out in seven
unique indoor spaces at École d’architecture in Quebec
City, Canada (46.8131� N, 71.2075� W), as illustrated in
Fig. 3. These spaces serve as architectural design studios
except for Room 2-1, which is an office room. The spaces



Fig. 2 Graphical abstract illustrating considerations for immersive capturing from the centre of indoor spaces with diverse
layouts, focusing on studying view access ratio and lighting effects within the space.

Fig. 1 Hourly variation of mean surface temperature in Room 2-1 (upper), and visual presentation of panoramic thermal image
captured at 12:00 p.m. Room 2-1 of the School of Architecture, Université Laval, Quebec City (lower).
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vary in terms of colors, materials, ceiling forms, and floor
plan layouts. Additionally, the thickness of exterior walls
differs depending on the spaces’ location within the
building. In some instances, furniture in the spaces was
either removed or displaced at the time of data capture.
The data collection spanned multiple days in July 2022.
Figure 3 details seven spaces labelled 0-2, 2-2, 2-1, 3-1, 3-
2, 4-1, and 4-2, each denoting both the floor level and the
space number. For clarification, Room 4-1 corresponds to
room number one on the fourth floor.

Room 0-2, with dimensions of 5.6 m by 15 m, in-
corporates the thickest external wall thickness, featuring
214
seven windows on the outer surface of this wall, all located
on the building’s ground level. Both the ceiling and floor
surfaces are made of wood. The floor surface was painted
with transparent epoxy, while the walls are painted white.

Room 2-1 (3.8 m by 3.6 m) serves as an office space with
a white-painted wooden ceiling, white-painted walls, and
plastic bright grey vinyl tiles. It has two windows in two
exterior walls. Despite the presence of two large windows,
the sky view is limited in this room due to nearby tall
buildings.

Room 2-2 (10 m by 11 m) is situated just one level below
Room 3-2 (10.5 m by 11.6 m). They share similarities in
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their layouts, window types, locations, and orientations.
However, differences arise due to their level discrepancy,
including exterior views and exterior wall thicknesses. The
most notable distinction between these two spaces lies in
the floor surface material and color. Room 2-2 features a
floor surface made of light grey vinyl tiles, while Room 3-2
is adorned with a floor surface made of brown epoxy resin.

Room 3-1 (9.8 m by 13.7 m) incorporates a set of six
windows facing southwest. In the opposite side of this room
there is a wall with transparent top clear glass top surfaces
that allows daylight in from the windows on the side of the
corridor behind that. Similar to other rooms, it has white-
painted walls and plastic bright grey vinyl tiles. The ceiling
is wooden and painted white.

Room 4-1 (10.4 m by 21.3 m) stands out as the largest
space among the case studies. It incorporates two sets of
windows on both sides. The ceiling in this room has a sloped
shape with several exposed wooden truss bars. The sloped
ceiling form continues to the sides where it meets the
windows. Room 4-2 (6.8 m by 10.3 m in 15.3 m) has a non-
asymmetric layout. The ceilings on the fourth floor gener-
ally follow the roof shapes. In this space the ceiling is partly
flat, but in the areas near the windows, it slopes down and
meets them.
Fig. 3 The seven indoor spaces as case studies and their architec
Quebec City (46.8131� N, 71.2075� W).
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Figure 3 outlines the plans of these spaces, their loca-
tions within the building, their 360� images, and the spe-
cific locations within each room from where the data was
captured. The results are retrieved from preliminary
measurements acknowledging the limits of the 360�

capturing and the developed thermal and visual ICS for
accurate representation of lighting and thermal results.
The captures were conducted hourly, and the overall
average calculations are hypothetically assigned to all
moments of the capturing time span. Moreover, each space
was captured on different days meaning that the mea-
surements have been under different sky conditions,
making the results incomparable. Acknowledging these
shortcomings regarding the capturing method and the
captured data, this research illustrates hypothetical rep-
resentation systems shedding light on future investigations
towards simplistic methods for evaluating multiple indoor
spaces regarding their lighting, thermal and view access
attributes.

3. Results

This section of the paper explains the results of the ICS
methodology for studying the performance of indoor spaces
tural layouts at the School of Architecture of Université Laval.
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with respect to their thermal, lighting, and view access
characteristics. The comparative results are presented in
the following modes:

1) Single captures in four indoor spaces regarding their
WWR, M/P ratio and view access ratio, uniformity of the
surface temperature in 360. The comparative results are
associated with the relatively scaled planar sections of
the four spaces representing the areas of the spaces.

2) Seven distinct indoor spaces are compared by their
temporal variations to highlight the differences and
similarities in their performance.

For developing each of these results different ap-
proaches are constituted in visualizations and discussions to
open new perspectives to the potentials of the novel 360�

in-situ environmental assessments and visualizations. The
presented results in Fig. 4 belong to the captures at 10 a.m.
in four different interior spaces illustrating 1) overall M/P
ratio of the 360� view directions, 2) thermal uniformity, and
3) view access in the 360 FOV. The data were obtained from
the central point of each space and through the same
method explained in the previous section. While no specific
thresholds are associated to these variables, previous
research indicates that higher values are generally
preferred regarding the three variables addressed in Fig. 4.
This figure illustrates Room 0-2 as the interior space with
the highest thermal uniformity among the four spaces
examined. It exhibits an average surface temperature (AST)
of 23.3 �C within the 360� field of exposure. Situated on the
ground floor, Room 0-2 features thicker walls, functioning
as thermal masses. The anticipation of higher thermal
uniformity in this space aligns with theoretical expecta-
tions, and the results confirm this hypothesis. The thickness
of the walls also influences the visual access to windows not
in perpendicular angles with the room’s centre. Given that
the windows are on the outer surface of the walls, their
view is compromised by the wall thickness, impacting the
Fig. 4 Contrasting uniformity of distributed surface temperatur
Results belong to the captures at 10:00 a.m. from central points
during the month of July 2021 at the School of Architecture, Unive
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viewing angle. Although Room 0-2 boasts the highest WWR
among the four spaces (26%), the view access to the outside
is limited, particularly from the centre of the room.
Notably, the M/P ratio in Room 0-2 (0.76) is significantly
lower than in the other rooms. Beyond the spectral condi-
tions at the time of capturing, this discrepancy may be
highly influenced by the interior surfaces. Unlike the other
rooms, Room 0-2 features extensive wooden surfaces on the
floor and ceiling, potentially resulting in lower lighting
reflectance, especially in the bluish spectrum, in contrast
to other spaces where white dominates the surfaces.

Room 2-1 stands out for having the most view access, a
characteristic that contrasts with its low thermal unifor-
mity, unlike Room 0-2. This room, situated on the second
floor, is the smallest among the four examples. Conse-
quently, the standing point in the middle of this room is
much closer to the windows, resulting in enhanced visual
access to the outdoor view, increased exposure to daylight,
and the potential for direct solar radiation and thermal
convection around the window areas. Despite its relatively
low WWR of 14%, Room 2-1 offers the highest M/P ratio (1.1)
among the four spaces. This can be considered another
positive attribute of the room, especially in the morning.
However, it’s worth noting that the AST in this room
exceeded the comfort range (26.7 �C) at the time of
capturing, as reflected in the results. This deviation could
be attributed to direct solar radiation or the presence of
the researcher in the scene, both of which constitute a
substantial portion of the 360� scene in such a confined
space.

The results associated to the Rooms 2-2 and Room 4-2 in
Fig. 4 exhibit relatively high thermal uniformity and high M/
P ratios. These rooms have similar WWRs (18% and 17%,
respectively) and window to floor ratios (WFRs) of 47% and
35%. The symmetrical layout of Room 2-2 provides greater
visual access to the outside in the 360� scene than Room 4-
2, due to the latter’s external walls sloping towards the
ceiling and partially obstructing the view access to the
e, M/P ratio, and view access in four different indoor spaces.
of the spaces. The captures were conducted in different days
rsité Laval, Quebec.
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windows while functioning as thermal insulation for the
room.

The results presented in Fig. 4 are based on data
collected at 10:00 a.m. on different days under varying sky
conditions. The comparative categorization of spaces was
made based on three environmental factors in the spaces
measured through 360� captures. Despite the shortcoming
of this method and the possible errors associated with a
single capture, the results seem logically sound in these
cases. Therefore, it is important to acknowledge the need
for more sophisticated and in-depth research to draw a
definitive conclusion regarding the presented visualization
concept.

The intensity of daylight and surface temperature within
different zones of a space fluctuates as the sun moves
across the sky. This fluctuation occurs due to a combination
of factors, including outdoor environmental conditions and
their interaction with the architectural features of the
space. Additionally, the spectral attributes of daylight
Fig. 5 Presentation of hourly fluctuations of average intensitie
illuminance (bottom) in 360� field of view, at 7 h of a day, for sev
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change throughout the day, influencing the circadian clock
through visual exposure to light. The recommended daily
exposure to melanopic wavelength light depends on the
duration and intensity of the exposure. Well building stan-
dard suggests a minimum threshold of 125 EML in vertical
view for more than 75% of area within office spaces (WELL
Building Standard (WELL), 2022).

Figure 5 (bottom) illustrates the melanopic and photopic
illuminance intensities at each capture, showcasing the
fluctuation of daylight intensity in terms of spectral in-
tensities at 480 nm (melanopic illuminance) and 550 nm
(photopic illuminance). Although the results are highly
sensitive to the distance between the capturing system and
the windows (sources of light), which varies across the
seven spaces due to their different sizes and shapes, it is
expected that the results associated with smaller spaces,
such as Room 2-1, would indicate receiving a higher in-
tensity of daylight throughout the day. However, despite
having the highest view access from the central point, the
s of surface temperature (top), and melanopic and photopic
en indoor spaces.



S.-A. Tabatabaeifard, J.-F. Lalonde, M. Hébert et al.
illuminance intensity in this small room is found to be the
lowest among the seven spaces. This could be attributed to
the outdoor conditions such as the nearby multi-level
buildings obstructing the sky view, windows orientations,
or a higher sky cover at the time of capturing. At noon when
the sun is at its highest position in the sky, the interior
spaces are less exposed to direct radiation, therefore it is
recognizable that in none of these spaces the lighting in-
tensity peaks at noon. The results in Fig. 5 (bottom) shows
significant variations in lighting intensity in Room 3-1 and 3-
2 through different hours. Through Fig. 5 (bottom) the op-
timum time in terms of integrative lighting quality of spaces
is identifiable. Although the view direction had been
underrated in such visualization, it represents an overall
perceived illuminance intensity from 360� directions of a
space towards its centre, as a results of the interaction
between the indoor environment characteristics and the
daylight.

Figure 5 (top) depicts the fluctuating AST captured at
360� directions across the same seven spaces and time
span. This visualization represents the average radiant
temperature perceived from all directions within each
room, converging towards its centre over the course of 7 h.
According to these results, the lowest AST perceived at the
centre of the spaces during the 7 h of measurement belongs
to the Room 0-2 on the ground floor level, and the highest
results belongs to the Room 2-1 on the second floor with the
highest WFR among the seven spaces.

Analysing indoor spaces solely through numbers and
values may not be conducive to an in-depth study of
architectural scenes. However, recognizing and empha-
sizing the valuable attributes of spaces in contrast to their
architectural characteristics can offer a rich palette of
relative information. This approach provides architects
with a nuanced perspective for reading and reviewing one
or more indoor spaces.

By acknowledging the qualitative aspects, architects
gain insights into the experiential and aesthetic di-
mensions of spaces, extending beyond quantitative met-
rics. This holistic approach fosters a deeper
understanding, allowing for a more comprehensive and
engaging evaluation. It encourages architects to appre-
ciate the intricate interplay between numerical data and
qualitative features, enhancing the overall interpretation
of indoor spaces.
Table 1 Combined results based on hourly 360� thermal and v
values.

Room
number

Room area
dimensions (m)

View access
in the 360�

scene (%) (VA)

Window
wall rati
(WWR)

Room 4-1 10.4 * 21.3 1.53 0.20
Room 4-2 6.8,10.3 * 15.3 0.22 0.17
Room 3-2 11.6 * 10.5 0.67 0.18
Room 3-1 9.8 * 13.7 0.32 0.25
Room 2-2 10 * 11 0.28 0.18
Room 2-1 3.8 * 3.6 0.81 0.14
Room 0-2 5.6 * 15 0.25 0.26
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The following section focuses on categories of different
spaces based on values of their lighting and thermal quality
measured through the suggested 360� captures. The
accessibility of a 360� thermal and visual capturing system
emerges a large-scale evaluation system that allows
weighting an indoor environment in terms of lighting and
thermal condition in contrast with variety of architypes in
the same climate/time zone. What is presented here in this
regard is a hypothetical platform that allows a decision-
maker to put an indoor space in comparison with a large
cluster of other indoor spaces and standards references for
human/building factors. Of course, a pe-categorization
based on the different architectural prototypes could be
essential for more accuracy, which is out of the scope of
this research.

Table 1 provides a comprehensive overview of the cor-
responding attributes associated with each of these seven
spaces. Within Table 1, the view access ratio, WWR, WFR,
and View Access in the 360� FOV (VA) remain constant
values, while the two temporal average values pertaining to
EML and surface temperature encompass cumulative out-
comes derived from the 360� captures over the course of
7 h. These average values are employed as representative
indicators of the spaces’ lighting and thermal quality, given
that building standards have defined specific thresholds for
these parameters regardless of time.

Figure 6 transforms the data from Table 1 into a con-
ceptual visualization framework, offering a preliminary
identification of each space’s potential for enhancements
related to lighting, thermal qualities, and view access ratio.
In the figure, the size of the blue bubbles reflects the ratio
of view access (VAR360) to the outside from the capturing
point in each space (rooms’ centre). The graph positions
the bubbles based on the average EML intensity perceived
from 360� view directions on the y-axis (left) and the AST on
the x-axis (bottom). On the left axis, values represent the
average EML from seven hourly measurements in 360�,
while the bottom axis indicates the AST from all seven
panoramic thermal captures.

Each axis in Fig. 6 presents corresponding standard
thresholds as references to show the quality of each space
relative to these standards. The circadian lighting threshold
is set at 125 EML. It is based on the WELL Standard 2015 for
learning areas, which should apply for at least 75% of the
room area throughout the year (Well, 2015). In its most
isual captures in seven rooms, and their solid WWR and WFR

to
o

Window
to floor
ratio (WFR)

Temporal
average eml
intensity in
360� (LUX)

Temporal
average
surface
temperature (�C)

0.40 0.321 26.5
0.35 0.273 26.8
0.45 0.573 25.7
0.26 0.632 25.6
0.47 0.254 25.5
0.25 0.146 26.9
0.29 0.217 22.8



Fig. 6 A comparative ranking presentation of indoor spaces in terms of surface temperature, human-centric lighting, and po-
tential view access ratio on a representative day in summer in Quebec City.
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recent version however, a minimum of 150 EML for all
spaces except dwellings should be achieved by adding
electrical lighting (Well Building Standard, 2024). In Fig. 6,
the older version thresholds are utilized for circadian
lighting standards, as they aligned with the specific func-
tionality of the case studies, and because no electrical
lights were involved during the captures.

While the daily AST alone doesn’t determine thermal
comfort, a temperature threshold is included in the visu-
alization for reference. Mean radiant temperature (MRT)
expresses the influence of surface temperatures in the
room on occupant comfort. The area-weighted method is a
simple way to calculate MRT, but it does not reflect the
geometric position, posture, and orientation of the occu-
pant, ceiling height, or radiant asymmetry. The calculation
of MRT from surrounding surfaces considers the surface
temperatures of the surrounding elements and the angle
factor. The angle factor is a function of shape, size, and the
position concerning the occupant standing or being seated
(ANSI/ASHRAE-55, 2017). It is assumable that these princi-
ples are considered in spherical measurements of surface
temperature (or through a black globe). Therefore,
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immersive thermal imaging would be leveraged in the
proposed method to address this important thermal com-
fort parameter in the comparison results. However, the
results remain theoretical due to multiple shortcomings
explained in Section 4.

This presentation provides insights into each space’s
capacity, encompassing lighting quality, the all-day average
temperature of surfaces, and view access in the FOV. These
metrics are further illustrated on a third axis on the right,
indicating the percentage of WWR for each space. Ac-
cording to the National Energy Code of Canada (2017 and
2020) (National Research Council Canada, 2017), given that
the heating degree days of Quebec are about 4500, the
fenestration and door area to gross wall area ratio (FDWR)
in Quebec should be about 37%. The right side of the figure
shows the WWR on each room against the standard
threshold and the VAR360.

The results associated with the view access ratio in the
360� field of view (VAR360) presented in blue bubbles are
scaled and limited to the minimum and maximum ratios in
the seven spaces. There are no specific thresholds for the
VAR360, however, with the delicacy of the VAR360, a higher
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ratio indicates that occupants have greater access to out-
door views and, consequently, increased exposure to
daylight. This is highly recommended for supporting the
physical and psychological well-being of occupants in in-
door spaces (Hobday, 2006; Heschong, 2021; Kellert, 2016).
Higher VAR360 values (blue bubbles) are preferred and are
illustrated against the exposure to melanopic illuminance in
360�, the mean radiant temperature, and the WWR.

The standards’ thresholds are presented in green on each
one’s associated axis. In addition, the graph in Fig. 6 includes
two greenish zones, highlighting temperature ranges sug-
gested for providing thermal comfort. The darker green area
(20e24 �C) corresponds to the most delicate conditions, and
the light green area (24e26 �C) is an acceptable range of
temperatures. Spaces falling outside these temperature
ranges or not meeting expected lighting and thermal condi-
tions may be considered unqualified based on one or more
standards. In such cases, architects should explore alterna-
tive solutions such as improving view clarity, adjusting ma-
terials, incorporating artificial lights, or modifying indoor
layouts in spaces with limited access to daylight.

Identifying these conditions in a space provides funda-
mental starting points for enhancing indoor architecture.

While the paper considers the results groundbreaking in
method, they are deemed hypothetical and require further
validation.

Key findings drawn from the resulted representation are
as follows:

1) The visualization framework positioned each space
against its optimal or standard quality thresholds shed-
ding light on the advantages and disadvantages of spaces
in relation to their health-effective conditions.

2) The results showed relevance between the data obtained
through spherical capturing and the expected physical
characteristics of spaces. This indicates that the visuali-
zation system has effectively translated the non-visible
attributes of spaces (linked to time) into graphical rep-
resentations for comparative analysis. However, given
that no thresholds were associated to the VAR360,
daylight availability, and thermal uniformity within
spaces, these non-visible values become discernible only
when compared with those of other spaces.

3) The results associated with the VAR360 showed indepen-
dence from theWWRof the spaces. For example, Room 0-
2 has the highestWWRbut showed the least VAR360 due to
specific window properties. In contrast, Room 2-1 has the
highest ratio in terms of VAR360 and the leastWWR among
the case studies. It’s evident that a space with less depth
from the windows presents a higher VAR360 due to its
proximity to the central capturing point.

4) The comparative framework facilitated the identifica-
tion of differences between spaces concerning their
lighting, thermal, and VAR360 attributes. While the
lighting and thermal conditions are unique in each
space, associating the VAR360 provides a reference point
for assessing the intricacy within that space, which
should be supportive in the development of health-
supportive redesign decisions. For instance, the two
similar spaces, 3-2 and 2-2, with similar WWR and lay-
outs, are significantly different only in their level of
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exposure to daylight. The visualization system effec-
tively highlights these similarities and differences, which
may be attributed to variations in outdoor views, inte-
rior surfaces, or non-equivalent sky conditions during
the captures.

5) The comparative framework demonstrated potential for
visualizing a large number of spaces through cluster
representations, which could prove valuable in
comparing the performance of indoor spaces across
various climates, regions, and archetypes. Given that
the visualization system’s minimum and maximum values
were derived from the results of spaces within the
comparative framework, expanding the system to
include more spaces for comparison would enhance its
utility.

6) The resulting visualization would be most beneficial
when integrated with fundamental architectural repre-
sentations, such as building sections and 360� images.
This necessity arises both when examining spaces indi-
vidually and when comparing them with others.

4. Discussion

When analysing indoor environmental qualities, suggested
measures by building standards may not necessarily deliver
the nuanced aspects of comfort and well-being for the
users (Altomonte et al., 2017). This paper has introduced a
hypothetical environmental assessment and visualization
framework designed to address the complexities for health-
supportive inquiries regarding the complex environmental
conditions in the North. The method presented results from
multiple indoor spaces at different scales, incorporating
surface temperature and lighting analyses to assess
different environmental qualities. These results were
visualized to enhance readability and facilitate under-
standing of the architectural aspects of the spaces. The
study further explored the scalability of the 360� thermal
and visual assessment method through an innovative visu-
alization framework. This framework allows the categori-
zation of indoor spaces based on their thermal, lighting,
and visual access to the outdoors. The introduced
comparative framework would be valuable in understand-
ing the thermal and lighting conditions of spaces by
comparing them with others in the same building and/or
the region. This feature is particularly useful for energy
conservation and lighting quality, as occupants can visually
determine how their space ranks relative to others.
Furthermore, the 360� thermal and visual imaging tech-
nique aligns well with the ongoing technological advance-
ments in the market including artificial intelligence. Its
ability to communicate and visualize non-visible conditions
of spaces in remote Northern regions offers valuable in-
sights to building experts worldwide. With a substantial
dataset of 360 thermal and lighting conditions, this
research lays the groundwork for a design tool that can
predict these conditions in early design phases, facilitating
better-informed decision-making.

More specifically, the resulting visualization holds sig-
nificance in several aspects. It introduces an immersive
approach for depicting specific thermal and lighting envi-
ronmental qualities, particularly in relation to the window
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characteristics of spaces. It demonstrates the integration of
multiple environmental variables, both steady-state and
temporal, from central points within spaces, providing a
comprehensive view in a 360� perspective. The results
highlight the crucial role of occupant-centric window de-
signs in maximizing access to outdoor views. This is
demonstrated by the negligible correlation between the
WWR and the VAR360. This suggests that an ideal approach
should take into account both parameters.

Furthermore, the findings highlight the unique non-
visible characteristics of each space, enabling insightful
comparisons when assigning functions to them. The
research identifies a hypothetical methodology that bene-
fits from a simplified image-based 360� data capturing
method, which could be widely accessible to researchers
and architects. Lastly, the study offers a method that
provides potential for addressing window design strategies
through prioritization of occupant-centric needs. These
points elucidate the significance of the findings in
enhancing our understanding of architectural design and
occupant well-being, providing valuable insights for future
research and practice.

Despite the promising results, the study acknowledges
several limitations that warrant further attention. Firstly,
capturing thermal and lighting data on different days may
lead to significant errors when comparing results due to
potential variations in sky conditions. To address this,
multiple capturing devices are needed to operate simulta-
neously from various spaces for validation of compared
results. Moreover, sequential captures may not accurately
represent lighting fluctuations over time due to rapidly
changing sky conditions. The visualizations were generated
from captures positioned at the centre of the spaces,
aligning with the research’s goal of proposing a simplified
method. However, it is imperative to note that further
research is essential for validating this approach, and
considering the diversity of parameters such as archetypes,
heating/cooling systems, climates, and outdoor view qual-
ities. Future research endeavours should seek to broaden
the study’s scope by incorporating data from various
representative dates throughout the year. This expanded
approach will provide additional insights into the func-
tionality of each space under different seasonal and out-
door conditions. To further improve the method’s precision
and effectiveness, calibrating the results with non-visual
lighting thresholds defined by relevant standards should be
explored. This step will strengthen the method’s alignment
with industry benchmarks and best practices.

360 imaging results are significantly affected by the
distance between the camera and obstacles in the scene,
impacting the accuracy of environmental and physical
measurements. For instance, if a piece of furniture is near
the camera, it dominates the 360� exposure, skewing the
data with its reflectance and surface temperature. This
compromises the validity of results intended to represent
the entire space. Current assessment methods, like those
suggested by Well V2, use grid captures to ensure thresh-
olds apply to 90% of the room area, which our method does
not address.

Immediate validation of our approach is necessary in
future research to address the uncertainty and the diver-
gence from the results obtained through standard methods.
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This validation will help establish the reliability of our
proposed methodology in accounting for varying distances
between the camera and scene objects, thereby ensuring
more accurate and representative environmental and
physical measurements across different spatial contexts.

The shortcomings in calculating Mean Radiant Temper-
ature (MRT) primarily include the absence of air tempera-
ture data, which is crucial as air temperature should not
deviate beyond �2 �C to prevent discomfort from radiant
heat (ANSI/ASHRAE-55, 2017). Additionally, the lack of
spherical imaging (with only panoramic imagery available)
and the assumption that room surfaces are black with high
emissivity and no reflection introduce theoretical and
practical discrepancies in the proposed method compared
to standard principles.

The presented results may have been influenced by
human error at different levels, including capturing and
representations. This includes positioning the cameras at
the centre of the spaces, timing, manually tilting and
panning the Immersive Capturing System (ICS), and con-
trolling and reporting the HVAC, openings, and electrical
lights. Therefore, an automated capturing system that
benefits from robotics and programming could significantly
improve the validity of the results in future works.

Another area where subjectivity might have influenced
the results is the reliance on manual identification of win-
dow areas in 360� images, which poses inherent potential
for human error and subjectivity. Therefore, future itera-
tions of this study could explore the integration of auto-
mated image processing techniques, including machine
learning algorithms such as CNNs in TensorFlow or PyTorch,
which can detect objects and windows in images. OpenCV
also provides tools for automated image analysis,
enhancing accuracy and reproducibility. By leveraging ad-
vancements in this field, the accuracy and reproducibility
of the analyses could be enhanced.
5. Conclusion

The research aimed to offer a practical tool for both re-
searchers and end-users to improve the lighting and visual
quality of indoor environments while taking into consider-
ation energy efficiency and thermal comfort in the Arctic
region. As such, a financially accessible technique was
sought that could be applied to single spaces or large-scale
assessments.

The research introduced a novel hypothetical framework
for juxtaposing diverse indoor environments, considering
their non-visible lighting and thermal attributes alongside
their view access to the outdoors. The implications derived
from the analysis of weighed VAR360, thermal uniformity,
and availability of circadian light in the examined spaces
were consistent with expectations based on both their
interior and exterior attributes. Underlining a need for a
mediator between the image-based data and the archi-
tectural geometry, the presented frameworks could initiate
a step toward informed decision-making in the design and
evaluation of built spaces. In additions, fostering a holistic
perspective that encompasses both visible and non-visible
aspects would be crucial for addressing well-being and
comfort in the analyses. Thes simplicity, scalability, and
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alignment with technological trends should make such
systems valuable tools for researchers, architects, and the
occupants. The study’s focus on incorporating biophilic
potential into the assessment adds a meaningful dimension
to the approach, ultimately contributing to the creation of
healthier and more comfortable indoor spaces, particularly
in remote Arctic region. The research aimed to open a new
horizon in the future of environmental assessment and new
designs from real-world multisensory environmental data.
The exemplified visualization frameworks would empower
decision-makers by providing a tool aligned with designers’
preferences for evaluating specific attributes of a space in
comparison with others.

The results demonstrated the method’s potential in
several aspects. Notably, the 360� thermal and visual im-
aging technique can effectively present the non-visible
characteristics of spaces, conveying the cause-and-effect
relationships between various environmental factors.
Moreover, this technique can be employed for both single
captures and temporal (steady) measurements, providing
different levels of detail to assess the qualities of each
space. An advantage of the presented method is its
simplicity compared to existing in-situ POE (Post-Occu-
pancy Evaluation) techniques, making it accessible to the
public. Such assessment approaches could enable end-users
in the remoteness of Arctic regions to benefit from cutting-
edge photobiological findings, empowering them to
enhance their built environments and improve their usage
of indoor spaces accordingly.
Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgement

This research was supported by the Sentinel North program
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