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The comfort requirements of occupants influence indoor-environmental factors and
energy performance of buildings. Occupants are typically exposed to a multitude of
indoor-environmental factors, including a variety of different thermal, auditory, visual,
and air quality conditions. However, the bulk of past research and derivative indoor-
environmental codes and standards concerning the comfort of occupants address
the multiple indoor-environmental stimuli in isolation. Starting from a brief review of
past research on multi-perceptual indoor-environmental assessments of occupants, the
present study pursues an experimental approach to explore the potential cross-modal
effects on the evaluation of indoor-environmental thermal, visual, and acoustic aspects.
In this context, a laboratory space including two adjacent identical mock-up office rooms
was used to conduct multi-aspect parametric studies with human participants. Different
thermal, visual, and auditory conditions were maintained in these two units. In the
course of the present study, 296 participants were exposed, on a short-term basis, to
different combinations of thermal, visual, and auditory conditions. The experiments were
intended to explore if the evaluation of one aspect of the indoor environment could be
influenced by differences in the values pertaining to the other aspects. The experimental
results are presented and discussed, including their limitations.

Keywords: indoor environment, multi-aspect exposure, thermal, visual, acoustic comfort

INTRODUCTION

Motivation and Background
Building standards and guidelines regarding human comfort commonly address indoor-
environmental requirements in isolation (Mahdavi et al., 2020a). However, typical indoor
environments, such as office settings, are multi-dimensional and include a multitude of indoor-
environmental factors (e.g., thermal, auditory, visual, and air quality conditions). In this context,
not only single-aspect but also several multi-aspect research efforts have been conducted to better
understand indoor-environmental exposure situations (Torresin et al., 2018; Schweiker et al., 2020).
The more widely conducted single-aspect research efforts study the influence of one indoor-
environmental aspect at a time, including the perception of occupants on thermal, visual, auditory,

Frontiers in Built Environment | www.frontiersin.org 1 April 2021 | Volume 7 | Article 676607

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/journals/built-environment#editorial-board
https://www.frontiersin.org/journals/built-environment#editorial-board
https://doi.org/10.3389/fbuil.2021.676607
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbuil.2021.676607
http://crossmark.crossref.org/dialog/?doi=10.3389/fbuil.2021.676607&domain=pdf&date_stamp=2021-04-21
https://www.frontiersin.org/articles/10.3389/fbuil.2021.676607/full
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/
https://www.frontiersin.org/journals/built-environment#articles


fbuil-07-676607 April 15, 2021 Time: 19:18 # 2

Berger and Mahdavi Cross-Modal Evaluation of Indoor Environment

or air quality circumstances (see e.g., Edwards and Torcellini,
2006; Galasiu and Veitch, 2006; Wu and Mahdavi, 2014;
Vardaxis et al., 2018).

Multi-aspect research efforts, on the other hand, investigate
the combined effects of multiple indoor-environmental aspects,
such as thermal and acoustic aspects or visual and acoustic
aspects (see e.g., Bennett and Rey, 1972; Fanger et al.,
1977; Höfert, 1988; Clausen et al., 1993; Laurentin et al.,
2000; Nagano and Horikoshi, 2001, 2005; Pan et al., 2003;
Witterseh et al., 2004; Balazova et al., 2007; Clausen and
Wyon, 2008; Wong et al., 2008; Newsham et al., 2009; Tiller
et al., 2010; Huang et al., 2012; Azmoon et al., 2013; Varjo
et al., 2015; Te Kulve et al., 2016; Chinazzo et al., 2018,
2019; Jamrozik et al., 2018; Toftum et al., 2018; Yang and
Moon, 2018, 2019). The combination of thermal and visual
variables was most commonly studied (see e.g., Laurentin
et al., 2000; Te Kulve et al., 2016; Chinazzo et al., 2018;
Toftum et al., 2018). Comparatively fewer studies included
other combinations of indoor-environmental conditions, such as
visual and air quality circumstances (Newsham et al., 2009) or
thermal and acoustic conditions (Nagano and Horikoshi, 2005;
Tiller et al., 2010).

While such past research efforts on multi-aspect indoor-
environmental exposure entail much valuable information,
their overall yield is arguably limited (Mahdavi et al.,
2020b) and their findings are frequently inconclusive. For
instance, Nagano and Horikoshi (2005) show that the
operative temperature has an influence on the auditory
comfort evaluation of participants, but the thermal sensation
evaluation of participants was not shown to be affected by
noise. Another study (Pellerin and Candas, 2003) reports an
influence of noise on thermal comfort in warm circumstances.
However, the results imply no effect of temperature on auditory
comfort, sensation, and preference. Other studies analyze
the effect and interaction of thermal and visual conditions.
Thereby, one study (Azmoon et al., 2013) suggests that higher
light levels result in an improvement of thermal comfort
evaluation, whereas another study (Yang and Moon, 2018)
report that electric lighting has no impact on the thermal
sensation of occupants. A recent effort (Bellia et al., 2021)
explores the interaction between lighting and thermal comfort.
Thereby, the authors confirm the findings of previous studies
(Huebner et al., 2016; Wang et al., 2018) concerning the
inconsistency of interactions between colored light and thermal
perception. As potential reasons for this circumstance, the
authors mention non-standardized methodologies or poor
control of indoor-environmental conditions (Bellia et al.,
2021). Moreover, the small number of test participants or
gender-related differences could have played a role in the
observed inconsistency.

The partly contradictory findings of previous research
efforts pertaining to the impact of multi-aspect indoor-
environmental factors on occupants point to the persisting
need for further studies toward a deeper understanding
of the perceptual processes and behavioral patterns of
occupants under multi-aspect exposure situations. The
present study is not suggested to remedy this situation as

TABLE 1 | Distribution of age, height, weight by gender (F = female, M = male)
of participants.

F M F M F M F M F M

Age bins (years)

18–20 21–23 24–26 27–29 >30

20 7 98 41 51 36 14 11 6 12

Height bins (cm)

<160 161–170 171–180 181–190 >190

30 0 106 7 50 49 3 40 0 11

Weight bins (kg)

<60 61–70 71–80 81–90 >90

115 4 47 28 20 41 5 24 2 10

any single study is likely to achieve such a feat. Rather, the
objective is to incrementally contribute to the corpus of past,
ongoing, and future studies in this area. The expectation
is that the growing extent and quality of experimental
research in this area would facilitate the development of
improved—more comprehensive—models of the complex
processes of human perception and evaluation of complex
indoor-environmental conditions.

Research Questions
The main aim of the conducted experimental study was to
further explore the evaluation of people on multi-aspect indoor-
environmental exposure situations under controlled conditions.
To this end, the main research questions were coined in terms of
the following null hypotheses:

H0_1 Participants’ thermal sensation/comfort evaluation of the
same thermal conditions will not be affected by a difference in visual
and/or auditory conditions.

H0_2 Participants’ visual sensation/comfort evaluation of the same
visual conditions will not be affected by a difference in thermal
and/or auditory conditions.

H0_3 Participants’ auditory sensation/comfort evaluation of the
same auditory conditions will not be affected by differences in
thermal and/or visual conditions.

As described in the following section of this article, the
“differences” in visual and auditory conditions mentioned in
these hypotheses were realized in terms of two distinctive settings
in each case (i.e., with/without glare/noise). The collected data in
the course of the experiments were analyzed to find out if these
null hypotheses could be rejected.

METHOD

Participants
This study was carried out including a total of 296 voluntary
participants (189 females and 107 males). The individuals
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were mainly students between 21 and 23 years (47%), and
between 24 and 26 years (29%). Table 1 includes information
on the distributions of age, height, and weight of the
participants differentiated according to gender. Most female
individuals were at a height of 161–170 cm with a weight
below 60 kg, whereas most male individuals were at a
height of 171–180 cm, and a weight in the range of 71–
80 kg.

To maintain consistency regarding the thermal resistance
of the clothing of participants, they were asked to wear light
indoor clothing. Specifically, choices of garment pieces were
communicated to the participants prior to the experiments.
Individual details of the clothing ensembles were visually
inspected before the experiments and recorded as part of
the questionnaires. Based on this information, the mean
thermal resistance of the clothing can be suggested to be
0.6 ± 0.1 clo (in the summer term) and 0.7 ± 0.1 clo (in
the winter term). The relative similarity of the winter and
summer time clothing levels is due to the aforementioned
clothing request communication to the participants.
During the experiments, participants did not carry scarves,
hats, or jackets.

The participants received general information about the
experiments and the related procedure. This study strictly
adhered to ethical principles and all participation was
voluntary. None of the participants reported hearing or
vision difficulties. The activities of participants during the
experiment comprised quiet, seated office work, corresponding
to an estimated metabolic rate of 1 met DIN EN ISO 7730
2006 (DIN, 2006). During the experiments, participants
did not have the opportunity to control any devices (e.g.,
windows, blinds, light switches) or interact with other
participants.

Laboratory Setting
This study was carried out in a laboratory space in a
university building in Vienna, Austria, involving two identical

mock-up office units each with a floor area of 12 m2

and a volume of 30 m3 (3/4 m, height 2.5 m). Figure 1
illustrates a schematic plan of the two mock-up offices that
are equipped with eight workplaces (four workplaces in
each office unit). Each workplace included a table, a chair,
a computer, a notepad, and a pen (see Figure 1). The
office units did not have access to natural daylight and the
window blinds were in the closed position throughout the
experiments. The space was mechanically ventilated throughout
the experiments.

The laboratory space was equipped with a monitoring
infrastructure to collect data regarding indoor-environmental
conditions. Specifically, indoor-environmental parameters
including air temperature and humidity, globe temperature,
air velocity, CO2 concentration, illuminance, and sound
pressure level were measured during the experiments.
“Outdoor” auditory conditions, including the emulated
traffic noise, were controlled in the larger laboratory
space where the two mock-up spaces are located. To this
end, a loudspeaker system was positioned outside the
two mock-up office units. Table 2 provides an overview
of the measurement devices of the used monitoring
infrastructure. In addition, the glare intensity (expressed
in terms of UGR) was measured using a digital reflex
camera [Canon 70D (DSLR), Lens: SIGMA 4.5 mm/2.8
EX DC—Circular Fisheye] together with the software
LMK LabSoft and the Add-on LMK Glare Analysis
(LMK, 2020). Thereby, the UGR values were calculated
according to the UGR method described by CIE 117-1995
(CIE, 1995).

Indoor-Environmental Conditions
Twelve different indoor-environmental circumstances (hereafter
referred to as the “scenarios”) were created to test different
combinations of thermal, visual, and auditory conditions. In
the course of the present study, participants occupied the two

FIGURE 1 | Schematic plan (including the position of low-velocity supply air diffusers in each room) (A) and view (B) of the mock-up office spaces within the larger
laboratory space.
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TABLE 2 | Measurement devices of the used monitoring infrastructure.

Device Measured variable Range Accuracy

Thermal comfort indoor climate
measurement station
Ahlborn—ALMEMO R© 2590-4AS

Indoor air temperature and relative
humidity (Ahlborn—FHAD46C41A)

−40 to 85◦C typ. ±0.2 K at 5–60◦C,
max. ±0.4 K at 5–60◦C

max. ±0.7 K at −20–80◦C

5 to 98% rH ±2.0% rH at 10–90% rH
±4.0% rH at 5–98% rH

Globe temperature
(Ahlborn—FPA805GTS)

−50 to 200◦C Class B NTC ±0.4 K

Air velocity
(Schiltknecht—ThermoAir 6)

0.15 to 5 ms−1
−1.0% fs.a and −1.5% rdg.b

−0.5% fs.a and −1.5% rdg.b

EnOcean multisensor
Thermokon—SR04 CO2

CO2 concentration 0 to 2,550 ppm ±75 ppm >750 ppm: ±10%

Illuminance meter
Konica Minolta—T-10A

Illuminance 0.01 to 299,000 l× 2% ± 1 digit of displayed value

Sound level meter
Norsonic—Nor140

Sound pressure level −10 to 140 dB(A) ±0.40 dB(A) at 250 Hz

aThe abbreviation “fs.” stands for “percentage of full scale” and can be described as the “closeness to the actual value expressed as percentage of the maximum scale
value” (Bronkhorst, 2020).
bThe abbreviation “rdg.” stands for “percentage of reading” and can be described as the “closeness to the actual value expressed as percentage of the actual value”
(Bronkhorst, 2020).

TABLE 3 | Experimental scenario specifications with regard to prevailing thermal
(air temperature), visual (glare level), and auditory (ambient sound level) conditions.

Scenario Temperature (◦C) UGR L [dB(A)]

i T1V1A1 23.5 ± 0.5 3.4 40

ii T1V1A2 23.5 ± 0.5 3.4 61

iii T1V2A1 23.5 ± 0.5 19.8 40

iv T1V2A2 23.5 ± 0.5 19.8 61

v T2V1A1 24.5 ± 0.5 3.4 40

vi T2V1A2 24.5 ± 0.5 3.4 61

vii T2V2A1 24.5 ± 0.5 19.8 40

viii T2V2A2 24.5 ± 0.5 19.8 61

ix T3V1A1 25.5 ± 0.5 3.4 40

x T3V1A2 25.5 ± 0.5 3.4 61

xi T3V2A1 25.5 ± 0.5 19.8 40

xii T3V2A2 25.5 ± 0.5 19.8 61

mock-up office units, in groups of three or four, on a short-
term basis.

In order to examine the different scenarios, a between-
subject experiment was conducted. Thereby, participants were
randomly exposed to 1 out of the 12 scenarios. Table 3
gives an overview of the different combinations of indoor-
environmental conditions. The scenario code of Table 3
can be interpreted as follows: “T,” “V,” and “A” represent
thermal (air temperature), visual, and auditory conditions.
In case of thermal conditions, three distinct temperature
ranges were maintained, namely “T1” (23.5 ± 0.5◦C), “T2”
(24.5 ± 0.5◦C), and “T3” (25.5 ± 0.5◦C). With regard to visual
conditions, two visual settings were maintained, namely “V1”
(involving no glare, UGR = 3.4) and “V2” (involving glare,
UGR = 19.8). While the properties of a visual environment
can be represented in terms of multiple indicators, the presence
of direct or indirect sources of glare is considered to be

a key, when assessing the perceived visual discomfort of
occupants. Given the specific circumstance of the test bed
(no daylight), UGR was deemed to be an appropriate and
practically measurable indicator of the exposure of participants
to visual conditions that could be potentially perceived as
uncomfortable. The glare-inducing light source was positioned
directly in the participants’ view field 70 cm above the desk
level. In a similar way, with regard to auditory conditions,
two settings were realized, namely “A1” involving a rather
quiet acoustic condition [measured sound pressure level at the
workstation = 40 dB(A)], and “A2” involving a louder condition
due to the emulated traffic noise [measured sound pressure level
at the workstation = 61 dB(A)]. Frequency spectrum information
(octave band center frequency) regarding these two acoustic
conditions is provided in Table 4.

Throughout the experiments, a number of indoor-
environmental variables (e.g., air temperature, air velocity,
relative humidity, CO2 concentration) were monitored.
Specifically, the indoor-environmental variables were
measured on two positions in each room at a height of
1 m. As the values of the above listed variables remained
fairly consistent across all scenarios, they were not
considered to constitute differences in the experimental
settings.

The exposure to the 12 indoor-environmental conditions was
counterbalanced to ensure that all scenarios occurred equally
often in the morning and in the afternoon. Moreover, the
experimental study was carried out in both winter (December
2018 till January 2019) and summer seasons (May 2019).

Procedure
Figure 2 schematically illustrates the experimental procedure.
After a short adaptation phase and introduction to the general
procedure of the experiment, the individuals were exposed to one
of the scenarios on a short-term basis (lasting about 40 min).
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TABLE 4 | Frequency spectrum (octave band center frequency) for the two ambient sound conditions A1 and A2 (with/without noise).

Octave band center frequency (Hz) L [dB(A)]

125 250 500 1,000 2,000 4,000

A1 (without traffic noise) 25.9 29.7 36.3 34.5 32.7 22.1 40

A2 (with traffic noise) 53.3 54.6 58.0 48.0 36.9 22.4 61

FIGURE 2 | Schematic illustration of the typical temporal sequence (in minutes) of the experiments (Q1 denotes the initial questionnaire and thermal, visual, and
acoustic assessment, and Q2 denotes the post-adaptation questionnaire concerning thermal, visual, and acoustic sensation and comfort assessment).

TABLE 5 | Overview of the descriptive terms used in thermal, visual, and acoustic
sensation scales.

Descriptive characteristics

Numeric
value

Thermal
sensation

Visual
sensation

Acoustic
sensation

−3 Cold Very dark Very loud

−2 Cool Dark Loud

−1 Slightly cool Rather dark Rather loud

0 Neutral Neutral Neutral

+1 Slightly warm Rather bright Rather quiet

+2 Warm Bright Quiet

+3 Hot Very bright Very quiet

In the course of the experiment, participants performed simple
reading and comprehension tasks (simulated typical office work)
and were asked to complete a number of questionnaires. The
first questionnaire pertained to general background information
(e.g., age, gender). Later, participants were asked to give feedback
with regard to thermal, visual, and acoustic sensation as well
as comfort. Thereby, the questionnaires were formatted as
categorical scales (CS) including a 7-point sensation scale and
a 6-point comfort scale. The 7-point thermal sensation scale
(ASHRAE Standard 55, 2017) comprises the levels, namely cold,
cool, slightly cool, neutral, slightly warm, warm, and hot. The
6-point thermal comfort scale includes the levels, namely very
uncomfortable, uncomfortable, slightly uncomfortable, slightly
comfortable, comfortable, and very comfortable. Note that, in this
contribution, the numeric values corresponding to the thermal
sensation scale levels are from −3 (cold) to +3 (hot). The numeric
values associated with the thermal comfort scale levels are from
1 (very uncomfortable) to 6 (very comfortable). The sensation
and comfort scales (and the numeric values) used for visual and
acoustic evaluations were analogous to the thermal ones (see
Table 5). At the end of the session, the individuals evaluated their
general impression and the features of the room (e.g., ventilation,
room size, and design features). The responses of participants
to the questionnaires were collected and analyzed by using

R (2021), which is a language and environment for statistical
computing and graphics. In addition to the standard descriptive
statistics, a more detailed analysis was conducted via Analysis
of Variance (ANOVA) to formally evaluate the null hypotheses
formulated at the outset. ANOVA can be described as “a statistical
technique that assesses potential differences in a scale-level-
dependent variable by a nominal-level variable having 2 or more
categories” (Statistics Solution, 2020) or “a statistical procedure
used to compare the mean values on some variable between
two or more independent groups” (Boslaugh, 2012). Prior to
the analysis of variance, the assumptions (i.e., independent
samples, normality, and equal variances) were checked (Elliott
and Woodward, 2007). In addition, a post-hoc Tukey’s Honestly
Significant Difference (Tukey’s HSD) test was performed to
compare pairwise scenarios.

RESULTS AND DISCUSSION

As mentioned earlier, the research design of the experiments
included two assumptions, which needed to be verified a priori
in order to allow for a meaningful interpretation of the main
results. On the one hand, it was assumed that the visual
evaluation of participants would be significantly influenced by
the introduction of the glare source in the environment. On the
other hand, the second assumption suggested that the auditory
evaluation participants would be significantly influenced by
the introduction of a noise source and the resulting higher
ambient sound levels. To examine these assumptions, the
resulting mean visual and auditory comfort votes are shown
in Table 6. Thereby, the mean visual comfort votes in the
three temperature conditions (T1, T2, and T3) show that
participants evaluated the scenario “V1A1” (including no glare
and no noise) as being more comfortable than the scenario
“V2A1” (including glare but no noise). The mean auditory
comfort votes in the scenarios “V1A1” (including no glare
and no noise) and “V1A2” (including noise but no glare)
are also included in Table 6. Thereby, consistent with the
assumption, participants evaluated the scenario without noise
as more comfortable than the scenario with noise (a comfort
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FIGURE 3 | The thermal sensation (A) and thermal comfort (B), visual sensation (C) and visual comfort (D), and acoustic sensation (E) and acoustic comfort (F) of
participants.
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TABLE 6 | Mean (µ) and SE of thermal, visual, and acoustic sensation and comfort votes of participants.

Scenarios T1V1A1 T1V1A2 T1V2A1 T1V2A2 T2V1A1 T2V1A2 T2V2A1 T2V2A2 T3V1A1 T3V1A2 T3V2A1 T3V2A2

Thermal sensation µ 0.45 0.04 0.09 0.47 0.46 0.33 0.58 0.10 0.46 0.66 0.64 0.83

SE 0.17 0.17 0.20 0.17 0.18 0.17 0.15 0.13 0.14 0.13 0.15 0.21

Thermal comfort µ 4.27 4.05 3.87 4.18 4.23 4.08 3.92 3.81 3.85 3.47 4.12 3.50

SE 0.18 0.18 0.23 0.15 0.17 0.19 0.21 0.17 0.20 0.15 0.19 0.20

Visual sensation µ 1.14 0.64 0.78 1.18 1.23 0.63 0.46 0.48 0.84 0.53 0.76 0.67

SE 0.18 0.21 0.27 0.33 0.23 0.23 0.23 0.25 0.19 0.16 0.30 0.27

Visual comfort µ 4.09 3.50 2.83 3.76 4.00 3.79 3.04 2.87 3.72 3.66 3.24 2.79

SE 0.21 0.13 0.23 0.28 0.16 0.23 0.23 0.21 0.20 0.16 0.25 0.20

Acoustic sensation µ 0.36 −1.95 −0.26 −1.94 0.46 −1.92 0.17 −2.10 0.03 −2.37 −0.12 −1.92

SE 0.32 0.20 0.33 0.20 0.42 0.22 0.23 0.17 0.20 0.14 0.29 0.20

Acoustic comfort µ 3.68 2.27 3.04 2.53 4.08 1.96 3.46 2.32 3.53 1.97 3.28 2.13

SE 0.21 0.23 0.19 0.24 0.26 0.23 0.20 0.21 0.19 0.16 0.18 0.18

FIGURE 4 | Distribution of the evaluation of thermal sensation (A) and comfort (B), visual sensation (C) and comfort (D), and acoustic sensation (E) and comfort (F)
of participants.

vote of 1 denotes very uncomfortable and a vote of 6 denotes
very comfortable).

As mentioned at the outset, the main objective of
the experimental study was to specifically explore if the
thermal evaluation of participants would be affected by
glare-inducing visual circumstances or interference due
to traffic noise. In this context, Figure 3 and Table 6
show, for all scenarios (see Table 3), the subjective

evaluations of participants on thermal, visual, and acoustic
comfort and sensation, including the mean and standard
error (SE).

The thermal, visual, and acoustic sensation and comfort
evaluations of participants for all three temperature ranges
(T1, T2, and T3) are given in Figure 4. Thereby, to enhance
the comparison possibility of the results, they are depicted in
terms of the respective underlying distributions. Participants’
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TABLE 7 | Mean (µ) and SE of thermal, visual, and acoustic sensation and comfort votes of participants.

Scenarios V1A1 V1A2 V2A1 V2A2

Number of participants 74 78 72 72

Statistics µ SE µ SE µ SE µ SE

Thermal comfort 4.04 0.12 3.82 0.10 3.97 0.12 3.79 0.11

Thermal sensation 0.46 0.09 0.38 0.09 0.44 0.10 0.42 0.11

Visual comfort 3.88 0.13 3.65 0.10 3.04 0.14 3.06 0.14

Visual sensation 0.97 0.12 0.59 0.11 0.67 0.15 0.71 0.16

Acoustic comfort 3.68 0.13 2.05 0.12 3.26 0.11 2.31 0.12

Acoustic sensation 0.20 0.16 −2.18 0.11 −1.93 0.16 −2.00 0.10

mean thermal, visual, and acoustic sensation and comfort
votes are included in Table 7. Note that the number of
participants is fairly similar in the four groups of scenarios.
Moreover, the collected data were further analyzed (see Figure 5)
to explore the potential differences in the evaluation of
thermal sensation of participants due to the experimental
time period (winter vs. summer) and gender of participants
(female vs. male).

The analysis of these findings in terms of descriptive statistics
does not display a noteworthy influence of changes in the visual
or auditory dimensions of the exposure situation of participants
on the thermal sensation votes (Figure 4A). As to the thermal
comfort evaluation, only a slight effect of the introduction of
the noise factor either on its own (Scenario “V1A2”) or in
combination with glare (Scenario “V2A2”) can be discerned
(Figure 4B). However, this is not due to the indifference in
participants to introducing either glare or noise. As Figure 4
demonstrates, the votes of participants on visual sensation and
comfort as well as on acoustic sensation and comfort noticeably
shifted when glare or noise was introduced. Nonetheless, a cross-
modal influence of these stimuli on thermal evaluations could not
be inferred from the results of our experiments (Figure 4). The
differentiation of the collected data according to the applicable
period of experiments and the gender of participants did not
reveal any significant tendencies (see Figure 5).

As mentioned earlier, in order to formally evaluate the
null hypotheses formulated at the outset, an ANOVA was
performed, followed by a post-hoc Tukey’s HSD test to compare
pairwise scenarios. The level of significance was fixed at
p = 0.05.

Figures 6–8 show the differences in mean levels of
thermal (T1, T2, and T3), visual, and acoustic sensation
and comfort evaluations. Thereby, each graph includes six
pairwise comparisons of different scenarios. For each pairwise
comparison, the difference in observed means is illustrated
by showing the 95% CI. A CI estimates the population
mean for each scenario and contains a point estimate and a
margin of error. The point estimate represents the difference
between a pair of means, whereas the upper and lower
limits of the CI show the variability in the samples. A 95%
CI indicates that one can be 95% confident that the CI
includes the group mean.

The CIs of different scenarios are illustrated in Figures 6–
8 to determine the differences between the group means.
From Figure 6, it can be seen that all pairwise comparisons
contain zero in the CIs. This indicates that the differences
in mean levels are not statistically significant. Thus, no
significant groupwise differences exist among all three
temperature conditions (T1, T2, and T3). The p-values
derived from the pairwise comparison (post-hoc Tukey’s
HSD test) concerning thermal sensation and comfort were
larger than 0.05. This indicates that no significant effects of
the thermal evaluation of participants were found between
scenarios with different visual or auditory conditions as well
as between scenarios including differences in both visual and
acoustic circumstances.

The acoustic evaluation of participants showed, as expected,
statistically significant differences between scenarios with or
without noise (the p-values derived from pairwise comparison
between different auditory conditions were < 0.001).
Likewise, statistically significant differences (p < 0.001)
were found in most pairwise comparisons of the visual
comfort evaluation of participants under different visual
conditions (with and without glare). However, this was
not the case, when the visual sensation evaluations of
participants in scenarios with and without glare were compared
(p > 0.05).

To summarize, the results of the conducted experimental
study do not provide conclusive and statistically significant
evidence toward rejecting null hypotheses H0_1 to H0_3 (see
“Research Questions” section). For the specific configurations
considered in this study, the cross-domain effects arising from
multi-domain indoor-environmental exposure situations could
not be demonstrated.

CONCLUSION

Summary of Findings
As stated in the “Introduction” section, the primary objective
of the present research was to examine the potential cross-
domain effects arising from multi-domain indoor-environmental
exposure situations. Specifically, we investigated if the evaluation
of one component (e.g., thermal) of a multi-domain exposure
situation of participants could be influenced by changes in
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FIGURE 5 | Distribution of the evaluation of thermal sensation of participants differentiated based on gender [female (A) and male (B)] and experimental time period
[winter (C) and summer (D)].

other components (e.g., visual and/or acoustic). The investigation
was conducted in terms of controlled short-term experimental
studies with participants who experienced different combinations
of the exposure components. This included three thermal
settings (three temperature ranges), two visual settings (with and
without a source of glare), and two acoustic settings (with and
without traffic noise exposure). To conduct the investigation
in a systematic manner, a number of null hypotheses were
formulated at the outset, suggesting that the differences in one

component of the exposure do not influence the evaluations
of participants on other components. The thermal, visual, and
acoustic sensation and comfort votes were obtained from 296
participants. The results were analyzed and visualized via means
of descriptive statistics. Moreover, a comprehensive ANOVA
was performed to explore if the aforementioned null hypotheses
could be rejected.

Neither the inspection of the results of the descriptive statistics
nor those of the ANOVA provided a basis for the rejection
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FIGURE 6 | Differences in mean levels of thermal sensation (A) and comfort (B) votes in T1 Scenarios, thermal sensation (C) and comfort (D) votes in T2 Scenarios,
and thermal sensation (E) and comfort (F) votes in T3 Scenarios.

FIGURE 7 | Differences in mean levels of visual sensation (A) and comfort (B) votes in T1 Scenarios, visual sensation (C) and comfort (D) votes in T2 Scenarios, and
visual sensation (E) and comfort (F) votes in T3 Scenarios.
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FIGURE 8 | Differences in mean levels of acoustic sensation (A) and comfort (B) votes in T1 Scenarios, acoustic sensation (C) and comfort (D) votes in T2
Scenarios, and acoustic sensation (E) and comfort (F) votes in T3 Scenarios.

of the formulated initial null hypotheses. As such, the findings
regarding the thermal sensation and comfort votes of participants
do not point to any clearly discernible cross-modal effect among
all scenarios. Thus, from the present investigation, it cannot
be inferred that the subjective evaluation of similar thermal
conditions would be significantly affected by additional levels of
visual or auditory exposure. Likewise, the evaluations of the visual
and acoustic aspects of the environment were not shown to be
influenced by differences in the values of the variables pertaining
to the other aspects. Given the absence of clear and measurable
signal (i.e., the absence of non-overlapping ranges around mean
tendencies of the votes in various treatments), one might be
inclined to suggest that individual, purely short-term studies in
emulated settings and with limited parametric configurations are
unlikely to disclose strong indications of cross-domain effects on
the indoor-environmental perception and comfort assessments
of people. This is likely to be the case even if such studies are
carefully and systematically conducted.

Limitations and Future Research
It is important to emphasize that the present study, given its
limitations, does not warrant a general or universal judgment
concerning the scope and magnitude of cross-modal effects in
multi-aspect exposure situations. Although our study benefited
from the participation of a relatively large group of 296
participants, the sample cannot be considered representative.
The sample composition was fairly limited with regard to the

distribution of age, occupation, health, and cultural background
of participants. The majority of the participants were young,
healthy, European students between 21 and 26 years. Presumably,
the perception and preferences of thermal, visual, and acoustic
comfort and sensation could vary more in a sample including
a broader and diverse group of participants. Another limitation
pertains to the concerns associated with the Hawthorne effect.
Even though participants were not aware of the details and
ultimate objectives of the experiments, and even though the
experimental setting resembled typical offices, they were still
cognizant of the fact that they were in a laboratory setting
and that they were being observed. Moreover, it has to be
noted that, given the between-subject design of the experiments,
each participant was exposed only once to a specific indoor-
environmental condition. Consequently, the interindividual
differences among the participants could introduce a certain
uncertainty in the results.

We should also point out that the two auditory conditions
maintained differed not only in terms of the respective sound
intensity levels, but also in terms of their characteristics
(typical background conditions in one case vs. clear presence
of traffic noise in the other case). A further—and significant—
limitation concerns the inherent nature of short-term occupancy
studies. The initial unfamiliarity with the environment and
the lack of long-term adaptation processes suggest that the
findings may not apply to more realistic settings and long-
term occupancy conditions in real-life indoor environments.
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Yet another limitation is due to the relatively small number of
scenarios that could be maintained and tested. Specifically, only
three (relatively close) thermal ranges could be considered. And
only two—albeit clearly distinct—states could be realized for each
of the two variables (noise and glare).

Future research efforts need to address these limitations in
multiple directions. Aside from sample size and composition, and
more broad ranges of the values of the multi-aspect exposure
variables, longer term and more realistic settings including not
only office spaces, but also other typologies such as educational
buildings should be considered. This would also probably
necessitate the deployment of field study techniques. At the
other end of the spectrum of research design, highly specialized
neurophysiologically oriented laboratory studies could shed
light on the specifics of the scope and causal mechanisms
of intersensory information processing and modes of their
reflection in human experience, evaluation, and behavior. The
results of such detailed investigations may not be immediately
transportable to the highly applied field of indoor-environmental
comfort assessment, but may inspire and guide experimental
and field studies at the appropriate scale and level of resolution.
This observation would in turn imply the need for further
multidisciplinary and collaborative field and laboratory studies
in different research and academic institutions around the world
such that an extensive set of environmental conditions in diverse
settings could be investigated and fitting inferences for the
practical applications could be made.
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