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A B S T R A C T   

Models of perceived affective quality of soundscapes have been recently included into standards to guide the 
measurement and improvement of urban soundscapes. Such models have been developed in outdoor contexts 
and their validity in indoor built environments is unclear. A laboratory listening test was performed in a mock-up 
living room with a window sight, in order to develop an indoor soundscape model for residential buildings. 
During the test, 35 participants were asked to rate 20 different scenarios each. Scenarios were defined by 
combining four indoor sound sources and five urban environments, filtered through a window ajar, on 97 
attribute scales. By applying principal component analysis, Comfort, Content, and Familiarity, were extracted as 
the main perceptual dimensions explaining respectively 58%, 25% and 7% of the total variance. Relationships 
between the principal component scores, acoustic parameters and indoor and outdoor sound categories were 
investigated. Comfort, Content, and Familiarity were found to be better predicted respectively by loudness N10, 
level variability LA10-LA90 and sharpness S. The magnitude of linear-mixed-effect model predictions sensibly 
improved by accounting for sound categories, thus pointing at the importance of semantic meaning of sounds in 
indoor soundscape assessment. A measurement system is proposed, based on a 2-D space defined by two 
orthogonal axes, Comfort and Content, and two additional axes, Engagement and Privacy – Control, rotated 45◦ on 
the same plane. The model indicates the perceptual constructs to be measured (e.g. in post-occupancy evalua-
tions), the attribute scales to be employed and actions to improve indoor soundscape quality, thus providing a 
reference for both research and practice.   

1. Introduction 

Building acoustic research and practice have traditionally focused on 
the control of airborne and structure borne sound, transmitted through 
or originated from building structures and building services. Particularly 
for dwellings, the rationale behind acoustic design has been to reduce 
noise levels to which building occupants are exposed in order to prevent 
the emergence of annoyance and other negative health outcomes. Efforts 
have been made to simulate and measure the sound transmission loss of 
building components (among others [1–4]), and to develop related 
metrics and single-number quantities (e.g. Ref. [5]). The effectiveness of 
the design action has been assessed through site measurements and 

occupant surveys (POE) focusing on the self-reported evaluation of noise 
levels and sound privacy [6], eventually integrating the identification of 
annoying sources. POE results have showed the general inadequacy of 
buildings in providing acoustic environments satisfactory to their oc-
cupants, especially in the case of residential buildings [7]. Researchers 
have been questioning for long time the efficacy of current metrics and 
measurement methods in representing people’s perception [8–12]. As-
sociations are typically tested between objective metrics related to the 
magnitude of transmission loss across building structures and subjective 
descriptors mainly related to people’s annoyance and disturbance 
caused by noise. The derived picture can be in any case incomplete due 
to the variables under investigation. As regards the objective metrics, it 
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must be noticed that noise level reduction does not necessarily result in 
less annoying or more positively perceived environments [13–15], as 
loudness can be even sometimes desired. Equally loud sounds can trigger 
very different perceptual responses depending on a multitude of factors, 
besides sound level (e.g. the meaning attributed to the sound source, 
spectral and temporal characteristics of sound stimuli, building user’s 
individual traits, building and urban context, socio-economic, situa-
tional and environmental factors [16]). As regards subjective de-
scriptors, issue diagnosis and annoyance assessment might lead to 
neutral environments, but this might not necessarily translate into 
pleasantly experienced acoustic environments. Indeed, as sound has 
been traditionally considered as “unwanted” (i.e. noise) little has been 
said about “wanted” sounds or sounds of preference. This latter aspect is 
furtherly emphasized by the recent shift in the building industry target 
from designing acceptable spaces to going beyond occupants’ lack of 
complaints and diseases, in order to release buildings that are able to 
support task performance and enhance people’s health and well-being 
[17,18]. Understanding human perceptual response to the acoustic 
environment (i.e. the soundscape) is therefore the foundation for filling 
the gap between predicted and experienced acoustic performance of 
built environments. 

The term soundscape has been defined by ISO 12913-1 standard as 
the “acoustic environment as perceived or experienced and/or under-
stood by a person or people, in context” [19]. The perceptual point of 
view on the physical phenomenon (i.e. the acoustic environment) and 
the context in which perception occurs are both central to the sound-
scape concept. Depending on physical, psychological and sociological 
factors, sound can be thus wanted or unwanted, and this discrimination 
is based on people’s perception [20]. The meaning carried by sound is 
explicitly acknowledged by soundscape research [14] and exploited for 
the design of healthier and more enjoyable environments [20–23]. If 
soundscape studies have traditionally involved urban areas and outdoor 
spaces, indoor soundscape research has been gaining momentum in 
recent years to address the perceived acoustic quality of indoor envi-
ronments [24–26]. 

Several models have been proposed, which identify perceptual di-
mensions underpinning the affective response to soundscapes along 
which to assess people’s perception and evaluate the effectiveness of 
design actions. Models were usually based on Semantic Differentials or 
Visual Analogue Scales, whereby participants were requested to rate 
sounds according to a number of attribute rating scales. Principal 
Component Analysis (PCA) or factor analysis were then applied to 
reduce attributes to a set of principal dimensions. Such dimensions 
described most of the variance in the data and were interpreted ac-
cording to the attributes with whom they were most strongly associated. 

The review by Ma et al. analyzed studies on the subjective assess-
ment of indoor and outdoor sounds and derived three main dimensions 
related to Evaluation, Potency, and Activity (EPA) [27], in agreement with 
the classical model of affective meaning by Osgood [28,29]. However, 
the analysis regarded both specific sound types and complex acoustic 
scenes, without a distinction between indoor and outdoor contexts. 
When specifically referring to complex acoustic environments (i.e. not 
just a sound type), many of the dimensions identified in the literature 
[13,30–39] could be coherently explained under Russel’s circumplex 
model of affect [40]. According to this latter, affective responses can be 
understood as a linear combination of two independent dimensions, one 
related to valence (“a pleasure – displeasure continuum”) and the other 
to arousal (an “alertness” continuum) [41]. When translated into 
soundscapes, affective responses can be represented in a 
two-dimensional model (cf. Fig. 8 in Discussion section) where the main 
orthogonal dimensions are Pleasantness (how pleasant or unpleasant the 
soundscape is) and Eventfulness (how many sound events are present, 
most usually related to human activity) [39,42]. The model also 
included a second set of alternative orthogonal dimensions representing 
Calmness (how calm or chaotic the soundscape is) and Excitement (how 
vibrant or monotonous) [39,42], reported at a 45◦ rotation from the two 

main dimensions. Vibrant soundscapes are thus interpreted as both 
pleasant and eventful, chaotic soundscapes as both eventful and 
annoying, monotonous soundscapes as both annoying and uneventful, 
whereas calm soundscapes as both uneventful and pleasant [39,42]. 
Orthogonal to this two-dimensional model would be Appropriateness, a 
dimension expressing the extent to which a soundscape is appropriate to 
a space [43]. 

Following the model by Axelsson et al. [39], ISO/TS 12913–2 tech-
nical specification proposed the measurement of perceived affective 
soundscape quality through 8 five-level Likert scales: pleasant, chaotic, 
vibrant, uneventful, calm, annoying, eventful, and monotonous, ranging 
from “strongly agree” to “strongly disagree” (cf. Method A in Ref. [44]). 
This assessment method allows soundscapes to be plotted into a 
two-dimensional space on their pleasantness and eventfulness co-
ordinates [42], with a strong, practical application in decision making 
processes. Indeed, as pointed out by Cain et al., the 2-D visualization of 
soundscapes would allow decision makers to set targets for design in-
terventions and to assess the effectiveness of design actions in terms of 
perceptual outcomes [13]. 

It must be noticed that models of soundscape perception have been 
developed from listening tests in neutral laboratory settings playing 
outdoor sounds and it is not clear whether such models are equally valid 
indoor. Compared to outdoor contexts, indoor soundscapes are charac-
terized by: 1) a combination of sounds generated by both external and 
internal sources, 2) the presence of a reverberant sound field in the 
enclosed space, 3) a greater variety of tasks performed by people (i.e. not 
only relaxing or walking through places), 4) the longer time spent by 
people immersed into them, and 5) the lower availability of control over 
the acoustic environment (e.g. people cannot usually move to a different 
place). Such peculiarities may induce to question a straightforward 
application of urban soundscape models to indoor built environments as 
some perceptual dimensions might be specific to outdoor contexts and 
new ones may arise when dealing with indoor environments. 

Given this knowledge gap, a listening test was conducted to derive an 
indoor soundscape model capable of guiding soundscape assessment and 
design in residential buildings. The aim of the study was thus twofold: (i) 
to define and analyze the dimensions underlying acoustic perception in 
indoor residential living rooms and (ii) to discuss the potential impli-
cations of such a model for building design practice. The basic percep-
tual dimensions were extracted from a large set of attribute ratings 
scales by applying PCA. Exposure conditions were obtained by 
combining audio recordings related to different outdoor urban contexts 
with audio recordings related to different indoor sound sources. Insights 
on the perceptual dimension meaning were derived by investigating 
relationships with (psycho)acoustic parameters, demographic data and 
sound categories and by testing main and interaction effects of indoor- 
generated and outdoor-generated sounds. In the present study, a first 
element of novelty was represented by the simulation of typical indoor 
conditions in which soundscapes stem simultaneously from outdoor 
sounds transmitted through the building façade and sounds generated 
from indoor sources. Cognisant of the importance of the meaning carried 
by sounds for soundscape evaluation [14], by borrowing a methodology 
from urban soundscape studies [39], experimental design was based on 
the control of sound type rather than by the control of building features 
or physical properties of the sound field. A second element of novelty 
concerned the performance of listening tests in an immersive listening 
room furbished as a mock-up living room, thus requiring test partici-
pants a minimized process of abstraction compared to tests performed 
via headphones in neutral laboratory settings. 

2. Methods 

2.1. Participants 

Thirty-five participants took part in the experiment (17 females, 18 
males, mean age: 31.7 years, SD: 7.2 years). They were mainly 
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university students and researchers invited via adverts on social media 
and email, self-reporting no hearing impairment and good English level. 
Participants were offered a small monetary compensation as a token of 
appreciation for their time. 

2.2. Factors and categories employed in the factorial design of the 
experiment 

Two factors were controlled in the experiment: the type of outdoor 
urban context (Factor A) and the type of indoor sound source (Factor B). 
Twenty exposure conditions were obtained by the combination of five 
outdoor acoustic environments and four indoor sound sources, accord-
ing to a within-subjects full factorial design experiment. Factors were 
chosen to replicate typical indoor scenarios in which outdoor sounds 
filtered through ventilation openings in the building façade are com-
bined with sounds generated indoor. 

It must be noticed that the purpose was not to study a space with a 
specific layout, building features and resulting sound field. Factors that 
have been already traditionally investigated in building and room 
acoustic research (e.g. influence of volume, transmission loss provided 
by building structures, background noise levels) have been purposefully 
excluded and the focus has been on the control of sound type instead (cf. 
Section 4.3). 

Four urban contexts in the city of London were selected to be 
representative of the most commonly heard sounds in residential urban 
buildings [45–47]: a heavy traffic street, a light traffic street, a pedes-
trian area and a garden. A control condition was included, corre-
sponding to an extremely silent outdoor context (i.e. no sound 
transmitted through the façade). 

As regards indoor sound sources, in the present experiment, Factor B 
was varied across categories (or levels) representing different types of 
indoor sound sources located in the same room as the listener and 
deemed representative for a living room. The term “category” is here-
inafter used in place of “level”, more common when referring to factorial 
design, as the latter might be misleading in the acoustic context. By 
assuming a residential building with a HVAC system, a condition played 
sound from an air inlet. Other conditions were activity-based instead. 
The living room is supposed to be a place dedicated to social and rec-
reational activities, such as socializing, watching TV, listening to music, 
reading and playing [48]. A TV video in English language was included 
to represent the conditions in which speech reception is important, such 
as when watching TV or talking to people. A condition with instrumental 
music and a condition without indoor sound sources were included as 
well, to represent situations in which people are reading or relaxing at 
home. Factors and categories are summarized in Table 1. The method-
ology approach for the recording of sound material related to the 
different experimental categories is provided in Appendix A 

2.3. Experimental set up and exposure conditions 

The experiment was conducted at the UCL IEDE Acoustics Lab in 
London. In order to minimize the process of abstraction required by test 

participants compared to neutral laboratory conditions, some pieces of 
furniture were placed inside the room: an armchair, a lounge table, a 
plant, and a television. A curtain was hung at 0.95 m from the front wall 
to integrate a 55” display projecting a window view and to hide the 
loudspeakers located behind. 

A schematic representation of the laboratory setup is provided in 
Fig. 1. The room was box-shaped, with dimensions of 3.49 m (width), 
3.35 m (length), 3.16 m (height), considering the available floor area in 
the mock-up condition. A comfortable armchair on which the listener 
was seated was positioned at 1 m from the curtain and 1 m from the side 
wall. The reverberation time (T30,500Hz–2kHz) measured in the test con-
ditions with the interrupted noise method (6 microphone-source com-
binations, 2 source positions, 3 decays in each position) was 0.13 s [49]. 

One-minute audio excerpts were reproduced to match the A- 
weighted equivalent continuous sound pressure level (LAeq,1min) at the 
listener’s head to the one measured in situ (see Appendix A), for the exact 
excerpt. The five Genelec 8331 SAM™ three-way coaxial loudspeakers 
employed for the stimuli playback are indicated in Fig. 1. Details on the 
laboratory set up, exposure duration and employed reproduction system 
as regards ecological validity are provided in Appendix B. 

For the purpose of model derivation, it was fundamental to charac-
terize the acoustic stimuli to which the participants were exposed during 
the listening tests. Binaural recordings of the 20 acoustic exposure 
conditions were performed at the listener positions. ArtemiS SUITE v.10 
software was used to calculate a set of acoustic and psychoacoustic in-
dicators, related to:  

• overall loudness: A-weighted equivalent continuous sound pressure 
level (LAeq,1min) and the loudness exceeded 10% of the time (N10) 
calculated according to Ref. [50];  

• temporal variability: difference between 10% and 90% statistical 
levels, expressed in terms of A-weighted equivalent continuous 
sound pressure level (LA10-LA90) and loudness (N10–N90); Fluctuation 
Strength (FS) and Roughness (R);  

• spectral content of sound: difference between C and A-weighted 
sound pressure level (LCeq,1min-LAeq,1min, hereinafter LC-LA), and 
Sharpness (S). 

Single values for sound levels were calculated as the energetic 
average of left and right ear values, whereas the single values for psy-
choacoustic parameters were calculated as the arithmetic average be-
tween left and right metrics. The acoustic characterization of factors and 
experimental categories adopted in the full factorial design is provided 
in Table 2. Spectra are showed in Fig. 2. Laboratory background noise 
conditions were reported for control conditions wherein no sound 
stimuli have been added. For reference purposes, 35 dB can be consid-
ered a typical required background noise level limit for living rooms 
(LAeq,16hr [51], for a review cf [25]). 

The “objective” psychoacoustic and acoustic data derived from 
measurements have been thus related to the “subjective” evaluations 
provided by participants. 

Table 1 
Factors and categories considered in the design of the experiment. For each category, a description of sound composition is provided together with the dominant sound 
category.  

Factor Categories Sound composition Dominant sound category 

A 1 - No added sound Laboratory background noise – 
2 - Heavy traffic Car traffic, bus stopping, siren, vehicle horns, construction works Technological 
3 - Light traffic Faint car traffic, vehicle horns, background urban sounds Technological 
4 - Pedestrian area Human voices, laughter, footsteps Human 
5 - Garden Bird twittering, background urban sounds Natural 

B 1 - Fan noise Ventilation noise Technological 
2 - Music Instrumental music Music 
3 - TV Scientific documentary in English language TV 
4 - No added sound Laboratory background noise –  
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Fig. 1. Plan (on the left) and picture (on the right) of the test facility. Loudspeaker positions are depicted by numbers. Different loudspeakers were employed for 
signal playback: (1) for “music” and “TV”, (2) for “pedestrian area”, (3) and (4) for “heavy traffic”, “light traffic” and “garden”, (5) for “fan noise”. Loudspeakers (2), 
(3), and (4) were hidden behind the curtain. L, T, W and TV indicate respectively the listener, lounge-table, display and TV positions. 

Table 2 
Acoustic characterization of the 1-min audio excerpts combined to compose the exposure conditions.  

Factor Category LAeq,1min (dB) N10 (sone) LA10-LA90 (dB) N10–N90 (sone FS (vacil) R (asper) LC-LA (dB) S (acum) 

A 1 - No added sound 25.8 0.8 15.7 0.1 0.005 0.008 46.9 1.55 
2 - Heavy traffic 67.6 21.6 73.6 12.4 0.043 0.039 63.9 1.74 
3 - Light traffic 44.0 4.1 41.7 0.8 0.007 0.021 52.0 1.14 
4 - Pedestrian area 32.9 1.9 32.7 0.6 0.009 0.013 47.9 1.41 
5 - Garden 37.0 2.8 36.0 0.7 0.005 0.016 50.1 1.35 

B 1 - Fan noise 31.0 1.4 23.5 0.2 0.004 0.011 45.5 1.47 
2 - Music 43.6 5.4 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 46.9 1.55  

Fig. 2. Spectra of the 1-min audio excerpts combined to compose the exposure conditions.  
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2.4. Attribute rating scales 

Subjective assessment was performed through a set of 97 unidirec-
tional attribute scales aimed at describing the affective response to in-
door soundscapes. Attributes from Axelsson et al. [39] were integrated 
with items coming from focus group and previous literature in order to 
specifically address the peculiarities of indoor perception. The process of 
attribute selection is detailed in Appendix C. 

Each attribute was rated by means of visual analog scales of “attri-
bute – soundscape match”, following the approach by Axelsson et al. 
[39]. Scales were implemented in REDCap survey app as bar sliders 
supplied with labels at the end points (i.e. “No match at all”, “Perfect 
match”). A rating viewer allowed participants to visualize the numeric 
evaluation from 0 to 100 while sliding the bar, “representing how well 
the attribute matched their soundscape perception” [39]. 

2.5. Test procedures 

The experiment was carried out between November and December 
2019. Upon arriving, participants were asked to sign the informed 
consent. A training session was firstly proposed in order to familiarize 
the testers with the mock-up living room, the test procedure and the 
attribute meaning. Participants singularly experienced all the 20 
acoustic scenarios presented in random order over consecutive sessions. 
Instructions were provided during the training session both orally and 
via the survey app to “direct the subjects’ response strategy towards an 
everyday situation in order to enable the reactivation of cognitive pro-
cesses elaborated in actual situations” [52]: 

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

Please judge to what extent the attributes listed in the following are 
applicable to the acoustic environment you are experiencing. Please indicate 
your judgment by putting a mark on the scale delimited by: ‘No match at all 
(0)’ and ‘Perfect match (100)’” (adapted from Ref. [39]). 

After a 1-min exposure, participants were asked via a message 
appearing on the TV display (“Please start the questionnaire”) to scale the 
soundscape they were immersed in on the touchscreen handset. During 
the soundscape assessment, participants were exposed to 1-min repeti-
tions of the sound stimuli previously experienced. After scaling the 97 
attributes, subjects were instructed to launch the subsequent session 
through a message provided in the survey app (e.g. “Please, press button 
1”). Attribute order was randomized across the different sessions. To 
limit subject fatigue, every 5 sessions a break was scheduled and pro-
posed via the survey app. Overall, the experiment lasted approximately 
2.5 h. The study was approved via the UCL IEDE Ethics departmental 
procedure on September 16, 2019. 

2.6. Data analysis 

All statistical analyses were performed using the software R [53]. A 
preliminary outlier analysis identified three participants that provided 
more than 97 outlying ratings over the 20 conditions, defined according 
to the 1.5 x IQR (Interquartile Range) rule. A data check revealed 
incongruence in their answers, leading to their exclusion. Therefore, the 
presented results referred to a final data set on m = 32 participants. 

Based on the arithmetic means of the ratings provided by the 32 
participants, PCA was performed to reduce the 97 attributes to a number 
of principal components (PCs) explaining most of the data variation. As 
PC’s interpretation was rather straightforward (cf. Section 3.1), no 
rotation was applied in order to avoid component adjustments that 
would result in a variance redistribution among the rotated components 
and other rotation drawbacks (cf. Appendix D). 

A repeated measures correlation analysis was run to assess the re-
lationships between the extracted perceptual dimensions (i.e. the scores 
of the responses given by each participant for each exposure condition 

along the extracted PCs) and the (psycho)acoustical parameters char-
acterizing each exposure condition. 

Linear mixed-effects models (LMM) were computed in order to pre-
dict the effect of sound categories, demographic features (i.e. gender and 
age) and (psycho)acoustic parameters on the extracted perceptual di-
mensions. Sound categories were defined as dichotomous variables that 
represented sound types dominating each acoustic scenario, as indicated 
in Table 1. Sounds were categorized as Technological (i.e. fan noise, 
light traffic, heavy traffic), Human (i.e. sounds from the pedestrian 
area), Natural (sounds from the garden), Music and TV sounds. The first 
three categories have been traditionally used in urban soundscape 
studies (i.e. Technological, Human, Natural sounds [39]), while the last 
two were deemed relevant for the tested indoor conditions (i.e. Music 
and TV). 

Two-way repeated measures ANOVAs were performed to evaluate 
how the extracted PCs were affected by the five types of outdoor acoustic 
environment (Factor A) and the four types of indoor-generated sounds 
(Factor B), in the tested acoustic conditions. Further details on statistical 
methods are provided in Appendix D. 

3. Results 

3.1. Principal component analysis 

The first three PCs explained respectively 58%, 25% and 7% of the 
total variance. In addition, three further components met the Kaiser’s 
criterion (eigenvalue > 1 [54]), explaining together an additional 7% of 
the variance. The interpretability of components and the visual inspec-
tion of the scree plot [55] suggested retaining the first three PCs, that 
accounted for 90% of the total variance. 

Fig. 3 shows the PC1-PC2 plot, whose data points give the compo-
nents of the (p = 97) attributes (i.e. the vectors of the original basis) 
along the first and second PCs. Similarly, Fig. 4 shows the PC3 – PC2 
plot. The graphical representation is made to allow for a direct com-
parison with results from Axelsson et al. [39]. Three areas are indicated 
according to the distance between the attributes and the origin (va): 
Zone 1, va

2 < 0.50; Zone 2, 0.50 ≤ va
2 < 0.70; Zone 3, va

2 ≥ 0.70, where va
2 

represents the amount of variance in the attribute explained by the two 
PCs forming the plot [39]. Therefore, attributes closer to the center are 
not perfectly represented by the plotted PCs. 

The interpretation of the PCs relied on the identification of the var-
iables that were most correlated in either a positive or negative direction 
[39,40]. The full component matrix, reporting how the retained com-
ponents loaded on each variable, is provided in Appendix E. The first 
component (PC1) was best explained by “comfortable”, “relaxed”, and 
“agreeable, pleasant”, (sorted in descending order of loading value) on 
the positive side and by “inconvenient”, “annoying, baiting, irritating, 
troublesome, upsetting”, and “disagreeable, disharmonious, unpleasant” 
on the negative side (cf. Fig. 3). PC1 was thus labelled Comfort. The 
second component (PC2) was best explained by “lively, full of content, 
full of life”, “living”, and “energetic” on the positive side and by “dead, 
lethargic, lifeless”, “empty”, and “without contrast” on the negative side 
(cf. Figs. 3 and 4). PC2 was therefore labelled Content. The third 
component (PC3) was best explained by “common”, “commonplace”, 
and “unsophisticated” on the positive side and by “sophisticated”, 
“impressive” and “unreal” on the negative side (cf. Fig. 4). PC3 was 
hence labelled Familiarity. 

To verify whether the PCA results (i.e. the extracted factors and their 
composition) were the same across two independent samples of subjects, 
the original sample of subjects was divided in two halves and each of the 
two halves has been subjected to PCA. Component loadings were 
extracted from both data sets and intercorrelated (cf [39]). Spearman’s 
rank correlation coefficients between the component loadings of these 
two new solutions were 0.98, 0.97, and 0.89 and for PC1, PC2, and PC3 
respectively (p < 0.001), thus showing that the 3-PCs model was reliable 
across the two subgroups of individuals. 
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3.2. Relationships between principal components, acoustic indicators and 
sound-categories 

Repeated measures correlation coefficients rrm are presented in 
Table 3. The Comfort scores were negatively correlated with all the 
considered acoustic and psychoacoustic parameters. The correlation was 
moderate with LAeq,1min, N10, LA10-LA90, N10–N90, R, LC-LA, and weak 
with FS and S. Notably, Comfort was more strongly associated with the 
loudness parameter N10. The Content scores were positively correlated 
with all the computed acoustic and psychoacoustic parameters. Corre-
lation coefficients indicated a moderate correlation with LAeq,1min, N10, 
LA10-LA90, N10–N90, R, LC-LA, and a weak correlation with FS and S. In 
particular, Content was more strongly associated with level variability 
over time (LA10-LA90). The Familiarity scores were negatively correlated 
with all the computed acoustic and psychoacoustic parameters. The 
correlation was generally weak (LAeq,1min, N10, LA10-LA90, N10–N90, R, 
LC-LA), and moderate with FS and S. Specifically, Familiarity scores 
exhibited a stronger association with sharpness S. 

LMMs with a single acoustic parameter were developed for all the 
chosen (psycho)acoustic parameters and then compared based on the 
AIC parameter (the smaller, the better the fit). Table 4 describes the 
selected models, reporting the AIC values, the marginal coefficient of 
determination Rm

2 , the conditional coefficient of determination Rc
2, and 

the estimates of regression coefficients. Comfort was best explained by 
loudness N10, confirming the negative trend observed in the correlation 
analysis (cf. Table 3). Louder stimuli (i.e. heavy traffic in the tested 
conditions) resulted in less comfortable indoor soundscapes. Content was 
best predicted by level variability over time LA10-LA90, with a positive 

trend. Soundscapes exhibiting larger temporal variability (i.e. heavy 
traffic, TV and music in the tested conditions) resulted richer in Content. 
Familiarity was best explained by sharpness S, with sharper soundscapes 
(i.e. heavy traffic, music and TV) resulting less familiar. 

In the presented models, participants have been considered as 
random-effects terms. Model comparison based on likelihood ratio test 
showed the suitability of random-intercept and random-slope models, 
thus taking into account that the effects of loudness, level variability and 
sharpness respectively on Comfort, Content, and Familiarity scores were 
different for each participant and that each participant responded 
differently at varying levels of N10, LA10-LA90 and S. 

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

Natural, technological sounds and music added significant contri-
bution to Comfort prediction (cf. Table 4). At equal loudness values, the 
presence of natural sounds and music were found to increase Comfort 
scores, whereas technological sounds caused a Comforts reduction. 
Human and TV sounds, participant’s age and gender didn’t contribute 
significantly to Comfort explanation. By including sound category vari-
ables, the proportion of the total variance explained by the fixed effects 
(Rm

2 ) increased from 35% to 52%. 
Regarding the Content model, natural, human, TV sounds and music 

were added as significant predictors. Supposing equal LA10-LA90 values, 
Content was found to increase in presence of natural, human sounds and 
music and to decrease in presence of TV sounds (cf. Table 4). Techno-
logical sounds, participant’s age and gender didn’t contribute 

Fig. 3. PC1 – PC2 plot. Three areas are depicted in the figure according to the length of the vectors of the 97 attributes from the origin (va, distance from the center of 
the plot): Zone 1, va

2 < 0.50 (light grey circles); Zone 2, 0.50 ≤ va
2 < 0.70 (dark grey circles); Zone 3, va

2 ≥ 0.70 (black circles), where va
2 represents the amount of 

variance in the attribute explained by PC1 and PC2. 
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significantly to Content. The inclusion of significant sound category 
variables increased the proportion of the total variance explained by the 
fixed effects (Rm

2 ) from 18% to 43%. 

Natural, human, technological and TV sounds added significant 
contribution to Familiarity prediction (cf. Table 4). In particular, at equal 
sharpness values, natural, human and technological sounds were found 
to reduce Familiarity, while TV sounds to increase Familiarity perception. 
Music, participant’s age and gender were not retained as significant 
Familiarity predictors. By including sound category variables, the pro-
portion of the total variance explained by the fixed effects (Rm

2 ) 
increased from 14% to 17%. It should be noticed that sound categories 
and acoustic parameters could explain only a reduced amount of vari-
ance in Familiarity scores, that increased substantially when accounting 
for the variability of responses related to individualities (from 60 to 
64%). 

The interpretation of the presented regression models is sometimes 
not straightforward. For instance, TV sounds contributed negatively to 
Content scores based on their sound category but positively due to their 
high temporal variability (LA10-LA90) in the tested conditions. Differ-
ently, loud heavy traffic sounds contributed to Content through their 

Fig. 4. PC3 – PC2 plot. Three areas are depicted in the figure according to the length of the vectors of the 97 attributes from the origin (va, distance from the center of 
the plot): Zone 1, va

2 < 0.50 (light grey circles); Zone 2, 0.50 ≤ va
2 < 0.70 (dark grey circles); Zone 3, va

2 ≥ 0.70 (black circles), where va
2 represents the amount of 

variance in the attribute explained by PC2 and PC3. 

Table 3 
Repeated measures correlation coefficients rrm between PC scores and acoustic 
parameters. In bold are the strongest correlations. df: 607. All p-values ≤ 0.001.   

PC1 
Comfort 

PC2 
Content 

PC3 
Familiarity 

LAeq,1min − 0.54 0.38 − 0.15 
N10 ¡0.61 0.33 − 0.19 
LA10-LA90 − 0.49 0.44 − 0.16 
N10–N90 − 0.58 0.32 − 0.25 
FS − 0.18 0.14 − 0.34 
R − 0.56 0.38 − 0.14 
LC-LA − 0.55 0.40 − 0.17 
S − 0.22 0.24 ¡0.51  
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high LA10-LA90 values, even without a significant contribution through 
their sound category. Regression models allow to control for the effect of 
acoustic parameters, so that the effect of a sound category can be eval-
uated while holding all the other variables constant. However, acoustic 
features are sometimes inherently embedded in a sound category, so that 
it’s not always possible to differentiate meaningfully the effect of sound 
type from the effect of the acoustic parameter. 

The combined effects of different sound types and their acoustic 
features were tested in ANOVA analysis, as described in the following 
paragraph. 

3.3. Effect of outdoor and indoor sound type on principal components 

Differently from previous LMMs, two-way repeated measures 
ANOVAs didn’t control for the effects of acoustic parameters as cova-
riates (e.g. sound level or loudness) as it was intended to test the global 
effects of different sound stimuli in their sound composition and realistic 
acoustic features. Indeed, when testing for the effect of natural sounds 
from a garden against traffic noise from a busy street we were consid-
ering the global effect of different sound types, together with their 
different levels, temporal and spectral features that were representative 
for those sound categories [56,57]. In addition, technological sounds 
were here differentiated according to the different experimental cate-
gories (i.e. fan noise, heavy traffic and light traffic). 

As far as Comfort scores is concerned, a statistically significant 
interaction was found between outdoor context and indoor sounds, thus 
indicating that the impact of one factor depended on the category of the 
other factor (cf. Table 5). 

Simple main effects of indoor-generated sounds were analyzed at 
each type of outdoor sound (cf. Table 6). Pairwise comparisons between 
the control condition (i.e. without indoor sound sources) and other in-
door sound stimuli are indicated in Fig. 5a. In case of no sound 

transmitted from the window, compared to the case without internal 
sources, Comfort scores were higher with music, lower with fan noise, 
and not significantly different with TV sounds. It should be noticed that 
in the completely silent condition (i.e. no sound neither from outside nor 
from inside) subjective responses exhibited a high variability (Fig. 5a). 
In presence of heavy traffic or natural sounds (i.e. the garden condition), 
the effect of indoor sound type was not significant. With light traffic, 
Comfort scores were not significantly different from the control condi-
tion depending on indoor sound type. In presence of human sounds from 
the outside (i.e. the pedestrian area), compared to the control condition, 
music significantly improved Comfort scores, while other indoor sources 
didn’t result in significant differences. 

Simple main effects of outdoor context were significant at each type 
of indoor sound (cf. Table 6). Pairwise comparisons between the control 
condition (i.e. without sounds from the outside) and other outdoor 
conditions are indicated in Fig. 5b. Compared to the control condition, 
Comfort was strongly and negatively affected by heavy traffic in com-
bination with all indoor sound sources. In presence of fan noise, Comfort 
was not significantly different from the control condition with light 
traffic and improved with human voices and natural sounds. Similarly, 
in the condition with no internal source, compared to the control con-
dition, light traffic and human voices resulted in non-significantly 
different Comfort scores, while natural sounds improved indoor sound-
scape. With music or TV, Comfort was significantly higher with no sound 
from outside or with natural sounds, with no significant difference be-
tween the two conditions, and significantly lower with light traffic and 
human voices, compared to the control condition. Notably, light traffic 
and human voices had a stronger detrimental effect on Comfort while 
watching TV (medianLight_traffic: -3.83; medianPedestrian_area: -1.71), than 
while listening to music (medianLight_traffic: 3.71; medianPedestrian_area: 
4.91), p < 0.001. 

When looking at effect size statistics (cf. Tables 5 and 6), the 
magnitude of the effect that outdoor sounds had on Comfort scores was 
larger compared to that of indoor sounds or their interaction. Effect size 
was larger for indoor sounds only when not masked by outdoor sounds 
(i.e. in the control condition). 

Regarding Content scores, a statistically significant interaction was 
found between outdoor context and indoor sound type (cf. Table 5). 

Fig. 6a shows pairwise comparisons between the control condition (i. 
e. without indoor sound sources) and other indoor sound stimuli. Simple 
main effects of indoor sound type were not significant when combined 
with heavy traffic, pedestrian area and garden conditions (cf. Table 6). 
In the condition with no sound from the outside, compared to the control 
condition, Content scores were higher with TV and music and not 
significantly different with fan noise. In case of light traffic, compared to 
the control condition, fan noise and TV sounds provided non- 
significantly different Content scores, while music resulted in higher 
Content scores. 

Simple main effects of outdoor context were not significant with 
music (cf. Table 6). Pairwise comparisons between the control condition 
(i.e. without sound from the outside) and other outdoor conditions are 
indicated in Fig. 6b. With fan noise, TV and no indoor source, Content 
scores were significantly lower in the control condition than with heavy 
traffic, light traffic, human or natural sounds. Notably, heavy traffic 
resulted in higher Content scores compared to light traffic (p < 0.001) 
and not significantly different compared to pedestrian area and garden 
conditions. 

The magnitude of the impact outdoor sound had on Content scores 
was larger compared to that of indoor sounds or their interaction, except 
when indoor soundscape was already saturated with music (cf. Tables 5 
and 6). Effect size for indoor sounds assumed larger values in the control 
condition, in absence of outdoor sounds. 

Regarding Familiarity scores, a statistically significant interaction 
was found between outdoor context and indoor sound type (cf. Table 5). 

Simple main effects of indoor sound type on Familiarity were sig-
nificant at each type of outdoor context (cf. Table 6). Pairwise 

Table 4 
LMMs of PC1, PC2, and PC3 scores. For each perceptual dimension, two models 
are presented: one with a single acoustic parameter and one with both acoustic 
parameters and sound categories as predictors. For each model, the Akaike In-
formation Criterion (AIC) value, the marginal coefficient of determination Rm

2 , 
the conditional coefficient of determination Rc

2 and the estimates of regression 
coefficients are reported.  

Model AIC R2
m R2

c Fixed-effect 
terms 

Estimates t-value 

Comfort 4449.0 0.35 0.40 Intercept 
N10 

6.08 
− 0.80 

11.59 
− 14.52 

4231.1 0.52 0.59 Intercept 
N10 

Natural 
Technological 
Music 

4.14 
− 0.65 
6.86 
− 3.16 
4.55 

6.63 
− 11.16 
10.62 
− 5.49 
7.77 

Content 4117.5 0.18 0.25 Intercept 
LA10-LA90 

− 8.41 
0.18 

− 8.93 
8.23 

3857.6 0.43 0.53 Intercept 
LA10-LA90 

Natural 
Human 
Music 
TV 

− 14.22 
0.25 
7.27 
6.08 
1.08 
− 2.62 

− 14.24 
11.18 
15.06 
12.43 
2.31 
− 5.41 

Familiarity 3581.6 0.14 0.60 Intercept 
S 

17.61 
− 11.40 

9.50 
− 11.71 

3527.5 0.17 0.64 Intercept 
S 
Natural 
Human 
TV 
Technological 

15.89 
− 9.84 
− 0.65 
− 0.97 
0.32 
− 1.15 

8.46 
− 9.85 
− 3.34 
− 5.02 
2.00 
− 7.07  
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Table 5 
Summary of main and interaction effects of the type of outdoor acoustic environment (Factor A) and the type of indoor-generated sounds (Factor B) on PC1, PC2, and 
PC3 scores from repeated measures ANOVAs. The table presents the mean value of component scores, the degrees of freedom in the numerator DFn, the degrees of 
freedom in the denominator DFd, the test statistic F, the p-values and the generalized eta squared values ηG.2.  

PC Effect Category Mean DFn DFd F p ηG
2 

Comfort Factor A No sound 
Heavy traffic 
Light traffic 
Pedestrian area 
Garden 

2.80 
− 12.11 
− 0.85 
1.56 
8.57 

2.58 79.97 100.71 p < 0.001 0.53 

Factor B Fan 
Music 
TV 
No sound 

− 1.94 
3.04 
− 1.41 
0.28 

2.33 72.33 14.73 p < 0.001 0.08 

Interaction   6.83 211.58 8.98 p < 0.001 0.08 

Content Factor A No sound 
Heavy traffic 
Light traffic 
Pedestrian area 
Garden 

− 7.00 
3.45 
− 1.57 
1.74 
3.38 

3.13 97.10 61.37 p < 0.001 0.41 

Factor B Fan 
Music 
TV 
No sound 

− 1.36 
2.67 
− 0.19 
− 1.11 

2.02 62.70 18.31 p < 0.001 0.10 

Interaction   6.01 186.22 19.53 p < 0.001 0.17 

Familiarity Factor A No sound 
Heavy traffic 
Light traffic 
Pedestrian area 
Garden 

− 2.15 
− 1.32 
2.50 
0.61 
0.42 

4.00 124.00 24.84 p < 0.001 0.09 

Factor B Fan 
Music 
TV 
No sound 

2.17 
− 1.81 
− 1.24 
0.93 

2.15 66.78 33.19 p < 0.001 0.09 

Interaction   7.04 218.17 7.63 p < 0.001 0.04  

Table 6 
Summary of simple main effects of one factor (indicated in the first column) for each category of the second factor (indicated in the second column) on PC1, PC2, and 
PC3 scores from repeated measures ANOVAs. The table presents the degrees of freedom in the numerator DFn, the degrees of freedom in the denominator DFd, the test 
statistic F, the p-values and the generalized eta squared values ηG.2.   

Effect Category DFn DFd F p ηG
2 

Comfort Factor A Fan 2.90 89.80 61.00 p < 0.001 0.54 
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 

Factor B 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 
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 

Content Factor A Fan 4.00 124.00 56.80 p < 0.001 0.59 
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 

Factor B 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 
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 

Familiarity Factor A Fan 4.00 124.00 8.96 p < 0.001 0.08 
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 

Factor B 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 
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  
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Fig. 5. Boxplots of Comfort scores by type of outdoor sounds (Factor A) and by type of indoor sounds (Factor B). On the left (a), data are grouped by Factor A and 
pairwise comparisons are shown between the control condition with no indoor sound source and other indoor sound types. On the right (b), data are grouped by 
Factor B and pairwise comparisons are shown between the control condition with no sound from the outside and other outdoor sound types. Inside the boxes, the 
central line is the median value, and the point is the mean value. n.s.: not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

Fig. 6. Boxplots of Content scores by type of outdoor sounds (Factor A) and by type of indoor sounds (Factor B). On the left (a), data are grouped by Factor A and 
pairwise comparisons are shown between the control condition with no indoor sound source and other indoor sound types. On the right (b), data are grouped by 
Factor B and pairwise comparisons are shown between the control condition with no sound from outside and other outdoor sound types. Inside the boxes, the central 
line is the median value, and the point is the mean value. n.s.: not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

Fig. 7. Boxplots of Familiarity scores by type of outdoor sounds (Factor A) and by type of indoor sounds (Factor B). On the left (a), data are grouped by Factor A and 
pairwise comparisons are shown between the control condition with no indoor sound source and other indoor sound types. On the right (b), data are grouped by 
Factor B and pairwise comparisons are shown between the control condition with no sound from outside and other outdoor sound types. Inside the boxes, the central 
line is the median value, and the point is the mean value. n.s.: not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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comparisons between the control condition with no indoor sources and 
other indoor sound stimuli are presented in Fig. 7a. In the silent con-
dition without played indoor and outdoor sounds, Familiarity scores 
exhibited a high variability in subjective scores. Compared to the control 
condition, Familiarity was not significantly different with music or TV, 
and higher with fan noise. When combined with natural sounds or heavy 
traffic, music was significantly less familiar, while other indoor sources 
exhibited no significant differences compared to the control condition. 
In presence of light traffic or human sounds from the pedestrian area, 
compared to the control condition, Familiarity scores were lower with 
music or TV sounds and not significantly different with fan noise. 

Simple main effects of outdoor type on Familiarity were significant at 
each type of indoor sound (cf. Table 6). Fig. 7b shows the pairwise 
comparisons between the control condition with no sound from the 
outside and other outdoor conditions. Interestingly, compared to the 
control condition, Familiarity scores were significantly higher with light 
traffic, regardless indoor sound type. In case of no internal source, the 
control condition was significantly less familiar compared to conditions 
with other outdoor stimuli. Notably, light traffic was more familiar than 
heavy traffic (p < 0.001), pedestrian sounds (p = 0.005), and natural 
sounds (p < 0.001). With fan noise or TV sounds, conditions other than 
light traffic were not differently familiar from the control condition. 
When combined with music, compared to the control condition, indoor 
soundscapes were significantly more familiar with light traffic, human 
and natural sounds, and not significantly different with heavy traffic. 

Effect sizes were generally low for Familiarity scores (cf. Tables 5 and 
6). The impact of outdoor sounds was higher when combined with no 
indoor source, while the impact of indoor sounds was higher in case of 
no outdoor sounds or light traffic. 

4. Discussion 

PCA results showed that the affective response to indoor soundscapes 
can be described by three main components: Comfort, Content, and Fa-
miliarity. Insights on component meaning can be drawn from the asso-
ciation between component scores, attribute loadings, (psycho)acoustic 
measures and sound categories. The analysis of the three perceptual 
dimensions is followed by a discussion on the model applicability in 
building design and on study limitations. 

4.1. Dimensions of acoustic perception in indoor residential living rooms 

4.1.1. Comfort and Content 
Taken together, Comfort and Content explained 83% of total variance 

of the attribute ratings. The main component, Comfort, ranked sound-
scapes according to a “comfortable – annoying” continuum and was 
found to explain 58% of the variance in indoor soundscape evaluation. 
This component aligned with previous research on visual atmosphere 
[58], emotions [40], environmental psychology and urban soundscapes 
[37–39] (cf. Fig. 8) that identified Coziness, Valence or Pleasantness as a 
fundamental dimension underlying affective responses. Looking at the 
attributes that loaded positively on this first dimension, aspects under-
pinning (acoustic) comfort in residential buildings can be derived, such 
as relaxation, pleasantness, intimacy, coziness, but also tranquility, 
safety, restoration and suitability (cf. Fig. 3). Interestingly, safety 
appeared as one of the aspects contributing to Comfort. According to 
Andriga and Lanser, safety would be the key factor of pleasant sound-
scapes as it enables the freedom of mind-states for mental restoration 
and proactive behavior, without forcing people to attend and address 
the “here and now” [59]. Safety would be particularly relevant in indoor 
residential contexts, in keeping with the concept of ontological security 
that is sought at home as opposed to a world that is threatening and out 
of control [60,61]. In the present study, appropriateness (expressed by 
the attribute “acceptable, adequate, suitable”) was another aspect highly 
correlated with Comfort. While Axelsson proposed Appropriateness as a 
dimension independent from Pleasantness and Eventfulness [43], our 
results agree with previous studies that reported Appropriateness and 
Pleasantness (or Comfort) to be overlapping dimensions [32]. Further-
more, in the present study the concepts of calmness and tranquility 
emerged on a shared dimension with Comfort, as aspects almost unre-
lated to Content (cf. Fig. 3). Previous urban soundscape research 
generally indicated Calmness as a diagonal dimension in the Pleasantness 
– Eventfulness space [13,34] (see Fig. 8), whilst other studies recently 
reported Calmness and Pleasantness to be overlapping [31,32]. 

The second component, Content, ordered soundscape excerpts on a 
“full of content – empty” continuum and explained 25% of the total 
variance. By expressing how much the environment is saturated, Content 
aligns with the concepts of Liveliness [58], Activity [30] and Eventfulness 
[37–39], which are in turn related to Arousal [40,62]. Indeed, Ward and 
Russel reported that although Arousal and Activity are correlated, 
arousing environments may result from factors other than Activity. In the 
present study, the term Content was chosen to represent a dimension 
orthogonal to Comfort. Interestingly, the attribute “eventfulness” 
appeared not to be neutral with respect to Comfort (cf. Fig. 3). In the 
context of indoor soundscapes, the attribute “dramatic, eventful” 
resulted to have a negative valence connotation, while the term “un-
dramatic, uneventful, unexciting” was found to have a positive valence 
connotation. 

Among the tested acoustic and psychoacoustic parameters, Comfort 
was best explained by loudness N10. Indoor soundscapes dominated by 
louder sounds were generally perceived as less comfortable, in agree-
ment with previous urban soundscape results [39]. Nevertheless, the 
predictive power of a linear Comfort model based solely on loudness was 
quite limited. The inclusion of informational properties of sounds (i.e. 
sound categories) sensibly improved Comfort predictability (with R2 

values in line with [39]), thus confirming the important contribution of 
semantic features of sounds (e.g. sound type) in soundscape evaluations 
[14]. At constant loudness, Comfort was found to increase with natural 
sounds and music, and to be reduced by technological sounds. Further 
insights on the extracted perceptual dimensions were gained by inves-
tigating the interactions between internal and external sound types and 
by discriminating between different technological sound types. 

In the tested conditions, in presence of a simulated semi-open win-
dow, Comfort was mainly influenced by outdoor sounds. The effect size 
of indoor sound type was relevant only when no sound was transmitted 
through the window, as it may occur in highly insulated facades. In 

Fig. 8. Model of affective response to outdoor soundscapes from ISO/TS 
12913–3:2019 [42] (adapted from Ref. [39]). 
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absence of outdoor sounds, compared to a silent indoor environment or 
in presence of TV sounds, indoor soundscape was perceived as more 
annoying with fan noise and more comfortable with music. Regarding 
the effect of outdoor sounds on Comfort, loud heavy traffic noise resulted 
always detrimental for indoor soundscape quality, regardless indoor 
sound type. Compared to the condition with no sound from outside, 
human sounds could improve comfort conditions in presence of 
annoying fan noise and natural sounds provided a more comfortable 
indoor environment when combined with indoor fan noise or no indoor 
sound source. While listening to music or watching TV, Comfort was 
higher with natural sounds and without sounds entering the environ-
ment and lower with traffic sounds or human voices. This was likely due 
to the fact that the sound quality of music was slightly affected by 
outdoor sounds and TV speech intelligibility was reduced due to the 
informative content of voices and sound level of light traffic (around 500 
– 4k Hz, cf. Fig. 2), thus resulting in a less comfortable soundscape. 

Soundscape literature reported people generally liking natural 
sounds and disliking mechanical and transportation sounds [16,39,63, 
64]. Human sounds were reported to be either pleasant [16,63,64] or 
valence neutral [39]. Taken together, in the tested conditions, noise 
exposure to heavy traffic resulted in highly annoying soundscape. 
Despite their higher loudness compared to a silent indoor environment, 
light traffic and human sounds generally provided neutral comfort 
conditions, while natural sounds proved highly beneficial for indoor 
soundscape quality. 

As far as Content is concerned, this perceptual dimension was best 
explained by level variability over time (LA10-LA90). Understandably, 
soundscapes with more level variation (i.e. technological sounds, TV 
and music) resulted in higher Content. The proportion of total variance 
explained by LA10-LA90 was unimportant and increased when sound 
categories were included as predictors in the LMM, with R2 values in line 
with [39]. While holding constant LA10-LA90, Content was found to in-
crease with music, human and natural sounds and to decrease with TV 
sounds. 

The effect size of outdoor sounds on Content was larger compared to 
that provided by indoor sounds, except when indoor soundscape was 
saturated with music. In presence of fan noise, TV or no indoor source, 
indoor soundscape was higher in Content with heavy traffic, human and 
natural sounds. Lower Content resulted in conditions with no outdoor 
sounds or light traffic. The effect size of indoor sound type on sound-
scape Content was larger only in the condition with no sound from the 
outside. Pairwise comparisons between the tested exposure conditions 
showed that higher content was provided by music (in absence of out-
door sounds or with light traffic) and by TV sounds (with light traffic). 

In the two-dimensional space defined by Comfort and Content, many 
of the 97 attributes employed to measure indoor soundscapes didn’t 
cluster around the two main axes but were organized in a meaningful 
circular arrangement (cf. Fig. 3), as in the Russell’s circumplex model of 
affect [40] and in the soundscape model by Axelsson et al. [39]. Ac-
cording to the circumplex model structure, indoor soundscape attributes 
may be interpreted as a combination of Comfort and Content. Further 
labelling corresponding to affective responses could then be applied to 
two additional axes rotated 45◦ on the same Comfort – Content plane (cf. 
Fig. 9). 

By referring to the attributes that loaded approximately equally 
comfortable and full of content, items describing an engaging indoor 
soundscape can be observed (e.g. “Exciting” and “Interesting, interest- 
arousing”, cf. Fig. 3). Imagine for instance listening to music in your 
living room with a background of natural sounds coming from the 
outside (cf. Fig. 9). On the opposite side, a detached soundscape may be 
view as a “mix” of an empty and annoying soundscape. This engaging – 
detached axis aligns well with the Vibrancy or Excitement perceptual 
construct that already emerged from previous soundscape literature [13, 
39,65]. 

A comfortable and empty soundscape was described by attributes 
that express a static, stable and organized environment, allowing for a 

sense of privacy and control (labelled as private, controlled in Fig. 9). 
Imagine the private situation of watching TV in your living room, having 
control of the acoustic conditions (cf. Fig. 9). On the opposite side, a full 
of content and annoying soundscape may be interpreted as dramatic, 
unexpected and, as such, intrusive and uncontrolled. Previous research 
reported that perceived noise control may be considered as a mediator 
between noise exposure and noise annoyance [66], and suggested its 
contribution to the restoration process [67]. The Privacy and Control 
dimension thus relates to home as a private place where inhabitants 
perceive control over their environment. 

According to the model proposed in Fig. 9, an engaging and private 
and controlled indoor soundscape may be equally comfortable but differ 
in their content. Likewise, a private and controlled and a detached indoor 
soundscape may be equally empty but differ in their perceived comfort. 
The tested acoustic conditions managed to cover the four quadrants of 
the two-dimensional space defined by Comfort and Content as main axis, 
and Privacy-Control and Engagement as secondary axis. It should be 
noticed that no exposure condition resulted in a soundscape extremely 
full of content, situation that may occur when the living room is filled 
with people (e.g. in a party situation). 

4.1.2. Familiarity 
The third component, Familiarity, was found to explain 7% of indoor 

soundscape ratings, and ordered the soundscape excerpts according to a 
“common – uncommon” continuum. This dimension aligns with findings 
from previous soundscape studies [30,39]. 

Familiarity was best explained by sharpness, with sharper sounds 
resulting less familiar. Nevertheless, Familiarity predictability by LMMs 
based on sharpness was rather low, regardless the inclusion of sound 
categories as predictors. A high proportion of total variance was 
explained by subject variability instead, likely due to the individual 
interpretation of sound familiarity according to different experiential 
backgrounds. 

Effect sizes of outdoor or indoor sound type were generally low for 
Familiarity scores, and this may be due to the fact that all the soundscape 
excerpts were quite realistic and related to everyday life sounds. Among 
indoor sound type, fan noise and no indoor sounds were the most 
familiar, while TV and music were the most unfamiliar, most probably 

Fig. 9. Component scores of the 20 indoor soundscapes on the Comfort – 
Content plot. Each point represents an exposure condition, resulting from the 
combination of an outdoor context (NS: no sound, HT: heavy traffic, LT: light 
traffic, P: pedestrian area, G: garden) and an indoor sound type (F: fan, M: 
music, TV: TV, NS: no sound). 
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due to the fact that it was the first time participants watched and listened 
those sound and video stimuli. Interestingly, among outdoor sound 
types, light traffic was generally perceived the most familiar, thus 
reflecting the urban context in which the experiment took place. On the 
contrary, in absence of indoor sound sources or in presence of indoor 
music, the condition with no sound from outside was the less familiar. It 
should be noticed that the completely silent condition (without both 
internal and external sources) was experienced very differently between 
the test participants, as showed by high variability in comfort and fa-
miliarity scores for this condition. The atypically and unrealistic silent 
condition for a living room with a semi open window may have elicited 
different responses (e.g. relax or anxiety [68]) according to participants’ 
living contexts and general preferences. 

4.2. Model application to building design 

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

Current design criteria mainly focus on blocking out external 
“noises”, in order to limit noise annoyance by reducing dB sound levels. 
The present study showed how external sounds released through the 
facade and internal sounds could be combined to improve soundscape 
quality, regardless the overall sound level, based on the meaning 
attributed to sounds and on masking opportunities. 

POE surveys are often limited to the assessment of annoyance or 
dissatisfaction caused by noises and to the identification of disturbing 
sound sources [7]. The two-dimensional space defined by Comfort and 
Content (cf. Fig. 9) suggests that there is a much broader affective space 
to explore through indoor soundscape design than the negative Comfort 
axis pointing towards annoyance. Soundscape surveys should focus on 
sound impact on all the relevant perceptual dimensions (Comfort, Con-
tent, Engagement, Privacy, Control and Familiarity), by adapting existing 
soundscape collection methods [44,69] to indoor peculiarities. POE 
surveys integrating soundscape methodologies (cf [70]) could thus 
inform practices oriented towards the design of better-than-neutral in-
door soundscapes [16], with positive outcomes on people health, 
well-being and quality of life [17,18,21,22,67,71,72]. Following the 
proposal by Cain et al. [13], existing and target indoor soundscapes 
could be plotted in the perceptual space showed in Fig. 9, in order to 
understand how specific design interventions can “move” soundscape 
position along certain perceptual dimensions and in order to assess the 
effectiveness of design actions in terms of perceptual outcomes. In doing 
so, the effect of materials, space layout, and building technologies can be 
evaluated in terms of soundscape outcomes, thus providing a perceptual 
perspective to building and room acoustics. 

This perceptual approach would provide designers and acousticians 
with a wider range of design solutions. For instance, ventilation devices 
may be reinterpreted as systems to transmit, block or adjust external 
sounds to provide a connection with the external context, release wan-
ted sounds, and mask unwanted sounds [25]. This would change the 
way in which acoustic design requirements are defined beyond setting 
noise level limits, the needs that natural ventilation solutions (e.g. active 
noise control or automated openings) are required to meet and the way 
in which those solutions would be assessed. The present study confirmed 
the limited predictive power of objective acoustic parameters taken in 
isolation and encouraged for the acknowledgement of sound categories 
in modelling acoustic perception. Based on the proposed model of in-
door soundscape perception, predictive indices may be developed to 

guide the design stage [73,74], thus filling the gap between expected 
and experienced acoustic perception in buildings. 

4.3. Limitations 

Given the experimental settings and the chosen exposure conditions, 
the proposed model is intended to be applied to living rooms and in 
general to spaces dedicated to daily activities, such as relaxing, listening 
to music and watching TV. The use among the audio stimuli of a TV 
video with speech content extends model applicability to socialization 
activities that normally occur in living rooms (e.g. talking to other 
people in person or by phone). Nevertheless, no exposure condition 
resulted extremely full of content and future studies may investigate 
situations in which the space is occupied by more than one human 
subject. The present work was limited to the relaxing task (e.g. reading, 
watching TV, listening to music) and further research would be needed 
to investigate the combined effect of sound type (indoor and outdoor) 
and intelligibility conditions on affective responses, in presence of more 
cognitive demanding tasks, as would be the case in schools or offices. 
Furthermore, it must be noticed that the model does not apply to bed-
rooms, where sleep disturbance may occur, leading to immediate and 
long-term effects on cardiovascular and mental health [75]. 

One limitation of the present study is represented by the number of 
tested exposure conditions (n = 20), also in relation to the number of 
variables (p = 97). Indeed, PCA should ideally rely on large sample sizes 
in order to minimize errors and maximize the probability that compo-
nents extracted from the sample reflect the underlying population [76]. 
The application of PCA in cases where n ≪ p is not unusual [39,77], even 
if sub-optimal. In such cases, lower order PCs can be expected to be more 
stable across different samples (i.e. PC1, PC2, …), while the higher order 
PCs capture a large part of data variation (i.e. noise dimensions) [76]. In 
general, by relying on small sample sizes there is the risk that different 
PCs can emerge from different samples, so that the extracted model is 
not generalizable anymore. The design of the present experiment had to 
find a trade-off between the number of attributes and the number of 
conditions to assess, in order to keep each experimental session within 
reasonable time limits. As described in Appendix C, a large number of 
attributes (i.e. 97) was selected in order to comprehensively cover the 
many possible affective states that an indoor acoustic environment can 
elicit and that might have resulted in potentially relevant perceptual 
dimensions. Besides the number of observations itself (i.e. 20), it is 
fundamental to consider how those conditions have been selected in 
order to be representative of scenarios typically experienced in indoor 
living rooms, as explained in Section 2.2. Consequently, the extracted 
perceptual dimensions can be expected to be stable across different 
samples of indoor acoustic conditions in dwellings. 

In order to limit test duration, some of the factors that may affect 
indoor soundscapes in residential buildings have not be included in the 
present experiment and may be investigated in future laboratory and 
field research. Studies would be useful to verify how the sound of 
neighbors position indoor soundscapes in the Comfort – Content space, 
likely in the intrusive – uncontrolled area, and how they interact with 
outdoor sounds. Many acoustic and non-acoustic factors that affect 
acoustic perception in residential buildings may be integrated in indoor 
soundscape models, such as building features, the urban context, the 
personality traits, the socio-economic, situational and environmental 
factors [16,78]. In any case, established soundscape models [39,42], 
confirmed through both laboratory and field studies, corroborate the 
general validity of the proposed model as in both the cases (i.e. outdoor 
and indoor environments) the lower order PCs (i.e. PC1, PC2 and PC3) 
reflect a similar structure (cf. Figs. 8 and 9). 

5. Conclusions 

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

Regarding the first research question, the main conclusions are:  

(1) Three main perceptual dimensions were extracted from the 
assessment of 20 acoustic conditions on 97 attribute rating scales: 
Comfort, Content, and Familiarity. The first two dimensions 
explained together 83% of total variance. In the two-dimensional 
space defined by the orthogonal components Comfort and Con-
tent, attributes were organized in a meaningful circular fashion, 
according to a “circumplex” model. In this perceptual space, an 
engaging indoor soundscape would be both comfortable and full of 
content, a detached soundscape would be annoying and empty, an 
intrusive and uncontrolled soundscape would be annoying and full 
of content, whilst a private and controlled indoor soundscape 
would be both comfortable and empty;  

(2) Comfort was negatively associated with loudness N10, Content was 
positively associated with sound level variability LA10-LA90, and 
Familiarity was negatively associated with sharpness S. LMMs 
based on single objective acoustic parameters had limited pre-
dictive power on the three perceptual dimensions, that increased 
when sound categories (i.e. technological, human, natural, music 
and TV sounds) were included as predictors. Age and gender were 
not significant contributors;  

(3) Comfort was mainly influenced by outdoor sounds. Indoor 
soundscapes dominated by heavy traffic sounds were found to be 
annoying, indoor soundscapes with light traffic sounds or human 
sounds coming from the outside were found to provide neutral 
comfort conditions, and indoor soundscape with natural sounds 
were found to be highly comfortable. The effect size of indoor 
sound type was larger only when no sound was transmitted 
through the window, with music resulting in more comfortable 
and fan noise resulting in more annoying indoor soundscapes, 
compared to TV or no indoor sound sources. Interestingly, in 
presence of annoying indoor sound sources or no indoor sound 
source, outdoor sounds (e.g. human voices and natural sounds) 
can result in improved indoor soundscapes in terms of indoor 
comfort, despite higher overall loudness;  

(4) Content was mainly affected by outdoor sound type compared to 
indoor sound type, except when indoor soundscape was saturated 
with music. In general, indoor soundscape dominated by heavy 
traffic, human and natural sounds were fuller of Content. The 
effect size of indoor sound type on Content was larger only in the 
condition with no sound from the outside, with higher content 
generally provided by music and by TV sounds;  

(5) Effect sizes of outdoor or indoor sound type were generally low 
for Familiarity scores. Among indoor sound types, the conditions 
with fan noise and no indoor sounds resulted the most familiar. 
Among outdoor sound types, light traffic was generally the most 
familiar. 

Regarding the second research question, the main conclusions are: 

(1) A measurement system of indoor soundscape perception is pro-
posed, consisting of a two-dimensional space defined by two 
main orthogonal axis, Comfort and Content, and two additional 
axis, Engagement and Privacy – Control, rotated 45◦ on the same 
plane. The model represents an adjustment of previous sound-
scape models developed for outdoor urban environments (cf. 
ISO/TS 12913–3 [42] and Axelsson et al. [39]) to account for 
perceptual aspects occurring in indoor spaces;  

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