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ABSTRACT

We investigated human response to soundscapes using a
continuous second-by-second rating of soundscapes and a
more conventional overall rating of each sample at the end
of each audition. In this work, our primary aim was to ex-
plore what continuous ratings tell us about soundscape per-
ception. Our secondary aim was to understand how pupil
dilation response (i.e., changes in pupil size) relates to such
perception. We used ambisonic soundscapes simulated in
a laboratory environment. During playback, listeners were
asked to perform a continuous evaluation on pleasantness
and eventfulness dimensions.

A comparison of the results of the two rating methods
(continuous and overall) indicates that the first can be used
reliably for soundscape evaluation. We found a strong ef-
fect of soundscape category — human, nature or manmade
industrial or domestic — on the pleasantness and eventful-
ness ratings and on the first two principal components de-
rived from the overall ratings. These components related to
pleasantness-eventfulness dimensions. In addition, we ob-
served some effects of category on pupil size, which were
broadly consistent with perceptual ratings. The perceived
differences between soundscape categories were consis-
tent with findings in the literature of greater pleasantness
ratings for natural sounds than mechanical or industrial
sounds.

1. INTRODUCTION

Soundscapes can be defined as acoustic environments as
perceived or experienced and understood by a person or
people, in context [1]. They consist of multiple sound
sources and multiple sounds that may occur simultane-
ously or separately in time. Typically, human emotional re-
sponses are modelled as two-dimensional. For example, in
Russell’s circumplex model of affect [2], emotions evoked
by an environment are represented in a two-dimensional
space with axes valence (pleasure-displeasure) and arousal
(arousal-sleepiness or active-passive). Vistfjill [3] argued
that this model can be applied to the context of emo-
tions evoked by particular sounds. Axelsson et al. [4]
redefined the dimensions as ‘pleasantness’ and ‘eventful-
ness’, the latter on a continuous scale of eventfulness-
uneventfulness. Davies et al. [5] suggest that the weight of
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evidence in the literature is now sufficient for two dimen-
sions of pleasantness/calmness and eventfulness/activity to
be regarded as the standard model for the perceptual di-
mensions of soundscapes.

Soundscape category, like other informational proper-
ties of soundscapes, significantly contributes to sound-
scape perception (e.g., [6]). Previous work by Bones et
al. [7] indicated that isolated sounds were classified by lis-
teners in a free sorting task into three high level categories:
people, which was subdivided into voices and music, na-
ture, which was subdivided into animals and weather, and
manmade, which was subdivided into industrial (mechan-
ical and transport) and household/domestic.

Pupil size has been found to change spontaneously dur-
ing visual and audio stimulus presentation to reflect arousal
and cognitive processes such as decision making, problem
solving and language comprehension (e.g., [8]). Previous
studies of pupil dilation response to non-speech and non-
music auditory stimuli suggests that the pupil dilates in
response to louder sounds, surprising sounds vs. unsur-
prising sounds, sounds with high positive/negative valence
vs. neutral sounds, and for active vs. passive listening
(e.g., [8]). A review of pupil dilation response to auditory
stimuli is provided by Zekveld et al. [9].

2. AIMS AND RESEARCH QUESTIONS

In the study reported in this paper, listeners rated thirty sec-
ond excerpts of soundscapes of various categories using a
two-dimensional pleasantness-eventfulness model. Sound-
scapes were reproduced by a 16-channel loudspeaker ar-
ray. Listener pupil dilation response was measured during
soundscape exposure. The research questions included the
following: firstly, do soundscapes associated with the cat-
egories human, nature, manmade domestic and manmade
industrial differ from one another according to pleasant-
ness (valence) and eventfulness (arousal) both on a con-
tinuous evaluation and on a more conventional soundscape
evaluation performed after exposure, i.e., semantic differ-
ential scales, to the stimulus? Secondly, how do real-time
pleasantness-eventfulness ratings compare to semantic dif-
ferential scale ratings? Do the scale ratings have underly-
ing dimensions of pleasantness and eventfulness on a prin-
cipal component analysis? Thirdly, is there an effect of
soundscape category on pupil dilation response and, by ex-
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tension, on arousal?

The primary aim was to investigate how soundscapes
are perceived by human listeners on pleasantness and
eventfulness dimensions on a continuous basis, and how
this evaluation compares with a conventional semantic dif-
ferential scale evaluation. A secondary aim was to under-
stand how pupil dilation response relates to soundscape
perception. Continuous subjective evaluation constitutes
a new method for soundscape research. Furthermore, the
use of pupillometry to measure arousal is a new method in
the context of spatial audio reproduction of soundscapes.

3. METHOD

In the study reported in this paper, forty subjects listened
to thirty second soundscape excerpts assigned to four cat-
egories — human, nature, manmade industrial and man-
made domestic — while interacting with a custom MAT-
LAB Graphical User Interface (GUI) [10]. Listeners sub-
sequently completed a nine attribute semantic differen-
tial scale evaluation. Pupil size was measured during
the soundscape playback and for five seconds immedi-
ately preceding playback (baseline), during which time
listeners looked at a fixation point. During soundscape
playback, listeners completed a continuous pleasantness-
eventfulness evaluation via the GUI, while directing their
gaze towards the interface.

The experiment took approximately 1.5 hours, includ-
ing set up. The luminance in the room was kept con-
stant at 2.7 EV to ensure that pupil size was not affected
by changes in ambient light intensity. A light grey back-
ground was used in the GUL

3.1 Participants

All listeners had normal hearing and normal or corrected-
to-normal vision by their own report. Nineteen male and
twenty female listeners, and one listener identifying as
other, were recruited (mean = 32.6 years, std = 6.8 years).
Of these, 33 were right-handed and 7, left-handed; 34 were
native English speakers, and 6 were highly fluent. All par-
ticipants were dominant or native English speakers who
reported that they did not use autonomic nervous system
blockers, and had not used stimulants, including caffeine,
within the 5 hours preceding the session.

3.2 Soundscape recordings

First order ambisonic reproduction was used after Davies
et al. [5]. Recordings were made using a Soundfield ST450
microphone recording to ambisonic B-format. The micro-
phone was connected to a Soundfield ST450 MKII control
unit with preamplifier connected to a Zoom H6 portable
recorder in ambisonic B-format with a sampling rate of
44.1 kHz (16 bits). The soundscapes were selected so as
to be dominated by three principal categories of sounds:
human or people, nature and manmade where manmade
was divided into industrial and domestic. In MATLAB,
the ambisonic B-format signals were decoded to first-order
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ambisonics for a 16-channel loudspeaker array. The 16-
channel Genelec 8030A loudspeaker array in the audio
booth consisted of eight speakers in the horizontal plane
(positioned at azimuths +0°, +45°, +90°, +135°, + 180°,
-45°, -90°, -135°), 4 at +39° elevation (positioned at az-
imuths +45°, +90°, -45°, -135°) and 4 at -39° elevation
(positioned at azimuths +45°, +135°, -45°, -135°). The
speakers had a radius of 1.26 m at 0° elevation and of 1.54
m at + 39° elevation.

The recordings were segmented into thirty second ex-
cerpts. Ten excerpts were chosen at random from each cat-
egory, with the constraint that at least one excerpt must be
sampled from each recording. Excerpts were equalised in
loudness.

eventful !

prooncscras uneventful anl

2648

Figure 1. Two-dimensional display for real-time sound-
scape evaluation.

3.3 Playback

The experiment took place in an audio booth in which the
background noise level at the listener position was 26 dB
L 4e¢q and the reverberation time was approximately 0.1 s.
The loudspeaker array was first calibrated such that each
loudspeaker reproduced a pink noise signal at 76 dB(A)
(slow integration time) at the listening position. The loud-
speakers were connected via an RME Digital/Analog In-
terface M-32 DA and an RME Hammerfall DSP soundcard
to a PC running the GUI. The GUI was implemented such
that the soundscape excerpts were reproduced at a level of
65 dB L 44 in the position of the listener, as measured with
a Briiel & Kjar (B&K) Head and Torso Simulator (HaTS)
with Type 4190 microphones, connected to a B&K data
acquisition unit Type 3560-B-130, connected via LAN to
a PC running Pulse LabShop.

Real-time pleasantness and eventfulness ratings were
measured during soundscape playback via mouse move-
ments within a computer representation of a two-
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dimensional emotional space (shown in Fig. 1) after the
method used previously for music and speech by Coutinho
and colleagues [11]. The labelling of the dimensions and
the descriptors at the corners of the space — ‘exciting’,
‘calm’, ’'monotonous’ and ‘chaotic’ — derive from Axels-
son and colleagues’ pleasantness-eventfulness model (see
[4], Figure 4, p. 2844). The data were collected with a
10 Hz sampling rate. The forty soundscape excerpts were
presented in a pseudo-random order to each listener.

3.4 Tasks

As part of the training stage, participants were given an-
chor stimuli for each of the four extremes of the two-
dimensional space and given the opportunity to practice.
Participants were shown the interface and instructed to
“rate the soundscapes according to your perception of
pleasantness and eventfulness. You can move the mouse
anywhere you like within the four quadrants to reflect your
perception. If your perception changes, move the mouse
to reflect this change.” The initial cursor position was at
the centre of the four quadrants. After listening to each
soundscape excerpt, the listeners were asked to rate the en-
tire excerpt on nine visual analogue scales from 0, ‘not at
all’, to 100, ‘extremely’. The scale attributes were pleas-
ant, chaotic, vibrant, uneventful, calm, annoying, eventful,
monotonous, and unpleasant [12]. After listening to the
soundscape excerpt, the listeners were asked to rate the en-
tire excerpt.

3.5 Pupillometry

The Pupil Labs [13] head-mounted, video-based eye-
tracking device used in this study comprised a high-speed
optical camera and two global shutter infra-red (IR) cam-
eras with IR illumination. These had a resolution of 200 x
200 pixels at 124 frames per second. Data were captured
and initially processed via Pupil Capture and Pupil Player
v. 1.12-17 [13].

3.6 Signal processing

Non-pupillometric signals were processed with MATLAB
v2019b [10]. Post-processing and statistical analysis was
conducted in MATLAB and R v. 3.5.3 [14].

Pupillometric data were captured and processed using
Pupil Labs (Germany) Pupil Capture software v. 1.12-
17 [13] and post-processed in MATLAB using the Kret
and Sjak-Shie [15] method. After processing, signals were
normalised by subtracting the baseline from the PDR on a
trial-by-trial basis. A Generalised Additive Mixture Model
(GAMM [16]) was used for statistical analysis.

4. RESULTS
4.1 Continuous ratings

Continuous ratings indicated that median pleasantness was
highest for nature, lowest for the manmade categories, and
intermediate for the human category (Fig. 2). Eventfulness
tended to be higher for the human category than the other
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categories. Nature was primarily associated with the pleas-
ant eventful quadrant, while manmade domestic was pri-
marily associated with the unpleasant eventful quadrant.

A mixed-effects linear regression model with response
variable, pleasantness, predictor variables, time (s), cate-
gory (with reference level, human), and an interaction of
time and category, and random effects listener and stimu-
lus, indicated that nature was associated with higher pleas-
antness than human (B = 0.22, SE = 0.05,t = 4.58,p <
0.0001), and that there was a main effect of time, such
that pleasantness decreased very slightly as time passed
(B = —0.0005,SE = 0,t = —8.67,p < 0.0001).
There was an interaction of category and time such that
the nature category was associated with an increase in
pleasantness over time relative to the human category,
while the manmade categories were associated with a de-
crease, with the difference emerging within the first five
seconds (nature~human, B = 0.012,SE = 0.0,t =
76.85, p < 0.0001; industrial~human, B = —0.01, SE =
0.0,t = —47.46,p < 0.0001; domestic~human, B =
—0.01,SE = 0.0,t = —56.45,p < 0.0001). R? = 0.47.

A mixed-effects linear regression model with the same
fixed and random effects for real-time ratings of eventful-
ness indicated that there were main effects of time such that
eventfulness increased slightly as time passed, as might
be expected as events accumulate (B = 0.01,SFE =
0,t = 49.77,p < 0.0001). There was an interac-
tion of category and time such that the human category
was associated with higher eventfulness ratings than the
other categories, with the difference emerging within the

first five seconds (nature~human, B = —0.01,SE =
0.0,t = -—-30.23,p < 0.0001; industrial~human,
B = —-0.01,SE = 0.0,t = —43.07,p < 0.0001;

domestic~human, B = -—0.005,SE = 0.0,t =
—7.21,p < 0.0001). R? = 0.25. In both models, the
manmade categories did not differ from one another.
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Figure 2. Trajectories of real-time pleasantness (upper
panel) and eventfulness (lower panel) ratings by category,
averaged over listeners.
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4.2 Conventional post-stimulus ratings

Immediately after playback, soundscapes were evaluated
on nine attributes: pleasant, chaotic, vibrant, unevent-
ful, calm, annoying, eventful, monotonous, and unpleasant
(Fig. 3). The nature category was associated with greater
scores on pleasant and calm attributes, and lower scores on
chaotic, annoying, monotonous and unpleasant attributes
than other categories. While on many attributes the man-
made subcategories did not differ markedly, the industrial
category was rated as being less eventful than all other cat-
egories, and the domestic category was rated as being more
vibrant and less monotonous than the industrial category.

For the 40 soundscape excerpts, the first two principal
components explained 43 and 29% of the variability (72%
in total). PC1 was inversely related to pleasantness and
PC2 to eventfulness. The results indicated that attributes
unpleasant and annoying are synonymous in the context of
the study. PC3 explained only 7.5% of the variance, and
PC4,5.8%.

T
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Figure 3. Bar plot of mean ratings on nine attributes by
category with standard error bars (95% confidence inter-
vals).

Linear mixed-effects models of PCs 1 and 2 were run
with category as a fixed predictor (reference level: human)
and ID and stimulus as random effects. There was an effect
of category on pleasantness (likelihood ratio test statistic,
lrt = 75.49,p < 0.0001): the human category was asso-
ciated with lower pleasantness than the nature category but
higher pleasantness than the manmade categories. The na-
ture category was associated with higher pleasantness than
the manmade categories, which did not differ from one an-
other. There was an effect of category on PC2, or event-
fulness (Irt = 8.20,p < 0.05): the human category was
associated with higher eventfulness than the manmade in-
dustrial category. The nature and domestic categories were
similarly eventful.
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Figure 4. Pupil dilation response over time per soundscape
category.

4.3 Pupil dilation response

Pupil dilation response over time is shown per soundscape
category in Fig. 4. The human category is associated with
a slight constriction relative to baseline but the least av-
erage constriction, with early peaks. The nature category
is associated with pupil constriction relative to baseline,
which suggests a decrease in arousal. The manmade in-
dustrial category is associated with the greatest constric-
tion relative to baseline. This is consistent with the find-
ing that the industrial stimuli were rated as less eventful
than others. A GAMM [16] indicated that the human cat-
egory was associated with greater pupil dilation relative to
baseline than the industrial category (B = —0.05,SE =
0.02,t = —2.30,p < 0.05), and there was a tendency
for the human category to be associated with greater pupil
dilation relative to baseline than the domestic category
(B = —-0.05,SE = 0.02,t = —1.95,p = 0.051). How-
ever, there was no reliable difference between the human
and nature categories (p = 0.2). The model explained
84.5% of the deviance.

5. DISCUSSION

In this study, it was confirmed that soundscapes of the
categories human, nature and manmade differ from one
another in perceived pleasantness and eventfulness on a
real-time, continuous evaluation, on a conventional post-
stimulus semantic differential scale evaluation, and on a
pupil dilation response evaluation.

5.1 Continuous ratings

The nature category was associated with higher real-time
pleasantness ratings than the human category across the
time course, while the manmade categories tended to be
associated with lower pleasantness ratings. Pleasantness
ratings decreased slightly as time passed, perhaps due to
de-sensitisation. Within the first two seconds of play-
back, the difference in pleasantness between the nature and
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other categories emerged. The human category tended to
be rated as more eventful than the other categories, per-
haps partly due to the number of talkers in the ‘crowd’
scenes. The lack of differentiation between the manmade
categories on both pleasantness and eventfulness supports
the claim of Bones et al. [7] that these are subordinate
categories of a higher order ‘manmade’ category. The
findings that nature sounds are more pleasant than man-
made/technological sounds and that human sounds, such
as voices, tend to be perceived as more pleasant than man-
made sounds, but not as pleasant as nature sounds, are con-
sistent with the literature (e.g., [6]).

A model of real-time eventfulness ratings with predic-
tors soundscape category and time (s) explained a smaller
proportion of variance (25%) than a model of real-time
pleasantness ratings with the same predictors (47%). This
could be primarily because perception of eventfulness is
more explained than perception of pleasantness by per-
sonal factors that were not modelled, such as personal
preferences and sensibility, and previous experiences and
expectations. Secondarily, it could be that the concept
of ‘eventfulness’ is more ambiguous than the concept of
pleasantness. If so, in future, a less ambiguous term might
be used.

5.2 Conventional post-stimulus ratings

Soundscapes were evaluated after playback on nine at-
tributes: pleasant, chaotic, vibrant, uneventful, calm, an-
noying, eventful, monotonous, and unpleasant. Over-
all, the results indicated that unpleasant and annoying are
(nearly) synonymous in the present context, which is con-
sistent with the recommendations in PD ISO/TS 12913
2:2018 [12]. 72% of the variability was explained by two
principal components corresponding inversely to pleasant-
ness and eventfulness. It was therefore confirmed that
the scale ratings have underlying dimensions of pleasant-
ness and eventfulness on a principal component analysis.
Soundscape category was found to predict both of these
principal components.

Ratings on the pleasant attribute were highest for the
nature category, lowest for the manmade categories, and
intermediate for the human category. The nature category
was rated as least chaotic, monotonous and unpleasant, and
most calm. On many attributes, the manmade categories
were not well distinguished. The finding that the human
category tended to be associated with higher eventfulness
than the manmade industrial category is likely because the
human soundscapes involved crowd scenes, while the in-
dustrial soundscapes involved fewer sound sources, such
as a small number of people working in an acoustic labo-
ratory with intermittent ventilation.

5.3 Pupil dilation response

There was some evidence of an effect of soundscape cate-
gory on pupil dilation response. The nature category was
associated with pupil constriction relative to baseline, sug-
gesting decreased arousal. This is consistent with ratings
on the calm and chaotic attributes. The human category
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was associated with only a small amount of constriction.
There was little evidence of a difference between the man-
made categories, as was the case on several semantic dif-
ferential scale attributes. Overall, the results were consis-
tent with the ratings on the eventful attribute, which sup-
ports the argument that eventfulness is closely related to
arousal, which is reflected in pupil dilation.

6. CONCLUSIONS

The broad aim of the present study was to investigate hu-
man perception of soundscapes, including emotional re-
sponse, while controlling for the overall soundscape loud-
ness. Evidence has been provided that the sound categories
human, nature and manmade, as proposed by Bones et
al. [7], hold for complex audio in the form of soundscapes
in addition to isolated sounds. These categories can be dis-
tinguished on the basis of pleasantness and eventfulness
ratings. The results of a real-time continuous evaluation of
soundscapes on dimensions pleasantness and eventfulness
were consistent with the results of a principal components
analysis of semantic differential scales derived from PD
ISO/TS 12913-2 [12]. The finding of least pupil dilation
relative to baseline for the industrial category vs. other cat-
egories is consistent with the rating of these stimuli as least
eventful.
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