Journal Pre-proof

Building and
Environment

Indoor soundscape assessment: A principal components model of acoustic
perception in residential buildings

Simone Torresin, Rossano Albatici, Francesco Aletta, Francesco Babich, Tin
Oberman, Stefano Siboni, Jian Kang

PII: S0360-1323(20)30526-6
DOI: https://doi.org/10.1016/j.buildenv.2020.107152
Reference: BAE 107152

To appearin:  Building and Environment

Received Date: 5 May 2020
Revised Date: 17 July 2020
Accepted Date: 19 July 2020

Please cite this article as: Torresin S, Albatici R, Aletta F, Babich F, Oberman T, Siboni S, Kang J,
Indoor soundscape assessment: A principal components model of acoustic perception in residential
buildings, Building and Environment (2020), doi: https://doi.org/10.1016/j.buildenv.2020.107152.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.buildenv.2020.107152
https://doi.org/10.1016/j.buildenv.2020.107152

© o0 N oo o0 b~ w N P

e el =
w N LB O

14
15

16

17

18

19

20

21

22

23

24

25

26

27

Indoor soundscape assessment: a principal components model of
acoustic perception in residential buildings

Simone Torresift °*, Rossano Albatict, Francesco Alett§ Francesco Babich Tin Obermarf, Stefano Siborf,
Jian Kand

& Department of Civil Environmental and Mechanicalgfeering, University of Trento, Via Mesiano 77,123
Trento, Italy; simone.torresin@unitn.it, +39 04A5092; rossano.albatici@unitn.it; stefano.sibon@@uit

® Institute for Renewable Energy, Eurac Research/dita StraRe/Via A. Volta 13/A, 39100 Bolzano-Bozétaly;
francesco.babich@eurac.edu

©UCL Institute for Environmental Design and Enginegr The Bartlett, University College London (UCIQentral
House, 14 Upper Woburn Place, London WC1H ONN, Ukaletta@ucl.ac.uk; t.oberman@ucl.ac.uk;
j-kang@ucl.ac.uk

* Corresponding author

Abstract
Models of perceived affective quality of soundssabave been recently included into standards tdegui

the measurement and improvement of urban soundsc8peh models have been developed in outdoor
contexts and their validity in indoor built enviments is unclear. A laboratory listening test was
performed in a mock-up living room with a windowglsi, in order to develop an indoor soundscape
model for residential buildings. During the tedh, articipants were asked to rate 20 different ades
each. Scenarios were defined by combining four andsound sources and five urban environments,
filtered through a window ajar, on 97 attribute Iesa By applying principal component analysis,
Comfort Content, and Familiarity, were extracted as the main perceptual dimensexpaining
respectively 58%, 25% and 7% of the total variariRelationships between the principal component
scores, acoustic parameters and indoor and ousdomid categories were investigat€dmfort Content,
andFamiliarity were found to be better predicted respectiveljolngness b, level variability Laio-L ao0

and sharpness S. The magnitude of linear-mixedieffeodel predictions sensibly improved by

accounting for sound categories, thus pointingpatimportance of semantic meaning of sounds indndo
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soundscape assessment. A measurement system s@dpased on a 2-D space defined by two
orthogonal axesComfortand Content and two additional axeg§ngagementand Privacy — Control,
rotated 45° on the same plane. The model indichteperceptual constructs to be measured (e.gsa p
occupancy evaluations), the attribute scales terbployed and actions to improve indoor soundscape

quality, thus providing a reference for both reskand practice.

K eywords
Indoor soundscape, acoustic comfort, acoustic péose residential, Indoor Environmental Quality

1. Introduction

Building acoustic research and practice have frawitly focused on the control of airborne and ctiice
borne sound, transmitted through or originated fhuifiding structures and building services. Patéidy

for dwellings, the rationale behind acoustic dedigts been to reduce noise levels to which building
occupants are exposed in order to prevent the emeegof annoyance and other negative health
outcomes. Efforts have been made to simulate arasune the sound transmission loss of building
components (among others [1-4]), and to develapaelmetrics and single-number quantities (e.g. [5]
The effectiveness of the design action has bearssad through site measurements and occupant survey
(POE) focusing on the self-reported evaluation ofsa levels and sound privacy [6], eventually
integrating the identification of annoying sourcBOE results have showed the general inadequacy of
buildings in providing acoustic environments saii$bry to their occupants, especially in the case o
residential buildings [7]. Researchers have beastipning for long time the efficacy of current miet

and measurement methods in representing peopleésppi®n [8—12]. Associations are typically tested
between objective metrics related to the magnitfdeansmission loss across building structures and
subjective descriptors mainly related to peopl@msogance and disturbance caused by noise. Theederiv
picture can be in any case incomplete due to thi@ahlas under investigation. As regards the objecti
metrics, it must be noticed that noise level reidinctioes not necessarily result in less annoyingare

positively perceived environments [13-15], as lesincan be even sometimes desired. Equally loud
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sounds can trigger very different perceptual respsmepending on a multitude of factors, besidesdso
level (e.g. the meaning attributed to the soundamuspectral and temporal characteristics of sound
stimuli, personal traits, building and urban cohtercio-economic, situational and environmenteldes
[16]). As regards subjective descriptors, issugmisis and annoyance assessment might lead taheutr
environments, but this might not necessarily tratesinto pleasantly experienced acoustic enviromsnen
Indeed, as sound has been traditionally considasetlinwanted” (i.e. noise) little has been saiduabo
“wanted” sounds or sounds of preference. Thisrdaspect is furtherly emphasized by the recent ghif
the building industry target from designing accbfgaspaces to going beyond occupants”™ lack of
complaints and diseases, in order to release hgddithat are able to support task performance and
enhance people’s health and well-being [17]. Undeding human perceptual response to the acoustic
environment (i.e. the soundscape) is thereforefdhadation for filling the gap between predictedian
experienced acoustic performance of built enviromise

The term soundscape has been defined by ISO 12%taridard as the “acoustic environment as
perceived or experienced and/or understood by sopesr people, in context” [18]. The perceptuahpoi

of view on the physical phenomenon (i.e. the adowstvironment) and the context in which perception
occurs are both central to the soundscape cori@epending on physical, psychological and sociolaigic
factors, sound can be thus wanted or unwantedthasdliscrimination is based on people’s perception
[19]. The meaning carried by sound is explicitlykmawledged by soundscape research [14] and
exploited for the design of healthier and more galppe environments [19-22]. If soundscape studies
have traditionally involved urban areas and outdsmarces, indoor soundscape research has beenggainin
momentum in recent years to address the percetagstic quality of indoor environments [23-25].
Several models have been proposed, which identgfggptual dimensions underpinning the affective
response to soundscapes along which to assesseisepplception and evaluate the effectiveness of
design actions. Models were usually based on Sérraifferentials or Visual Analogue Scales, whereby
participants were requested to rate sounds acgptdira number of attribute rating scales. Principal

Component Analysis (PCA) or factor analysis wernthpplied to reduce attributes to a set of pradcip
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dimensions. Such dimensions described most ofdahiance in the data and were interpreted accotding
the attributes with whom they were most strongkoagated.

The review by Ma et al. analyzed studies on thgestibe assessment of indoor and outdoor sounds and
derived three main dimensions relatedt@luation Potency andActivity (EPA) [26], in agreement with
the classical model of affective meaning by Osgi@7q28]. However, the analysis regarded both sjmecif
sound types and complex acoustic scenes, withalistanction between indoor and outdoor contexts.
When specifically referring to complex acoustic ieomments (i.e. not just a sound type), many of the
dimensions identified in the literature [13,29-38puld be coherently explained under Russel’s
circumplex model of affect [39]. According to thé&ter, affective responses can be understoodineax
combination of two independent dimensions, onetedlato valence (“a pleasure — displeasure
continuum”) and the other to arousal (an “alerthessitinuum) [40]. When translated into soundscapes
affective responses can be represented in a twerdiibnal model (cf. Figure 8 in Discussion section)
where the main orthogonal dimensions Bleasantnesghow pleasant or unpleasant the soundscape is)
and Eventfulnesghow many sound events are present, most uswefyed to human activity) [38,41].
The model also included a second set of alternatittiogonal dimensions representi@glmnesghow
calm or chaotic the soundscape is) &xditemen{how vibrant or monotonous) [38,41], reported d46a
rotation from the two main dimensions. Vibrant sgerapes are thus interpreted as both pleasant and
eventful, chaotic soundscapes as both eventfubandying, monotonous soundscapes as both annoying
and uneventful, whereas calm soundscapes as betrentful and pleasant [38,41]. Orthogonal to this
two-dimensional model would bAppropriatenessa dimension expressing the extent to which a
soundscape is appropriate to a space [42].

Following the model by Axelsson et al. [38], ISO/TI2913-2 technical specification proposed the
measurement of perceived affective soundscapetgualiough 8 five-level Likert scales: pleasant,
chaotic, vibrant, uneventful, calm, annoying, efidnand monotonous, ranging from “strongly agréez”
“strongly disagree” (cf. Method A in [43]). Thisssessment method allows soundscapes to be plotted in

a two-dimensional space on their pleasantness amtfalness coordinates [41], with a strong, pcadti
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application in decision making processes. Indesdyainted out by Cain et al., the 2-D visualizatadn
soundscapes would allow decision makers to seetsrfpr design interventions and to assess the
effectiveness of design actions in terms of peradpiutcomes [13].

It must be noticed that models of soundscape ptorepave been developed from listening tests in
neutral laboratory settings playing outdoor souadd it is not clear whether such models are equally
valid indoor. Compared to outdoor contexts, indemindscapes are characterized by: 1) a combinaition
sounds generated by both external and internatssuR) the presence of a reverberant sound fidlki
enclosed space, 3) a greater variety of tasks meefd by people (i.e. not only relaxing or walking
through places), 4) the longer time spent by peaplaersed into them, and 5) the lower availabidify
control over the acoustic environment (e.g. peaganot usually move to a different place). Such
peculiarities may induce to question a straightBmdvapplication of urban soundscape models to indoo
built environments as some perceptual dimensiomghiniie specific to outdoor contexts and new ones
may arise when dealing with indoor environments.

Given this knowledge gap, a listening test was ootet to derive an indoor soundscape model capable
of guiding soundscape assessment and design gengisil buildings. The aim of the study was thus
twofold: (i) to define and analyze the dimensiom&lerlying acoustic perception in indoor residential
living rooms and (ii) to discuss the potential ifnptions of such a model for building design preeti
The basic perceptual dimensions were extracted fidarge set of attribute ratings scales by applyin
PCA. Exposure conditions were obtained by combirangio recordings related to different outdoor
urban contexts with audio recordings related téedint indoor sound sources. Insights on the péneép
dimension meaning were derived by investigatingati@hships with (psycho)acoustic parameters,
demographic data and sound categories and bydestain and interaction effects of indoor-generated
and outdoor-generated sounds. In the present stufiyst element of novelty was represented by the
simulation of typical indoor conditions in whichwswscapes stem simultaneously from outdoor sounds
transmitted through the building facade and souyelserated from indoor sources. Cognisant of the

importance of the meaning carried by sounds forndscape evaluation [14], by borrowing a
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methodology from urban soundscape studies [38frx@ntal design was based on the control of sound
type rather than by the control of building featumr physical properties of the sound field. A seko
element of novelty concerned the performance tHisg tests in an immersive listening room furbish
as a mock-up living room, thus requiring test ggriints a minimized process of abstraction comptred

tests performed via headphones in neutral laborakttings.

2. Methods

2.1 Participants

Thirty-five participants took part in the experimdf7 females, 18 males, mean age: 31.7 years2s: 7

years). They were mainly university students aggbarchers invited via adverts on social media and
email, self-reporting no hearing impairment and dy&nglish level. Participants were offered a small

monetary compensation as a token of appreciatiotnér time.

2.2 Factorsand categories employed in the factorial design of the experiment

Two factors were controlled in the experiment:tiype of outdoor urban context (Factor A) and theety

of indoor sound source (Factor B). Twenty exposareditions were obtained by the combination of five
outdoor acoustic environments and four indoor samdces, according to a within-subjects full faieto
design experiment. Factors were chosen to replig@ieal indoor scenarios in which outdoor sounds
filtered through ventilation openings in the builgifacade are combined with sounds generated indoor
It must be noticed that the purpose was not toystugpace with a specific layout, building featuses
resulting sound field. Factors that have been dirdaaditionally investigated in building and room
acoustic research (e.g. influence of volume, trassion loss provided by building structures, baokgd
noise levels) have been purposefully excluded haddcus has been on the control of sound typeandst
(cf. Section 4.3).

Four urban contexts in the city of London whereesild to be representative of the most commonly

heard sounds in residential urban buildings [44—46]heavy traffic street, a light traffic street, a
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pedestrian area and a garden. A control conditias imcluded, corresponding to an extremely silent
outdoor context (i.e. no sound transmitted throtinghfacade).

As regards indoor sound source location, in thegreexperiment, Factor B was varied across cdegor
(or levels) representing different types of indsound sources located in the same room as thadiste
and deemed representative for a living room. Thm teategory” is hereinafter used in place of “IBye
more common when referring to factorial designthaslatter might be misleading in the acoustic egnt

By assuming a residential building with a HVAC syat a condition played sound from an air inlet.
Other conditions were activity-based instead. Tikied room is supposed to be a place dedicated to
social and recreational activities, such as saimji watching TV, listening to music, reading and
playing [47]. A TV video in English language waglided to represent the conditions in which speech
reception is important, such as when watching T\Matking to people. A condition with instrumental
music and a condition without indoor sound sounsese included as well, to represent situations in
which people are reading or relaxing at home. Facdnd categories are summarized in Table 1. The
methodology approach for the recording of souncensdtrelated to the different experimental catesgpor

is provided in Appendix A.



171 Table 1 — Factors and categories considered in the dediginecexperiment. For each category, a description
172  sound composition is provided together with the ofmmt sound category.

Factor Categories Sound composition Dominant sound category

1 - No added sound Laboratory background noise -

Car traffic, bus stopping, siren, vehicle Technological
2 - Heavy traffic
horns, construction works

Faint car traffic, vehicle horns, Technological
A 3 - Light traffic
background urban sounds
4 - Pedestrian area Human voices, laughter, fqmtste Human
Bird twittering, background urban Natural
5 - Garden
sounds
1 - Fan noise Ventilation noise Technological
2 - Music Instrumental music Music
B Scientific documentary in English TV
3-TV
language

4 - No added sound  Laboratory background noise -

173 2.3 Experimental set up and exposur e conditions
174 The experiment was conducted at the UCL IEDE Adosidtab in London. In order to minimize the

175 process of abstraction required by test particjpaompared to neutral laboratory conditions, soiregs
176  of furniture were placed inside the facility: amahair, a lounge table, a plant, and a televisfoaurtain
177 was hung at 0.95 m from the front wall to integrat85” display projecting a window view and to hide
178 the loudspeakers located behind.

179 A schematic representation of the laboratory sétyprovided in Figure 1. The room was box-shaped,
180 with dimensions of 3.49 m (width), 3.35 m (lengtB)16 m (height), considering the available flooraa
181 in the mock-up condition. A comfortable armchairvainich the listener was seated was positionednat 1

182 from the curtain and 1 m from the side wall. Theerberation time (3 so0rz-2k1) Measured in the test
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conditions with the interrupted noise method (6 moptione-source combinations, 2 source positions, 3
decays in each position) was 0.13 s [48].

One-minute audio excerpts were reproduced to mtteh A-weighted equivalent continuous sound
pressure level (leq1min at the listener's head to the one measunesitu (see Appendix A), for the exact
excerpt. The five Genelec 8331 SAM™ three-way c@akdudspeakers employed for the stimuli
playback are indicated in Figure 1. Details on tdigoratory set up, exposure duration and employed

reproduction system as regards ecological valeligyprovided in Appendix B.
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Figure 1 — Plan (to the left) and picture (to the right}loé test facility. Loudspeaker positions are dipidy
numbers. Different loudspeakers were employeditpras playback: (1) for “music” and “TV”, (2) forgedestrian
area”, (3) and (4) for “heavy traffic”, “light trh€” and “garden”, (5) for “fan noise”. Loudspeakgi2), (3), and (4)

were hidden behind the curtain. L, T, W and TV aadé respectively the listener, lounge-table, digpind TV
positions

For the purpose of model derivation, it was fundat@leto characterize the acoustic stimuli to which
participants were exposed during the listeningsteBinaural recordings of the 20 acoustic exposure
conditions were performed at the listener positidkrsemiS sy V.10 software was used to calculate a
set of acoustic and psychoacoustic indicatorsteae|to:

= overall loudness: A-weighted equivalent continumesind pressure level flg1mip and the

loudness exceeded 10% of the timggalculated according to [49];
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= temporal variability: difference between 10% an&®&atistical levels, expressed in terms of A-
weighted equivalent continuous sound pressure l€lglo-Lage) and loudness (¥Ngp);
Fluctuation Strength (FS) and Roughness (R);

= spectral content of sound: difference between CAsmekighted sound pressure levekgdamis
Laeq1min Nereinafter k-L,), and Sharpness (S).

Single values for sound levels were calculatedhasenergetic average of left and right ear values,
whereas the single values for psychoacoustic pdemmevere calculated as the arithmetic average
between left and right metrics. The acoustic charamation of factors and experimental categories
adopted in the full factorial design is providedTiable 2. Spectra are showed in Figure 2. Laborator
background noise conditions were reported for abrtonditions wherein no sound stimuli have been
added. For reference purposes, 35 dB can be coedidetypical required background noise level limit

for living rooms (laeq,16n:[50], for a review cf. [24]).

Table 2 — Acoustic characterization of the one-minute awkicerpts combined to compose the exposure conslitio

I—Aeq,lmin N10 LAlO'LAQO NlO'NQO FS R LC'LA S
Factor Category
(dB) (sone) (dB) (sone)  (vacil) (asper) (dB) (acum)
1 - No added sound 25.8 0.8 15.7 0.1 0.005 0.008 .9 46 1.55
2 - Heavy traffic 67.6 21.6 73.6 12.4 0.043 0.039 3.9 1.74
A 3 - Light traffic 44.0 4.1 41.7 0.8 0.007 0.021 ®2. 1.14
4 - Pedestrian area 32.9 1.9 32.7 0.6 0.009 0.01379 4 141
5 - Garden 37.0 2.8 36.0 0.7 0.005 0.016 50.1 1.35
1 - Fan noise 31.0 1.4 235 0.2 0.004 0.011 455 47 1.
2 - Music 43.6 54 46.4 3.3 0.036 0.023 52.5 1.70
° 3-TV 46.3 5.0 50.7 4.1 0.088  0.019 50.6 1.63

4 - No added sound 25.8 0.8 15.7 0.1 0.005 0.008 .9 46 1.55
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Figure 2 — Spectra of the one-minute audio excerpts condbim&ompose the exposure conditions
The “objective” psychoacoustic and acoustic datavdd from measurements have been thus related to

the “subjective” evaluations provided by particitgn

2.4 Attributerating scales

Subjective assessment was performed through a fs& aunidirectional attribute scales aimed at
describing the affective response to indoor soumuss. Attributes from Axelsson et al. [38] were
integrated with items coming from focus group anglvjpus literature in order to specifically addréss
peculiarities of indoor perception. The procesatufbute selection is detailed in Appendix C.

Each attribute was rated by means of visual anstades of “attribute — soundscape match”, following
the approach by Axelsson et al. [38]. Scales wanglemented in REDCap survey app as bar sliders
supplied with labels at the end points (i.e. “Notchaat all”, “Perfect match”). A rating viewer alled
participants to visualize the numeric evaluatiaomnrO to 100 while sliding the bar, “representingvho

well the attribute matched their soundscape peimgpi38].

2.5 Test procedures
The experiment was carried out between NovembebDaagmber 2019. Upon arriving, participants were

asked to sign the informed consent. A training iseswas firstly proposed in order to familiarizesth
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testers with the mock-up living room, the test paure and the attribute meaning. Participants &anigu
experienced all the 20 acoustic scenarios presemedandom order over consecutive sessions.
Instructions were provided during the training g@s$oth orally and via the survey app to “dirduoe t
subjects’ response strategy towards an everydagtigih in order to enable the reactivation of ctigai
processes elaborated in actual situations” [51]:

“Imagine being at home, relaxing in your living nmo You may listen to sounds coming from the ouytside
through a window ajar, and to sounds generatedhénrbom where you are in now.

Please judge to what extent the attributes listedthe following are applicable to the acoustic
environment you are experiencing. Please indicatar jjudgment by putting a mark on the scale
delimited by: "No match at all (0)" and “Perfecttoia(100) "(adapted from [38]).

After a one-minute exposure, participants were ésk& a message appearing on the TV displaleéie
start the questionnaifg to scale the soundscape they were immersed ithertouchscreen handset.
During the soundscape assessment, participants evg@sed to one-minute repetitions of the sound
stimuli previously experienced. After scaling thé &ttributes, subjects were instructed to launeh th
subsequent session through a message providedeirsutvey app (e.g.Please, press button 1"
Attribute order was randomized across the diffesmssions. To limit subject fatigue, every 5 sessm
break was scheduled and proposed via the surveyGamgall, the experiment lasted approximately 2.5

hours. The study was approved via the UCL IEDEdsthiepartmental procedure on 16 September 2019.

2.6 Data analysis
All statistical analyses were performed using thiéwgare R [52]. A preliminary outlier analysis idéied

three participants that provided more than 97 inglyatings over the 20 conditions, defined acamgdo

the 1.5 x IQR (Interquartile Range) rule. A dateahrevealed incongruence in their answers, leading
their exclusion. Therefore, the presented resafermed to a final data set an= 32 participants.

Based on the arithmetic means of the ratings peavidy the 32 participants, PCA was performed to

reduce the 97 attributes to a number of principahgonents (PCs) explaining most of the data vanati
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As PC’s interpretation was rather straightforwarfd $ection 3.1), no rotation was applied in orter
avoid component adjustments that would resultvaré&ance redistribution among the rotated companent
and other rotation drawbacks (cf. Appendix D).

A repeated measures correlation analysis was ruassess the relationships between the extracted
perceptual dimensions (i.e. the scores of the reg® given by each participant for each exposure
condition along the extracted PCs) and the (psyamistical parameters characterizing each exposure
condition.

Linear mixed-effects models (LMM) were computedoirler to predict the effect of sound categories,
demographic features (i.e. gender and age) anatp¥ycoustic parameters on the extracted perceptual
dimensions. Sound categories were defined as dinfmis variables that represented sound types
dominating each acoustic scenario, as indicateBainle 1. Sounds were categorized as Technological
(i.e. fan noise, light traffic, heavy traffic), Ham (i.e. sounds from the pedestrian area), Nafscainds
from the garden), Music and TV sounds. The firse¢hcategories have been traditionally used inrurba
soundscape studies (i.e. Technological, Human, rillatounds [38]), while the last two were deemed
relevant for the tested indoor conditions (i.e. Mad TV).

Two-way repeated measures ANOVAs were performesl&duate how the extracted PCs were affected
by the five types of outdoor acoustic environmdrdctor A) and the four types of indoor-generated
sounds (Factor B), in the tested acoustic conditiGurther details on statistical methods are plextiin

Appendix D.

3. Results

3.1 Principal component analysis

The first three PCs explained respectively 58%, 26% 7% of the total variance. In addition, three
further components met the Kaiser’s criterion (eigéue > 1 [53]), explaining together an addition%d

of the variance. The interpretability of componeatsl the visual inspection of the scree plot [54]

suggested retaining the first three PCs, that atedufor 90% of the total variance.
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Figure 3 shows the PC1-PC2 plot, whose data pginesthe components of thp € 97) attributes (i.e.
the vectors of the original basis) along the fnstl second PCs. Similarly, Figure 4 shows the PE82
plot. The graphical representation is made to aftoma direct comparison with results from Axelssdn
al [38]. Three areas are indicated according taltsiance between the attributes and the origin Zone

1, w2 < 0.50; Zone 2, 0.58 v.2 < 0.70; Zone 3, ¥> 0.70, where ¥ represents the amount of variance in
the attribute explained by the two PCs formingpta [38]. Therefore, attributes closer to the eertre
not perfectly represented by the plotted PCs.

The interpretation of the PCs relied on the idaatfon of the variables that were most correldted
either a positive or negative direction [38,39].eThull component matrix, reporting how the retained
components loaded on each variable, is providefippendix E. The first component (PC1) was best
explained by “comfortable”, “relaxed”, and “agreémltpleasant”, (sorted in descending order of logdi
value) on the positive side and by “inconveniefdhnoying, baiting, irritating, troublesome, upsst,
and “disagreeable, disharmonious, unpleasant” em#égative side (cf. Figure 3). PC1 was thus ladell
Comfort The second component (PC2) was best explainetiivaly, full of content, full of life”,

“living”, and “energetic” on the positive side afy “dead, lethargic, lifeless”, “empty”, and “withb
contrast” on the negative side (cf. Figure 3 arglfé 4). PC2 was therefore labell@dntent The third
component (PC3) was best explained by “common”mitmnplace”, and “unsophisticated” on the

positive side and by “sophisticated”, “impressivid “unreal” on the negative side (cf. Figure 433P

was hence labelle@amiliarity.
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Figure 3 — PC1 — PC2 plot. Three areas are depicted ifighee according to the length of the vectors & &v
attributes from the origin (v distance from the center of the plot): Zone £,<v0.50 (light grey circles); Zone 2,
0.50< v;% < 0.70 (dark grey circles); Zone 37w 0.70 (black circles), whereArepresents the amount of variance
in the attribute explained by PC1 and PC2.
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Figure 4 — PC3 — PC2 plot. Three areas are depicted ifighee according to the length of the vectors & &v
attributes from the origin (v distance from the center of the plot): Zone ,<v0.50 (light grey circles); Zone 2,
0.50< v,? < 0.70 (dark grey circles); Zone 32w 0.70 (black circles), whergArepresents the amount of variance
in the attribute explained by PC2 and PC3.

To verify whether the PCA results (i.e. the extedctactors and their composition) were the samesacr
two independent samples of subjects, the origiaadme of subjects was divided in two halves andheac
of the two halves has been subjected to PCA. Coemidoadings were extracted from both data sets and
intercorrelated (cf. [38]). Spearman's rank cotietacoefficients between the component loadings of
these two new solutions were 0.98, 0.97, and Omgfar PC1, PC2, and PC3 respectively (p < 0.001),

thus showing that the three-PCs model was reliatiess the two subgroups of individuals.

3.2 Relationships between principal components, acoustic indicators and sound-categories
Repeated measures correlation coefficieptsare presented in Table 3. Tl&omfort scores were
negatively correlated with all the considered atiowd psychoacoustic parameters. The correlatem

moderate With hegimin Nio, Lato-Lago, N1o-Ngo, R, Lc-La, and weak with FS and S. Notabfomfortwas



322 more strongly associated with the loudness paramte The Contentscores were positively correlated
323 with all the computed acoustic and psychoacoustiampeters. Correlation coefficients indicated a
324 moderate correlation withaeqimin N1o, Laio-Lago, N1o-Noo, R, Le-La, and a weak correlation with FS and
325 S. In particularContentwas more strongly associated with level variapitiver time (laio-Lago). The
326 Familiarity scores were negatively correlated with all the pored acoustic and psychoacoustic
327 parameters. The correlation was generally weakg (hkin N1o, Lato-Lago, N1g-Noo, R, Lc-La), and moderate
328 with FS and S. Specificallfsamiliarity scores exhibited a stronger association with stesapS.

329 Table 3 - Repeated measures correlation coefficigptbatween PC scores and acoustic paramétebmld are the

330 strongest correlations. df: 607. All p-value§.001.

PC1 PC2 PC3
Comfort Content Familiarity

L aeq.imin -0.54 0.38 -0.15
Nyo -0.61 0.33 -0.19
LAlO'LAQO -0.49 0.44 -0.16
N10-Ngo -0.58 0.32 -0.25
FS -0.18 0.14 -0.34
R -0.56 0.38 -0.14
Le-La -0.55 0.40 -0.17
S -0.22 0.24 -0.51

331

332 LMMs with a single acoustic parameter were devalofue all the chosen (psycho)acoustic parameters
333 and then compared based on the AIC parameter ftlafles, the better the fit). Table 4 describes the
334 selected models, reporting the AIC values, the margoefficient of determination & the conditional
335 coefficient of determination & and the estimates of regression coefficieBtanfortwas best explained
336 by loudness N, confirming the negative trend observed in thealation analysis (cf. Table 3). Louder
337 stimuli (i.e. heavy traffic in the tested condit®)nresulted in less comfortable indoor soundscapes.
338 Contentwas best predicted by level variability over titngo-L a0, With a positive trend. Soundscapes
339 exhibiting larger temporal variability (i.e. heatraffic, TV and music in the tested conditions)uléed

340 richer in Content Familiarity was best explained by sharpness S, with sharperdsoapes (i.e. heavy

341 traffic, music and TV) resulting less familiar.
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In the presented models, participants have beesidened as random-effects terms. Model comparison
based on likelihood ratio test showed the suitgbdf random-intercept and random-slope modelss thu
taking into account that the effects of loudnessel variability and sharpness respectivelyGomfor{
Content,and Familiarity scores were different for each participant and &seh participant responded
differently at varying levels of N, Laio-Lago and S.

Sound categories and demographic data (i.e. geade), were added to the previous models with a
stepwise procedure aimed at identifying significangédictors. For the sake of simplicity, interantio
terms were not included in the final models.

Natural, technological sounds and music added faigni contribution totComfortprediction (cf. Table
4). At equal loudness values, the presence of @asaunds and music were found to incre@senfort
scores, whereas technological sounds causesh#ortsreduction. Human and TV sounds, participant’s
age and gender didn’t contribute significantlyGomfort explanation. By including sound category
variables, the proportion of the total variancelaixmd by the fixed effects () increased from 35% to
52%.

Regarding th&€ontentmodel, natural, human, TV sounds and music wede@ds significant predictors.
Supposing equal dyo-Lago Values,Contentwas found to increase in presence of natural, husaainds
and music and to decrease in presence of TV sof@id$able 4). Technological sounds, participant’s
age and gender didn’t contribute significantlyGontent The inclusion of significant sound category
variables increased the proportion of the totalarare explained by the fixed effects,{Rfrom 18% to
43%.

Natural, human, technological and TV sounds addgtficant contribution td=amiliarity prediction (cf.
Table 4). In particular, at equal sharpness valnatjral, human and technological sounds were faand
reduceFamiliarity, while TV sounds to increadeamiliarity perception. Music, participant’s age and
gender were not retained as significBamiliarity predictors. By including sound category variapthe
proportion of the total variance explained by tixed effects (R?) increased from 14% to 17%. It should

be noticed that sound categories and acoustic gaeasncould explain only a reduced amount of vagan
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in Familiarity scores, that increased substantially when acamgifdr the variability of responses related
to individualities (from 60 to 64%).

The interpretation of the presented regression teagdesometimes not straightforward. For instarfde,
sounds contributed negatively @ontentscores based on their sound category but positdu to their
high temporal variability (hio-Lage) in the tested conditions. Differently, loud heatgffic sounds
contributed toContentthrough their high ho-Laso values, even without a significant contribution
through their sound category. Regression modeadsvath control for the effect of acoustic parametes
that the effect of a sound category can be evaluateile holding all the other variables constant.
However, acoustic features are sometimes inheramtipedded in a sound category, so that it's not
always possible to differentiate meaningfully tHéeet of sound type from the effect of the acoustic
parameter.

The combined effects of different sound types i tacoustic features were tested in ANOVA analysi

as described in the following paragraph.

Table4 - LMMs of PC1, PC2, and PC3 scores. For each ptrakgimension, two models are presented: one with
a single acoustic parameter and one with both sicoparameters and sound categories as predidtorseach
model, the Akaike Information Criterion (AIC) valuéme marginal coefficient of determination3Rthe conditional

coefficient of determination Rand the estimates of regression coefficientseperted.

M odel AlIC R%, R?, Fixed-effect terms Estimates t-value
Intercept 6.08 11.59
4449.0 0.35 0.40 Ny -0.80 14.52
Intercept 4.14 6.63
Comfort N1 -0.65 -11.16
42311 0.52 0.59 Natural 6.86 10.62
Technological -3.16 -5.49
Music 4.55 7.77
Intercept -8.41 -8.93
41175 0.18 0.25 Lpso-Lrog 018 893
Intercept -14.22 -14.24
Lazo-Lago 0.25 11.18
Content
Natural 7.27 15.06
3857.6 0.43 0.53 Human 6.08 12.43
Music 1.08 231
TV -2.62 -5.41
Familiarity 35816 014 060 | ntercept 17.61 9.50

S -11.40 -11.71
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Intercept 15.89 8.46

S -9.84 -9.85
Natural -0.65 -3.34
3527.5 0.17 0.64 Human 0.97 502
TV 0.32 2.00
Technological -1.15 -7.07

3.3 Effect of outdoor and indoor sound type on principal components

Differently from previous LMMs, two-way repeated aseires ANOVASs didn’t control for the effects of
acoustic parameters as covariates (e.g. sounddel@lidness) as it was intended to test the gleffatts

of different sound stimuli in their sound compasitiand realistic acoustic features. Indeed, whstingg
for the effect of natural sounds from a gardenragaraffic noise from a busy street we were cosréig)
the global effect of different sound types, togethdth their different levels, temporal and spektra
features that were representative for those soateljories [55,56]. In addition, technological saind
were here differentiated according to the differerperimental categories (i.e. fan noise, heaufidra
and light traffic).

As far asComfortscores is concerned, a statistically significamériaction was found between outdoor
context and indoor sounds, thus indicating thatitiqgact of one factor depended on the categorhef t

other factor (cf. Table 5).



398
399
400
401

402
403

Table 5 - Summary of main and interaction effects of thgetpf outdoor acoustic environment (Factor A) arel t
type of indoor-generated sounds (Factor B) on FZ12, and PC3 scores from repeated measures ANOM#s.
table presents the mean value of component scibresijegrees of freedom in the numerator DFn, thgeds of

freedom in the denominator DFd, the test statitithe p-values and the generalized eta squaree g’

PC Effect Category M ean DFn DFd F p e’
No sound 2.80
Heavy traffic -12.11
Factor A Light traffic -0.85 2.58 79.97 100.71 p<0.001 0.53
Pedestrian area 1.56
Comf Garden 8.57
omfort Fan -1.94
Factor B Music 3.04 2.33 7233 1473 p<0.001 0.08
TV -1.41
No sound 0.28
Interaction 6.83 211.58 8.98 p<0.001 0.08
No sound -7.00
Heavy traffic 3.45
Factor A Light traffic 157 3.13 97.10 61.37 p<0.001 0.41
Pedestrian area 1.74
Garden 3.38
Content Fan -1.36
Factor B Music 2.67 2.02 62.70 18.31 p<0.001 0.10
TV -0.19
No sound -1.11
Interaction 6.01 186.22 19.53 p<0.001 0.17
No sound -2.15
Heavy traffic -1.32
Eactor A Light3t’raﬁic 5o 400 12400 24.84 p<0.001 0.09
Pedestrian area 0.61
iliari Garden 0.42
Familiarity Fan 217
Factor B Music -1.81 2.15 66.78 33.19 p<0.001 0.09
TV -1.24
No sound 0.93
Interaction 7.04 218.17 7.63 p<0.001 0.04




404  Table 6 — Summary of simple main effects of one factor iGated in the first column) for each category of th
405 second factor (indicated in the second column) 6d,APC2, and PC3 scores from repeated measures ANOV
406 The table presents the degrees of freedom in theerator DFn, the degrees of freedom in the denairiaFd,

407 the test statistic F, the p-values and the genredleta squared valugs’

Effect Category DFn DFd F p NG’
Fan 2.9 89.80 61.00 p <0.001 0.54
Factor A Music 3.07 95.20 55.10 p <0.001 0.56
TV 3.16 97.80 66.10 p <0.001 0.56
No sound 2.74 84.90 49.80 p <0.001 0.54
Comfort No sound 3.00 93.00 20.30 p <0.001 0.35
Heavy traffic 3.00 93.00 2.10 p =0.53 0.01
Factor B  Light traffic 2.46 76.10 7.73 p = 0.002 0.11
Pedestrian area 2.17 67.30 11.60 p <0.001 0.12
Garden 2.25 69.90 3.40 p=0.17 0.06
Fan 4.00 124.00 56.80 p <0.001 0.59
Factor A Music 4.00 124.00 2.18 p=0.30 0.04
TV 3.12 96.80 37.30 p <0.001 0.37
No sound 2.61 81.00 60.00 p <0.001 0.61
Content No sound 2.01 62.40 39.40 p <0.001 0.48
Heavy traffic 3.00 93.00 0.44 p=1.00 0.00
Factor B Light traffic 2.27 70.50 12.30 p <0.001 0.18
Pedestrian area 3.00 93.00 2.25 p=0.44 0.03
Garden 2.23 69.10 2.03 p =0.66 0.03
Fan 4.00 124.00 8.96 p <0.001 0.08
Factor A Music 3.11 96.50 6.90 p <0.001 0.06
TV 4.00 124.00 5.70 p = 0.001 0.05
No sound 2.44 75.70 26.40 p <0.001 0.25
Familiarity No sound 2.40 74.30 13.40 p <0.001 0.17
Heavy traffic 2.05 63.40 7.57 p = 0.005 0.04
Factor B Light traffic 2.47 76.60 26.00 p <0.001 0.19
Pedestrian area 3.00 93.00 21.30 p <0.001 0.10
Garden 3.00 93.00 12.20 p <0.001 0.10

408 Simple main effects of indoor-generated sounds \wesdyzed at each type of outdoor sound (cf. Table
409 6). Pairwise comparisons between the control cmmdifi.e. without indoor sound sources) and other
410 indoor sound stimuli are indicated in Figure 5a.chse of no sound transmitted from the window,
411 compared to the case without internal sour@mnfort scores were higher with music, lower with fan
412 noise, and not significantly different with TV sas It should be noticed that in the completelgrtil
413 condition (i.e. no sound neither from outside namf inside) subjective responses exhibited a high
414  variability (Figure5a). In presence of heavy tmafir natural sounds (i.e. the garden conditiord,affiect

415 of indoor sound type was not significant (cf.). Wiight traffic, Comfortscores were not significantly
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different from the control condition depending oddor sound type. In presence of human sounds from
the outside (i.e. the pedestrian area), compardatieccontrol condition, musisignificantly improved

Comfortscores, while other indoor sources didn’t resudignificant differences.
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Figure 5 — Boxplots ofComfortscores by type of outdoor sounds (Factor A) antypg of indoor sounds (Factor
B). On the left (a), data are grouped by Factond pairwise comparisons are shown between thealagndition
with no indoor sound source and other indoor sotypes. On the right (b), data are grouped by FaBt@nd
pairwise comparisons are shown between the coatmodiition with no sound from the outside and otbetdoor
sound types. Inside the boxes, the central linthés median value, and the point is the mean valug. not
significant, * p< 0.05, ** p< 0.01, *** p < 0.001

Simple main effects of outdoor context were sigaifit at each type of indoor sound (cf. Table 6).
Pairwise comparisons between the control condifi@ without sounds from the outside) and other
outdoor conditions are indicated in Figure5b. Comagao the control conditiorGomfortwas strongly
and negatively affected by heavy traffic in comitiora with all indoor sound sources. In presencéaaf
noise,Comfortwas not significantly different from the contradrition with light traffic and improved
with human voices and natural sounds. Similarlythi@ condition with no internal source, compared to
the control condition, light traffic and human wvedcresulted in non-significantly differe@omfort
scores, while natural sounds improved indoor sowagks. With music or TVComfortwas significantly
higher with no sound from outside or with natumalisds, with no significant difference between the t
conditions, and significantly lower with light tfeef and human voices, compared to the control domdi

Notably, light traffic and human voices had a styendetrimental effect o@omfortwhile watching TV
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(medianignt rafic: -3.83; Mediaptdestian_area-1.71), than while listening to music (medigh vasic: 3.71;
mediaRedestrian_aread-91), p < 0.001.

When looking at effect size statistics (cf. Tablar&l 6), the magnitude of the effect that outdaamsls
had onComfortscores was larger compared to that of indoor sndheir interaction. Effect size was
larger for indoor sounds only when not masked kig@ar sounds (i.e. in the control condition).
RegardingContentscores, a statistically significant interactionswiaund between outdoor context and

indoor sound type (cf. Table 5).

n.s. n.s. n.s. n.s. n.s. ns

n.s. n.s. n.s. ns.
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Figure 6 — Boxplots ofContentscores by type of outdoor sounds (Factor A) antlypg of indoor sounds (Factor
B). On the left (a), data are grouped by Factond pairwise comparisons are shown between theaaundition
with no indoor sound source and other indoor sotypes. On the right (b), data are grouped by FaBt@nd
pairwise comparisons are shown between the coctradition with no sound from outside and other ootdsound
types. Inside the boxes, the central line is thdiarevalue, and the point is the mean vafus: not significant, * p
<0.05, *p<0.01, ** p<0.001

Figure 6a shows pairwise comparisons between thizataondition (i.e. without indoor sound sources)
and other indoor sound stimuli. Simple main effeatdndoor sound type were not significant when
combined with heavy traffic, pedestrian area amdigya conditions (cf. Table 6). In the conditioniwito
sound from the outside, compared to the controditimm, Contentscores were higher with TV and
music and not significantly different with fan neisin case of light traffic, compared to the cohtro
condition, fan noise and TV sounds provided nomifigantly different Contentscores, while music

resulted in highe€Contentscores.
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Simple main effects of outdoor context were notnigant with music (cf. Table 6). Pairwise
comparisons between the control condition (i.ehaut sound from the outside) and other outdoor
conditions are indicated in Figure 6b. With fanseiTV and no indoor sourc€ontentscores were
significantly lower in the control condition tharntiwheavy traffic, light traffic, human or natursdunds.
Notably, heavy traffic resulted in high@ontentscores compared to light traffic (p < 0.001) amd n
significantly different compared to pedestrian aaad garden conditions.

The magnitude of the impact outdoor sound ha€ontentscores was larger compared to that of indoor
sounds or their interaction, except when indooinsgaape was already saturated with music (cf. Table
and 6). Effect size for indoor sounds assumed fargieies in the control condition, in absence dfloor
sounds.

RegardingFamiliarity scores, a statistically significant interactionswiaund between outdoor context

and indoor sound type (cf. Table 5).

wan n.s. n.s. n.s. n.s. n.s.
n.s. . o . n.s.

ns. ns. ns. - . .

L . 20 ns. ns. ns. .

Familiarity scores
o
I
{1
Familiarity scores
o

-20 (a) -20 (b)

Light traffic
Factor A

No sound Pedestrian area Garden Fan Music v No sound

Factor B

Heavy traffic

Factor B E3 Fan Music v No sound Factor A £3 No sound Heavy traffic £ Light traffic Pedestrian area - Garden

Figure 7 — Boxplots ofFamiliarity scores by type of outdoor sounds (Factor A) andypg of indoor sounds
(Factor B). On the left (a), data are grouped bgtéaA and pairwise comparisons are shown betwkercontrol
condition with no indoor sound source and othepordsound types. On the right (b), data are groupeBactor B
and pairwise comparisons are shown between theatandition with no sound from outside and otbetdoor
sound types. Inside the boxes, the central linthés median value, and the point is the mean valug. not
significant, * p< 0.05, ** p< 0.01, *** p <0.001

Simple main effects of indoor sound type Familiarity were significant at each type of outdoor context

(cf. Table 6). Pairwise comparisons between therobrondition with no indoor sources and other



479 indoor sound stimuli are presented in Figure 7ahénsilent condition without played indoor anddmgr
480 sounds,Familiarity scores exhibited a high variability in subjectiveoies. Compared to the control
481 condition,Familiarity was not significantly different with music or Tend higher with fan noise. When
482 combined with natural sounds or heavy traffic, musas significantly less familiar, while other irato
483  sources exhibited no significant differences coragdo the control condition. In presence of lighfftc
484  or human sounds from the pedestrian area, compartte control conditionfFamiliarity scores were
485 lower with music or TV sounds and not significardifferent with fan noise.

486 Simple main effects of outdoor type &@amiliarity were significant at each type of indoor sound (cf.
487 Table 6). Figure 7b shows the pairwise comparisgmis/een the control condition with no sound from
488 the outside and other outdoor conditions. Intemgbti compared to the control conditioRamiliarity
489 scores were significantly higher with light traffi,egardless indoor sound type. In case of no nater
490 source, the control condition was significantlysldamiliar compared to conditions with other outdoo
491 stimuli. Notably, light traffic was more familiahan heavy traffic (p < 0.001), pedestrian sounds (p
492  0.005), and natural sounds (p < 0.001). With faisen@r TV sounds, conditions other than light tcaff
493 were not differently familiar from the control cdtidn. When combined with music, compared to the
494  control condition, indoor soundscapes were sigaifity more familiar with light traffic, human and
495 natural sounds, and not significantly differenthwliteavy traffic.

496  Effect sizes were generally low féaamiliarity scores (cf. Table 5 and 6). The impact of outdmamds
497  was higher when combined with no indoor sourceantie impact of indoor sounds was higher in case

498 of no outdoor sounds or light traffic.

499 4. Discussion

500 PCA results showed that the affective response&xdodr soundscapes can be described by three main
501 componentsComfort Content andFamiliarity. Insights on component meaning can be drawn fioen t

502 association between component scores, attributeings, (psycho)acoustic measures and sound
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categories. The analysis of the three perceptuatmsions is followed by a discussion on the model

applicability in building design and on study liatibns.

4.1 Dimensions of acoustic perception in indoor residential living rooms
411 Comfort and Content
Taken togetherComfortand Contentexplained 83% of total variance of the attribiaéngs. The main

componentComfort ranked soundscapes according to a “comfortatdaneying” continuum and was
found to explain 58% of the variance in indoor stagape evaluation. This component aligned with
previous research on visual atmosphere [57], em®ti89], environmental psychology and urban
soundscapes [36—38] (cf. Figure 8) that identifizarinessValenceor Pleasantnessas a fundamental
dimension underlying affective responses. Lookihgha attributes that loaded positively on thistfir
dimension, aspects underpinning (acoustic) conifor¢sidential buildings can be derived, such &exre
pleasantness, intimacy, coziness, but also trahqudafety, restoration and suitability (cf. FiguB).
Interestingly, safety appeared as one of the asprxitributing toComfort According to Andriga and
Lanser, safety would be the key factor of pleasanindscapes as it enables the freedom of mindsstate
for mental restoration and proactive behavior, aithforcing people to attend and address the “aece
now” [58]. Safety would be particularly relevamt indoor residential contexts, in keeping with the
concept of ontological security that is sought@nk as opposed to a world that is threatening ahdfo
control [59,60]. In the present study, appropriagn(expressed by the attribute “acceptable, atisqua
suitable”) was another aspect highly correlatedh Wiomfort While Axelsson proposefippropriateness

as a dimension independent frafteasantnesand Eventfulnesg§42], our results agree with previous
studies that reportefippropriateness&ndPleasantnesgor Comfor) to be overlapping dimensions [31].
Furthermore, in the present study the conceptsatrhrmess and tranquility emerged on a shared
dimension withComfort as aspects almost unrelatedtmtent(cf. Figure 3). Previous urban soundscape
research generally indicat€&hlmnessas a diagonal dimension in tRéeasantness Eventfulnesspace
[13,33] (see Figure 8), whilst other studies relgemeported Calmnessand Pleasantnessto be

overlapping [30,31].
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Figure 8 — Model of affective response to outdoor soundssdpm ISO/TS 12913-3:2019 [41] (adapted from
(38])

The second componer@ontent ordered soundscape excerpts on a “full of contemtnpty” continuum
and explained 25% of the total variance. By expngssow much the environment is saturat€dntent
aligns with the concepts dfiveliness[57], Activity [29] and Eventfulnes436—38], which are in turn
related toArousal [39,61]. Indeed, Ward and Russel reported thatoatih Arousal and Activity are
correlated, arousing environments may result frastdrs other thaActivity. In the present study, the
term Contentwas chosen to represent a dimension orthogon&@lotofort Interestingly, the attribute
“eventfulness” appeared not to be neutral with eespoComfort(cf. Figure 3). In the context of indoor
soundscapes, the attribute “dramatic, eventfullilted to have a negative valence connotation, vihie
term “undramatic, uneventful, unexciting” was founchave a positive valence connotation.

Among the tested acoustic and psychoacoustic paessn€omfortwas best explained by loudnesg.N
Indoor soundscapes dominated by louder sounds wenerally perceived as less comfortable, in
agreement with previous urban soundscape resuils [Bvertheless, the predictive power of a linear
Comfortmodel based solely on loudness was quite limitda: inclusion of informational properties of

sounds (i.e. sound categories) sensibly impr@eahfortpredictability (with B values in line with [38]),



546  thus confirming the important contribution of sertiafeatures of sounds (e.g. sound type) in solapksc
547  evaluations [14]. At constant loudne€mmfortwas found to increase with natural sounds andanasd

548 to be reduced by technological sounds. Furtheglirision the extracted perceptual dimensions were
549 gained by investigating the interactions betwederital and external sound types and by discrinmgati
550 between different technological sound types.

551 Inthe tested conditions, in presence of a simdlagni-open windowComfortwas mainly influenced by
552  outdoor sounds. The effect size of indoor soun& typs relevant only when no sound was transmitted
553 through the window, as it may occur in highly iretetd facades. In absence of outdoor sounds, cothpare
554  to a silent indoor environment or in presence of S&¢inds, indoor soundscape was perceived as more
555 annoying with fan noise and more comfortable withsin. Regarding the effect of outdoor sounds on
556 Comfort loud heavy traffic noise resulted always detritaéfor indoor soundscape quality, regardless
557 indoor sound type. Compared to the condition withsaund from outside, human sounds could improve
558 comfort conditions in presence of annoying fan @aad natural sounds provided a more comfortable
559 indoor environment when combine with indoor fanseoor no indoor sound source. While listening to
560 music or watching TV,Comfort was higher with natural sounds and without souedtering the
561 environment and lower with traffic sounds or hurwaites. This was likely due to the fact that tharsb
562 quality of music was slightly affected by outdoousads and TV speech intelligibility was reduced thue
563 the informative content of voices and sound levdight traffic (around 500 — 4k Hz, cf. Figure 2hus

564 resulting less comfortable.

565 Soundscape literature reported people generalipdilnatural sounds and disliking mechanical and
566 transportation sounds [16,38,62,63]. Human sounele weported to be either pleasant [16,62,63] or
567 valence neutral [38]. Taken together, in the testaditions, noise exposure to heavy traffic result
568 highly annoying. Despite their higher loudness carafd to a silent indoor environment, light traffied

569 human sounds generally provided neutral comfortditimms, while natural sounds proved highly

570 beneficial for indoor soundscape quality.
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As far asContentis concerned, this perceptual dimension was bgdtieed by level variability over
time (Laio-Laco). Understandably, soundscapes with more levehtiar (i.e. technological sounds, TV
and music) resulted in highé€ontent The proportion of total variance explained byotl A90 Was
unimportant and increased when sound categories imetuded as predictors in the LMM, witi? R
values in line with [38]. While holding constanfib-L 00, Contentwas found to increase with music,
human and natural sounds and to decrease with Tidso

The effect size of outdoor sounds Gontentwas larger compared to that provided by indoomsdsu
except when indoor soundscape was saturated witicmin presence of fan noise, TV or no indoor
source, indoor soundscape was highe€amtentwith heavy traffic, human and natural sounds. Liowe
Contentresulted in conditions with no outdoor soundsgintitraffic. The effect size of indoor sound type
on soundscap€ontentwas larger only in the condition with no soundnirdhe outside. Pairwise
comparisons between the tested exposure condgiomsed that higher content was provided by music
(in absence of outdoor sounds or with light trafiad by TV sounds (with light traffic).

In the two-dimensional space defined Ggmfort and Content many of the 97 attributes employed to
measure indoor soundscapes didn’t cluster arowentivihh main axes but were organized in a meaningful
circular arrangement (cf. Figure 3), as in the Rlliss circumplex model of affect [39] and in the
soundscape model by Axelsson et al. [38]. Accordiagthe circumplex model structure, indoor
soundscape attributes may be interpreted as a patidyi of Comfort and Content Further labelling
corresponding to affective responses could theapiptied to two additional axes rotated 45° on traes
Comfort— Contentplane (cf. Figure 9).

By referring to the attributes that loaded appratiety equally comfortable and full of content, iem
describing arengagingindoor soundscape can be observed (e.g. “Excitargf “Interesting, interest-
arousing” , cf. Figure 3). Imagine for instancediing to music in your living room with a backgnoliof
natural sounds coming from the outside (cf. Fig)reOn the opposite side,detachedsoundscape may

be view as a “mix” of an empty and annoying souagsc Thissngaging — detacheakis aligns well with
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theVibrancyor Excitemenperceptual construct that already emerged fromigue soundscape literature
[13,38,64].

A comfortable and empty soundscape was describeatiojputes that express a static, stable and
organized environment, allowing for a sense of gmwand control (labelled gwivate, controlledin
Figure 9). Imagine the private situation of watchiV in your living room, having control of the
acoustic conditions (cf. Figure 9). On the oppositie, a full of content and annoying soundscapg brea
interpreted as dramatic, unexpected and, as suchsive anduncontrolled Previous research reported
that perceived noise control may be considered amediator between noise exposure and noise
annoyance [65], and suggested its contributiorhéoréstoration process [66]. TReivacy and Control
dimension thus relates to home as a private plaberavinhabitants perceive control over their
environment.

Full of content

A
Intrusive, uncontrolled Engaging
HT+NS B G*M ens
0@ HT+M o
© HT+F piNg  [PM  OGH
HT+TV pery | © 7 oLT+MoG+TV
o | oP+F o NS+M
Annoying < - » Comfortable
L+Tv® 7
<0
LTAF
L LT+NS .
NS+TV .
- “
Detached o NS+F NS+N§ Private, controlled
A,

Empty

Figure 9 — Component scores of the 20 indoor soundscap#se@omfort— Contentplot. Each point represents an
exposure condition, resulting from the combinatadnan outdoor context (NS: no sound, HT: heavyfical T:
light traffic, P: pedestrian area, G: garden) améhaoor sound type (F: fan, M: music, TV: TV, N#1 sound).

According to the model proposed in Figure 9eagagingandprivate andcontrolledindoor soundscape

may be equally comfortable but differ in their camit Likewise, grivate andcontrolledand a detached
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indoor soundscape may be equally empty but diffethieir perceived comfort. The tested acoustic
conditions managed to cover the four quadrantheftivo-dimensional space defined Ggmfort and
Contentas main axis, anBrivacy-ControlandEngagemenés secondary axis. It should be noticed that
no exposure condition scored extremely high in @otsituation that may occur when the living rogm

filled with people (e.g. in a party situation).

4.1.2 Familiarity
The third componengamiliarity, was found to explain 7% of indoor soundscap&gatiand ordered the

soundscape excerpts according to a “common — uncorhirontinuum. This dimension aligns with
findings from previous soundscape studies [29,38].

Familiarity was best explained by sharpness, with sharperdsorgsulting less familiar. Nevertheless,
Familiarity predictability by LMMs based on sharpness waseralitw, regardless the inclusion of sound
categories as predictors. A high proportion ofltetaiance was explained by subject variabilitytéasl,
likely due to the individual interpretation of salrfamiliarity according to different experiential
backgrounds.

Effect sizes of outdoor or indoor sound type wezaagally low forFamiliarity scores, and this may be
due to the fact that all the soundscape excerpte geaite realistic and related to everyday life reini
Among indoor sound type, fan noise and no indoaoinds were the most familiar, while TV and music
were the most unfamiliar, most probably due toftoe that it was the first time participants watdtzend
listened those sound and video stimuli. Interestingmong outdoor sound types, light traffic was
generally perceived the most familiar, thus reftertthe urban context in which the experiment took
place. On the contrary, in absence of indoor s@amuaces or in presence of indoor music, the canditi
with no sound from outside was the less familiashbuld be noticed that the completely silent ool
(without both internal and external sources) wapeeienced very differently between the test
participants, as showed by high variability in comfand familiarity scores for this condition. The

atypically and unrealistic silent condition forigilg room with a semi open window may have elitite
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different responses (e.g. relax or anxiety [67]¢cading to participants” living contexts and gehera

preferences.

4.2 Model application to building design

The proposed model identified the dimensions ugdwylthe acoustic perception in living rooms. The
model can be intended as an adjustment of sounglsnadels developed by urban soundscape research
and proposed by ISO 12913 series in order to agddhespeculiarities of the acoustic experience aéndo
Such model provides a reference for indoor sounmscasearch and practice by indicating which
perceptual constructs are to be measured in bgadihow to measure them through a set of attribute
scales and how to promote high-quality indoor ssgages through a useful combination of indoor and
outdoor sound sources.

Current design criteria mainly focus on blocking external “noises”, in order to limit noise annoga

by reducing dB sound levels. The present study slddwow external sounds released through the facade
and internal sounds could be combined to improumdscape quality, regardless the overall sound,leve
based on the meaning attributed to sounds and shkingeopportunities.

POE surveys are often limited to the assessmeanhmdyance or dissatisfaction caused by noisesand t
the identification of disturbing sound sources [Fhe two-dimensional space defined G@gmfort and
Content(cf. Figure 9) suggests that there is a much moaffective space to explore through indoor
soundscape design than the negatBamnfort axis pointing towards annoyance. Soundscape ssirvey
should focus on sound impact on all the relevantggaual dimensiongComfort Content Engagement
Privacy, Control andFamiliarity), by adapting existing soundscape collection natHd3,68] to indoor
peculiarities. POE surveys integrating soundscapthodologies (cf. [69]) could thus inform practices
oriented towards the design of better-than-neutr@dbor soundscapes [16], with positive outcomes on
people health, well-being and quality of life [13,21,66,70,71]. Following the proposal by Cain let a
[13], existing and target indoor soundscapes cbalglotted in the perceptual space showed in Figure

in order to understand how specific design intetieeis can “move” soundscape position along certain
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perceptual dimensions and in order to assess fhetigéness of design actions in terms of percéptua
outcomes. In doing so, the effect of materialscepayout, and building technologies can be evatliat
terms of soundscape outcomes, thus providing aptral perspective to building and room acoustics.
This perceptual approach would provide designem acousticians with a wider range of design
solutions. For instance, ventilation devices maydiaterpreted as systems to transmit, block ounsid]
external sounds to provide a connection with thiereal context, release wanted sounds, and mask
unwanted sounds [24]. This would change the wawlhich acoustic design requirements are defined
beyond setting noise level limits, the needs tlatinal ventilation solutions (e.g. active noise toainor
automated openings) are required to meet and tlganwahich those solutions would be assessed. The
present study confirmed the limited predictive ppwEobjective acoustic parameters taken in isofati
and encouraged for the acknowledgement of sourdjodes in modelling acoustic perception. Based on
the proposed model of indoor soundscape perceptiedlictive indices may be developed to guide the
design stage [72,73], thus filling the gap betweapected and experienced acoustic perception in

buildings.

4.3 Limitations

Given the experimental settings and the chosensexpaonditions, the proposed model is intenddzbto
applied to living rooms and in general to spaceicded to daily activities, such as relaxing.gishg to
music and watching TV. The use among the audiouditiof a TV video with speech content extends
model applicability to socialization activities th@ormally occur in living rooms (e.g. talking taher
people in person or by phone). Nevertheless, nosxe condition resulted extremely full of contend
future studies may investigate situations in wttteh space is occupied by more than one human subjec
The present work was limited to the relaxing taslg.(reading, watching TV, listening to music) and
further research would be needed to investigatednebined effect of sound type (indoor and outdoor)
and intelligibility conditions on affective resp@ss in presence of more cognitive demanding taesks,

would be the case in schools or offices. Furtheenibrmust be noticed that the model does not agply
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bedrooms, where sleep disturbance may occur, lgatin immediate and long-term effects on
cardiovascular and mental health [74].

One limitation of the present study is represettedhe number of tested exposure conditions @0),
also in relation to the number of variablps=(97). Indeed, PCA should ideally rely on large pensizes

in order to minimize errors and maximize the prolitgbthat components extracted from the sample
reflect the underlying population [75]. The applioa of PCA in cases where &« p is not unusual
[38,76], even if sub-optimal. In such cases, lowater PCs can be expected to be more stable across
different samples (i.e. PC1, PC2, ...), while thehkigorder PCs capture a large part of data vandtie.
noise dimensions) [75]. In general, by relying ara$i sample sizes there is the risk that diffefe@t can
emerge from different samples, so that the extdaotedel is not generalizable anymore. The design of
the present experiment had to find a trade-off betwthe number of attributes and the number of
conditions to assess, in order to keep each expatah session within reasonable time limits. As
described in Appendix C, a large number of atteébui.e. 97) was selected in order to comprehelysive
cover the many possible affective states that dndnacoustic environment can elicit and that might
have resulted in potentially relevant perceptuadadisions. Besides the number of observations {tiself
20), it is foundational to consider how those ctinds have been selected in order to be representft
scenarios typically experienced in indoor livingpmts, as explained in Section 2.2. Consequently, the
extracted perceptual dimensions can be expectbd &table across different samples of indoor a@oust
conditions in dwellings.

In order to limit test duration, some of the fastdhat may affect indoor soundscapes in residential
buildings have not be included in the present eérpart and may be investigated in future laboratorg
field research. Studies would be useful to veridyththe sound of neighbors position indoor soundssap
in the Comfort— Contentspace, likely in thentrusive — uncontrolledarea, and how they interact with
outdoor sounds. Many acoustic and non-acoustiofadhat affect acoustic perception in residential
buildings may be integrated in indoor soundscapdeaisp such as building features, the urban context,

the personal traits, the socio-economic, situatiara environmental factors [16,77]. In any case,
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established soundscape models [38,41], confirmexdigin both laboratory and field studies, corrobmrat
the general validity of the proposed model as ithlte cases (i.e. outdoor and indoor environmehts)

lower order PCs (i.e. PC1, PC2 and PC3) refleahdas structure (cf. Figure 8 and Figure 9).

5. Conclusions

The present study investigated the affective respdao indoor soundscapes in residential buildings,
order to: (i) identify, interpret and analyze thiendnsions underlying acoustic perception in indoor
residential living rooms and (i) discuss potenimaplications in building design practice.

Regarding the first research question, the maiclasions are:

(1) Three main perceptual dimensions were extracted flee assessment of 20 acoustic conditions
on 97 attribute rating scale€omfort Content, and Familiarity. The first two dimensions
explained together 83% of total variance. In the-tlimensional space defined by the orthogonal
componentComfort and Content attributes were organized in a meaningful cincdiéshion,
according to a “circumplex” model. In this percegitgpace, arengagingindoor soundscape
would be both comfortable and full of contentdetachedsoundscape would be annoying and
empty, anintrusive anduncontrolledsoundscape would be annoying and full of contehtlst a
private andcontrolledindoor soundscape would be both comfortable anatym

(2) Comfortwas negatively associated with loudnesg Sontentwas positively associated to sound
level variability Laio-Lago, andFamiliarity was negatively associated with sharpness S. LMMs
based on single objective acoustic parameters haided predictive power on the three
perceptual dimensions, that increased when souegamses (i.e. technological, human, natural,
music and TV sounds) were included as predictorge And gender were not significant
contributors;

(3) Comfort was mainly influenced by outdoor sounds. Indoornsisgapes dominated by heavy
traffic sounds were found to be annoying, indoarmsiscapes with light traffic sounds or human

sounds coming from the outside were found to pmvidutral comfort conditions, and indoor
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soundscape with natural sounds were found to belyhigppmfortable. The effect size of indoor
sound type was larger only when no sound was triieshthrough the window, with music
resulting in more comfortable and fan noise resgltin more annoying indoor soundscapes,
compared to TV or no indoor sound sources. IntiErglgt in presence of annoying indoor sound
sources or no indoor sound source, outdoor sounds lfjuman voices and natural sounds) can
result in improved indoor soundscapes in terms nufoor comfort, despite higher overall
loudness;

(4) Contentwas mainly affected by outdoor sound type compé&eddoor sound type, except when
indoor soundscape was saturated with music. Inrgerindoor soundscape dominated by heavy
traffic, human and natural sounds were fulleCohtent The effect size of indoor sound type on
Contentwas larger only in the condition with no soundnfrahe outside, with higher content
generally provided by music and by TV sounds;

(5) Effect sizes of outdoor or indoor sound type wezaeggally low forFamiliarity scores. Among
indoor sound types, the conditions with fan noisé mo indoor sounds resulted the most familiar.
Among outdoor sound types, light traffic was gehgthe most familiar.

Regarding the second research question, the magitusions are:

(1) A measurement system of indoor soundscape perocefigroposed, consisting of a two-
dimensional space defined by two main orthogoni, &omfortandContent and two additional
axis, EngagemenandPrivacy— Control, rotated 45° on the same plane. The model repieaen
adjustment of previous soundscape models develdpedutdoor urban environments (cf.
ISO/TS 12913 — 3 [41] and Axelsson et al. [38]jatwount for perceptual aspects occurring in
indoor spaces;

(2) The model suggests the perceptual constructs tomeasured (e.g. in post-occupancy
evaluations), the attribute scales to be employed actions to improve indoor soundscape

quality.
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Highlights
(1) Laboratory listening tests reproduced indoor socapss in living rooms.
(2) Comfort, Content andFamiliarity are the main dimensions of acoustic perception.
(3) Privacy-Control andEngagement are at a 45° rotation fro@omfort andContent.
(4) Sound categories are fundamental predictors ofoingdoundscape quality.
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