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Summary

Mapping the pleasantness of an urban environment is an alternative approach, closer to the city dweller’s percep-
tion, than standardized sound levels cartography. This study reports on modeling pleasantness in urban context
using perceptual assessments and sound measurements for specific locations during an urban walk. These as-
sessments have been collected from four groups of approximately ten participants on 19 different assessment
locations, along a 2.1 km-long path traveled in both directions. Simultaneously, !5-octave band sound levels and
audio were recorded. Perceptual and physical models of pleasantness are proposed for specific locations based
on multiple linear regressions. A multilevel analysis was performed, and it is shown that a perceptual model that
includes perceived loudness joined to the perceived time of presence of traffic, voices and birds explains 90%
of the pleasantness variance due to the sound environment variations. Physical models that include the original
acoustic indicators that are most correlated with perceptual variables explain 85% of this variance. Thanks to
these models, a unique averaged pleasantness value is defined for each assessment location from the perceptual
or physical collected assessments. The Pearson’s correlation coefficient between the averaged perceived pleas-
antness and the modeled values from perceptual assessment reaches r(19) = 0.98, and r(19) = 0.97, with the
modeled values from physical measurements. These results make it possible to consider the use of this kind of
models in a cartographic context. As the path was traveled in both directions, the presentation-order effect has
also been assessed, and it has been found that path direction did not have a significant impact on the pleasant-
ness assessment at specific locations, except when very strong sound environment changes occurred. Finally, the
study gives some insights about the retrospective global pleasantness assessment for urban walks. For very short
walks between two assessment locations, a recency effect is shown. Nevertheless, this effect doesn’t seem to be
significant when longer routes are assessed.

PACS no. 43.50.Qp, 43.50.Rq

1. Introduction their exposure. However, since these noise maps are usu-
ally based on a modeling chain that only accounts for a
The increasing urbanization results in the deterioration limited set of sound sources, namely road traffic, railway
of urban sound environments. Noise is regularly cited by ~ traffic, aircraft and major industries, they hardly represent
city dwellers as the principal cause of annoyance. To fight the richness of urban sound environments. The specificity
against this nuisance, the European Directive 2002/49/CE of noise pollution lies in the variety of sound sources, the
requires cities of more than 100 000 inhabitants to develop high spatiotemporal and rich spectral variations in sound,
and publish strategic noise maps [1]. The role of the pro- and the complexity of human hearing.
duced maps is to help decision makers in the development Several recent studies showed that the usual energy-
of noise mitigation plans and to inform city dwellers about equivalent sound indicators fail to describe the complexity

of urban soundscapes and that they cannot capture the per-
ception that city dwellers have of their sound environment

Received 18 January 2016, [2, 3, 4, 5]. Accordingly, alternative approaches are un-
accepted 10 February 2017. der development, which rely on novel indicators for sound
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mapping. These approaches are closer to the city dweller’s
perception, and as such are better descriptors of sound-
scape quality [2, 6, 7, 8]. A key point when assessing the
quality of urban sound environments is therefore the selec-
tion of relevant descriptors that are correlated to perceptual
dimensions, which should be easy to understand and han-
dle [9].

It is acknowledged that the quality of sound envi-
ronments can be characterized by perceptual parameters
[8, 10, 11]. These perceptual parameters can focus on the
sound sources that compose the urban soundscape, such as
traffic, humans or natural elements, and may describe their
time of presence, sound level, or dominance [8, 10, 11, 12].
Studies report a consensus about the positive contribution
of natural sounds and the negative contribution of traffic
sounds to soundscape quality, whereas the contribution of
human sounds can be either positive or negative. Other ap-
proaches focus instead on holistic notions, such as loud-
ness, calmness, liveliness, annoyance, etc. [11]. In that
line, the notion of perceived pleasantness proved particu-
larly relevant to assess the quality of sound environments,
and thus receives increasing attention [2, 13, 14, 15]. Con-
sequently, recent models aimed to predict the pleasantness
of the sound environment based on perceptual parame-
ters typically account for the time of presence of sound
sources [8, 16]. Finally, factors non-related to the sound,
such as visual parameters [17] or others external factors
[17, 18, 19, 20], can also affect the perceived soundscape
quality.

However, although very meaningful, models based on
perceptual parameters often have a low practical poten-
tial in a cartography context, since they require prior
in situ perceptual tests. Also, during the last decade,
various studies focused on characterizing the quality of
sound environments directly from acoustics measurements
[4, 10, 12, 16, 21, 22]. These approaches are encouraged
by novel acoustic mapping techniques based on low-cost
sensor networks, or participative measurements, which al-
low obtaining sound maps with a higher spatial resolution,
while being sensitive to all kind of sound sources constitut-
ing the sound environment [23, 24, 25, 26]. Studies link-
ing perceptual tests to acoustical measurements showed
for instance that better estimates of the pleasantness of
sound environments are obtained if parameters describing
the temporal variations of sound, the sound spectrum, or
the contributions of specific sound sources, are introduced
in the modeling [8, 10, 27, 28]. In addition, physical indi-
cators such as 150, Leq or Zwicker’s Loudness are most
of the time well correlated to the pleasantness or the per-
ceived loudness [8, 11, 29, 30]. Predictions can finally be
improved by introducing others indicators such as the level
variability over time and the proportion of low-frequency
sounds [31, 32].

Although instructive, these approaches differ from the
city dweller’s experience of the urban sound environment
during walking trips. Being able to estimate the exposure
associated to an urban walking trip has many potential in-
terests, such as for informing pedestrians about the poten-
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tial restorative capacity or even health benefit of their in-
tended walk. To date, only few studies are available that
investigated how outdoor soundscapes are assessed over
time [33, 34, 35], and these studies show that recency or
presentation-order effects can be observed during transi-
tions between different sound environments [36]. Like-
wise, only few studies investigated the temporal dynamics

of sound environments and their assessment [33].

In this paper, models are proposed to estimate the pleas-
antness of sound environments along paths in urban con-
text, travelled in both directions. The models are based
on an in situ sound walk. Along the pathway, the partic-
ipants filled in a questionnaire about the sound environ-
ment at 19 assessment locations. The proposed method-
ology, based on an in situ questionnaire survey, follows a
protocol already shared by other soundscape studies listed
in Aletta et al. [2]. In addition, the questionnaire included
questions about the sound environment perceived between
the assessment locations, and questions about the global
pleasantness of the walking trip. Results are discussed in
relation to the sound pleasantness model proposed by Ric-
ciardi et al. which is based on the same parameters and
a similar methodology [8]. These similarities with previ-
ous studies will allow testing the robustness of the percep-
tual models developed in this work over the different time
frames investigated.

The aim of this research is threefold:

1. To propose models of perceived pleasantness based on
perceptual properties or acoustic indicators, in order to
characterize soundscape quality along a walking path in
an urban context.

2. To study the presentation-order effect of assessment lo-
cations along a walking path in an urban context, that is,
whether or not the order in which the participants visit
a set of locations affects how they assess them.

3. To study the relationships between local and overall as-
sessment of a walking path in an urban context.

2. Method

2.1. Study area and chosen pathway

The study consisted of a perceptual test performed 4 times
(referred further as “study sessions” in the text) over a 2.1
km-long path, located in Paris (13th district). Assessments
were done on 19 locations (referred further as “assessment
locations” in the text) located along the path, with an av-
erage distance of 115 meters between locations. Figure 1
presents the chosen path for the test and the different as-
sessment locations along this path.

Table I gives a brief description of the sound environ-
ments and the approximate traffic flow rate at each as-
sessment location (data from the Paris City Hall - Green
Spaces and Environment Department). As shown in Ta-
ble I and Figure 1, the assessment locations were chosen
to contain a large variety of urban sound environments,
and the path was chosen to contain multiple changes in the
sound environment, both smooth and sudden.
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Table 1. Description of the assessment locations along with ap-
proximate vehicle flow rates FR [Veh/h].

Morphology FR
P1  Large two-lanes traffic street ~2x 750
P2 Large two-lanes traffic street ~2x 750
P3  Quiet park
P4 Animated street (Bars and Restaurants) ~50
PS5  Very quiet street with rare traffic pass-byes, ~10
P6  Animated street (Bars and Restaurants) ~50
P7  Animated street (Bars and Restaurants) ~50
P8  Park alongside a street ~750
P9  Street with moderate traffic flow rates ~750
P10  Street without traffic, near a school ~10
P11  Quiet street without traffic
P12 Street with very low traffic flow rates ~50
P13 Street with very low traffic flow rates ~50
P14  Street with very low traffic flow rates ~50
P15  Street with high vehicle flow rates ~2000
P16  Street with high vehicle flow rates ~2000
P17  Quiet pedestrian street located

between two busy streets
P18  Street with interrupted traffic (traffic lights) ~1000
P19  Large Park

2.2. Participants

In total 37 participants performed the walks (25 men, 12
women; 23 from 10-29 y.o, 8 from 30-39 y.o, 2 from 40-
49 y.o, 3 from 50-59 y.o, 1 from 60-75 y.o). Participants
were recruited from outside of the university. They were
divided into four study sessions, with about 10 participants
per session (the exact number per session is given in Ta-
ble III), which is small enough to not modify the surround-
ing sound environment, while keeping a sufficient number
to perform statistical analysis. The participants took part in
only one of the four study sessions, and received a small
monetary compensation.

2.3. Equipment

Sound levels were measured continuously during each
study session, using a dedicated sound measurement sta-
tion developed by ASAsense, carried by an operator that
followed the group. The devices were tailored for mo-
bile measurements, being mounted in a backpack. The
microphone was placed over the head of the operator,
to ensure the omni-directionality of measurements, and
was powered by a battery pack [3]. Figure 2 presents the
sound measurements station inserted in the backpack used
by operators. Instantaneous 1/3-octave band levels were
recorded with a 125 ms-temporal resolution, simultane-
ously with GPS synchronized 1s-position data, so that the
space and time evolution during any study session could
be reconstructed in full afterwards. Audio signals were si-
multaneously recorded by the device.

In order to fully capture the sound environment charac-
teristics, a very large set of indicators (n=480) has been
calculated. Table II presents an overview of the acous-
tical indicators extracted from the measurements. Some
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Figure 1. Sound map of the studied path, interpolated from mo-
bile measurements (Leq - dB). The points 1 to 19 correspond to
the different assessment locations.

Figure 2. Backpacked sound measurement station.

indicators were calculated for two integration times (1 s
and 125ms), two spectral weightings (Linear and A-
weighted), and various statistical descriptors are calcu-
lated using energetic or arithmetic averaging, standard de-
viation, and percentiles. The indicators were calculated on
the basis of the global sound level, but in some cases also
for each octave band from 31.5 Hz to 16 kHz.

Additionally, the normalized Time and Frequency Sec-
ond Derivative (TFSD) is an indicator that was developed
specifically for this study. It represents the time and fre-
quency normalized deviations of each recorded sample. It
aims at describing the frequent time variations within spe-
cific frequency bands, which are characteristic of tonal or
harmonic sounds such as voices or birds. It is calculated as

dEL(f.1)
df dt

TFSD(f, 1) = (1)

f=16kHz
f=31.5Hz

@eLi |’
df dr

where f denotes octave bands from 31.5 Hz to 16 kHz.

The Spectral Flatness Deviation (SFD) indicator is also
calculated, as it is known to be a good and simple voice
activity detector [37]. It describes the standard deviation
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Table II. Summary of the set of indicators (n=480) extracted from the measurements. ¢: Standard deviation, MinMax: Min, Max
Percentiles (1, 5, 10, 50, 90, 95, 99), Band: Octave band from 31.5 Hz to 16 kHz., Leq: Equivalent level.

Description Int. time Weighting
ls 125 ms Z A Av. o MinMax Band

L Sound pressure level X X X X Leq X X X
N Zwicker loudness X X X
Lyg — Lo, Ls — Los, . .

Dispersion parameters X X X X X
Nio — Nog, & P P
CoGaom,—8kHz
CoG25H,-8kHz Spectrum center of gravity X X Arith. X
CoGaomy-16kHz
NNE_ 57 dB(A)
NNE..75 dB(A)
NNE.5 dB(A) Number of Noise Events X X

NNEL.L10 dB(A)
NNEL>LAeq T+10 dB(A)
NNEL>LAeqT+15 dB(A)

MI;75 dB(A)
MI,.50 dB(A)

Mask Index (cumulative time
M1 10 dB(A) (

during which thresholds are X X
Mipstacgrao dB(A) - (OO
MI, 1 aeqT+15 dB(A)
TFSD See Equation 1 X X X Arith. X X
SFD See Equation 2 X X X
of the spectral flatness indicator SF, calculated as — The Speed of the Change (SC), which describes the
speed of the change described before, from “sudden”
2008 (1) to “progressive”, when a change was perceived;
e . e The second category of parameters is related to the
SE(r) = (2) overall sound environment at the assessment location:

=16kHz
X LU

T — The Overall Loudness (OL), which describes the

perceived sound level of the sound environment. A

2.4. Perceptual data collection scale evolving from “quiet” to “loud” was used;

— The Liveliness (L), which describes if the sound en-
vironment appears as alive and animated, from “life-
less” to “lively”;

— The Pleasantness (P), which describes the pleasant-
ness of the sound environment, from “unpleasant” to
“pleasant”. Consequently, when the term "pleasant-
ness" is used in this study, is will refer to the pleas-
antness of the sound environment at the assessment

A questionnaire of 18 11-point bipolar semantic scales
on perceptual parameters was administered at each of the
19 assessment locations. The left extremity of the bipolar
scale was coded as “1”” and its right extremity was coded as
“117, the neutral point corresponding to the “6” rate. The
questions covered the following categories of perceptual
parameters, most of them already investigated in previous
studies [38]:

location;

e The first category of parameters describes the percep- e The third category of parameters describes the emer-
tion of the previous segment, i.e. the short path that gent sound sources at the assessment location. The per-
links the assessment location to the previous one: ceived loudness of mopeds (PLM), cars (PLC), horns
— The Segment Pleasantness (SP), which describes and sirens (PLH), trucks (PLT) and buses (PLB), were

the pleasantness of the sound environment during assessed with a scale evolving from “weak” to “loud”.
the previous segment, from “unpleasant” to “pleas- Tramways, trains, underground trains, and urban activ-
ant”. Consequently, when the term "segment pleas- ities were excluded from the study as they were absent
antness" is used in this study, it refers to the pleasant- from the investigated sound environments.
ness of the sound environment of the previous seg- e The fourth category of parameters deals with the time
ment of the walking path; of presence of sound sources such as traffic (T), voices
— The Change of the Sound environment (CS) de- (V), footsteps (F), birds (B), water (Wa) and wind
scribes the perceived change between two assess- (Wi). A scale evolving from “rarely present” to “con-
ment locations, from "identical" to "very different”; tinuously present” was used.
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e Finally, a last question describes the visual amenity
(VA), from “unpleasant” to “pleasant”.

Three additional questionnaires were administered during
the study sessions: the participants had to assess the sound
pleasantness of the first half of the path (at point 9), the
second half of the path (at point 1 or 19 according to the
path direction) and the path as a whole (at point 1 or 19
according to the path direction).

2.5. Procedure

The four perceptual tests were performed on the Mondays
23/03/2015 and 30/03/2015, between 11 and 12h and be-
tween 15 and 16h. The path being travelled each day al-
ternated from West to East and from East to West. The
global sound level integrated over the path was similar for
all the study sessions. Table III presents a summary of the
study (day and hours of the sessions, direction, number of
participants and the global L, ¢4 integrated over the path).
Perceptual data and sound measurements were simulta-
neously collected at each of the 19 assessment locations,
during 3-to-5 minute stops. The duration of each walk
was approximately 45 minutes. The meaning of each se-
mantic scale was described to the participants before the
study sessions. Then, the participants were asked to keep
silent in order not to disturb the sound environment. Spe-
cial care was taken, by the operator of the recording sys-
tem, to avoid recording sounds eventually generated near
the microphone by the participants or the research team.

3. Results

3.1. Descriptive analysis of the collected data

3.1.1. General information

Concerning the questionnaires to assess the sound environ-
ment at each location, six participants (out of 37) carried
out very incomplete questionnaires and were discarded
from the analysis. Furthermore, assessment location P3
from the second study session (West-East) was removed
from the analysis, as it presented very eventful conditions
during the assessments (cleaning truck) and two others as-
sessment locations were discarded because of errors on
acoustics measurements. Moreover, some incomplete or
very erratic answers were eliminated, resulting in a total
of 556 valid individual assessments (out of 703), and on
73 (out of 76) valid assessment locations. Concerning the
questionnaires to assess part of the paths, 91 individual as-
sessments were finally valid (out of 93).

Multilevel analyses are proposed in our study [39]. They
were performed with the package “lme4” in the R Statis-
tical Software. The multilevel analyses presented in this
study were performed discerning two levels. The percep-
tual assessments or physical measurements correspond to
the first level. At the second level, there are two random
variables: the users and the assessment locations interact-
ing with the four study sessions. The other analyses were
performed with the standard package of the R Statistical
Software or with the Matlab Statistics Toolbox™.
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Table III. Summary for each study session (day, hour, direction,
number of participants, and global measured sound level). N:
Number of participants.

Day Hour Direction N = Lagq

S1  23/03/2015
S2  23/03/2015
S3  30/03/2015
S4  30/03/2015

11h-12h E-W 8 722
15h-16h W-E 11 72.0
11h-12h W-E 9 72.5
15h-16h E-W 9 72.7

3.1.2. Participant and study session variability

This section investigates the influence of both the partici-
pant and the study session on the perceptual assessments.
Figure 3 shows, for the 19 assessment locations and for
five parameters (a) the average, calculated over the four
study sessions, of the standard deviations of the participant
assessments, (b) the standard deviation of the participant
assessments averaged over each study session.

Figure 3a depicts the variability of participant answers,
and Figure 3b shows the variability of the sessions, which
can be due to the moment dependence of the assessed
sound environments. Pleasantness assessment is affected
by both the variability between participants and the vari-
ability between study sessions, with an average standard
deviation of 1.5 for participants and a standard deviation
of 0.7 for study sessions, over the 11-point scale of the
pleasantness assessment. Overall loudness assessment is
impacted in a similar way, with a average standard devia-
tion of 1.5 for participants and a standard deviation of 0.8
for study sessions.

In addition, the times of presence of birds and voices
show a high variability between study sessions, compared
to the other perceptual scales (see Figure 3b). Neverthe-
less, when high variabilities are observed, variations in the
sound environment can be listened to the corresponding
sound environment recordings, which permitted to assign
this variability to the difference in the sound environments
and not in the perception.

Finally, some parameters, namely the perceived loud-
ness of buses (PLB) and horns (PLH), the time of presence
of water (Wa) and wind (Wi), were almost null for most
of the study sessions and showed consequently a very high
variability between sessions. Thus, they have been rejected
from the analysis. If water sound sources are active factors
when one focuses on specific locations such as parks or
open squares [40, 41], this effect can probably be neglected
when considering very contrasted sound environment at a
district scale.

3.2. Specific location

3.2.1. Presentation-order effect

This section investigates whether or not the perceived
pleasantness at an assessment location is influenced by
the sound environment experienced immediately before.
If this is the case, then additional parameters describ-
ing the previous experienced sound environment should
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Figure 3. For each assessment location and for 5 perceptual parameters (Pleasantness, Overall Loudness, Time presence of Traffic,
Voices and Birds) (a) the average, calculated over the four study session, of the standard deviations of the participant assessments, (b)
the standard deviation of the averaged participant assessments over each study sessions.

be included in the pleasantness model of an urban loca-
tion. Kolmogorov-Smirnov (Matlab Statistics Toolbox™)
tests are performed to assess the influence of the direc-
tion of arrival that is East-West (EW) or West-East (WE),
on the pleasantness assessments for each assessment loca-
tion. The 556 collected assessments are divided into two
groups WE and EW to perform the statistical test. The
Kolmogorov-Smirnov test is a non-parametric test of the
equality of continuous probability distributions [42].

Table IV gathers the discrepancies, for each parameter,
between the two groups and the results of the statistical
test. The assessment of the pleasantness differs according
to the direction of arrival for only two of the 19 assessment
locations of the path:

e The assessments at P12 depend significantly upon the
direction of arrival for the pleasantness, but also for the
perceived overall level and the visual amenity. These
differences are not explained by different sound levels,
and an expert listening of the recorded sound files did
not allow detecting any acoustic reason. Two hypothe-
ses are formulated:

— The perceived time of presence of mopeds differs be-
tween the two directions of arrival (APLMwg-gw)
= —2.11) at P12, and could influence the overall
loudness or pleasantness estimation in the EW di-
rection [43].
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— The visual environment at P12 differs significantly
according to the direction of arrival. From East to
West a park is in the vision area, while from West
to East the participants are facing a dark street
which leads straight to a large boulevard. The visual
amenity might here thus have had a preponderant ef-
fect on the pleasantness assessment, as highlighted
already in [44].

e The direction of arrival impacts significantly the per-
ceived pleasantness for the assessment location P17.
This point is nearby the noisiest location of the path
(the boulevard “Avenue d’Italie” P15, P16). Interest-
ingly, the location P14 shares both the similar char-
acteristics and has the third most important difference
(APwe-gw) = 1.43). Section 3.3.1 will highlight the
high change of sound environment around these two as-
sessment locations. This suggests that a location could
be perceived more pleasant only if it is associated to a
high positive change of sound environment.

In this study, the presentation-order effect has not been ev-

idenced for most of the assessment locations. Thus, the

following proposed models for the sound pleasantness of

a location will not take this effect into account.

3.2.2. Models of pleasantness based on perceptual data

First, the relationships between the perceptual parameters
are investigated. The Pearson’s correlation coefficients be-

435



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 103 (2017)

Aumond et al.: Modeling soundscape pleasantness

Table IV. Mean difference of perceptual assessments coming from the West and coming from the East Awg-gw,. Significant differences
at a 95% level following the Kolmogorov-Smirnov test are in bold typeface.

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
P -0.79 —-0.64 0.06 —1.06 0.55 0.03 0.32 —-0.22 —-0.18 -1.19
L 0.20 0.85 —0.09 -1.39 —-0.43 —0.30 -1.16 —-1.44 -0.02 0.24
OL 0.30 0.67 -0.21 1.51 —-0.57 0.36 -0.18 -0.72 -1.14 0.05
PLM —-0.90 -1.90 0.02 1.24 0.13 —-1.50 -0.39 —-0.96 —-0.38 0.81
PLC —-1.09 —-0.66 0.05 0.73 —-0.48 0.90 -1.14 0.03 -1.07 1.45
PLT —-1.02 2.13 —-0.32 0.98 —0.49 0.70 291 2.42 0.61 0.73
PLH -1.33 -1.34 —-0.03 0.40 -0.98 -0.75 2.08 0.09 -0.12 0.28
T 0.01 0.33 —-0.47 0.84 -0.29 1.96 0.14 1.24 —1.06 1.21
\'% 1.79 -0.39 1.31 -1.31 1.10 0.29 0.55 —0.83 —1.00 —0.44
F 0.95 —1.05 -0.34 —1.47 -2.23 -2.97 -0.73 -1.37 -1.21 -1.29
B —0.46 —0.81 0.60 -329 -3.05 -3.37 -2.01 -1.01 -1.15 —0.82
VA —-0.09 0.72 1.98 -0.32 —0.18 0.72 -0.22 1.35 1.33 0.60
P11 P12 P13 P14 P15 P16 P17 P18 P19
P —-0.38 2.00 0.00 1.43 1.02 -0.35 -2.06 0.42 —-0.68
L —-0.68 -0.17 1.53 0.67 —-0.95 0.48 -0.35 -0.20 -0.79
OL 0.09 2.29 1.25 —0.65 -0.35 —-0.04 0.90 —-0.87 -0.34
PLM 0.17 -2.11 3.87 0.60 1.83 1.21 -0.39 —-0.58 0.63
PLC 0.72 -0.79 1.04 0.49 -0.75 0.57 0.68 -1.22 0.16
PLT —-0.52 0.12 0.35 1.59 0.24 2.73 1.69 1.95 0.56
PLH -0.31 0.00 2.60 0.89 3.03 3.82 1.02 0.76 0.57
T 1.44 0.02 0.18 —0.46 -0.49 0.48 0.17 -1.01 0.30
\'% -0.30 0.24 324 1.82 -1.39 —-1.41 1.32 -3.03 —0.63
F -2.12 -0.15 -0.29 1.29 —-1.61 —1.47 -2.71 -2.78 -1.92
B —1.28 —0.20 —0.46 0.13 —0.05 0.14 -0.47 0.36 0.12
VA 1.07 2.20 0.26 0.01 0.02 0.11 —0.37 -210 —0.30
Table V. Pearson’s correlation coefficients r between every assessed perceptual parameters (n=73, *p<0.05, **p<0.01).
P L OL PLM PLC PLT T v F B
P 1.00  —0.50%*  —0.91** —0.74**  —0.89*%* —0.75%%  —0.86%* 0.19 0.12 0.53%*
L 1.00 0.67%** 0.31%* 0.43%:* 0.46%* 0.47%* 0.43%* 0.35%*  —0.10
OL 1.00 0.71%* 0.83%#* 0.73%* 0.81%* 0.02 0.02 —0.44%*
PLM 1.00 0.81%* 0.65%* 0.74%%  -0.21 0.02 —0.33%:*
PLC 1.00 0.74%% 0.92%*%  —-0.26%* —0.10 —0.43%**
PLT 1.00 0.82%*  —0.19 -0.07 —0.33**
T 1.00 —-0.22 —-0.05 —0.39%*
v 1.00 0.44%+% 0.18
F 1.00 0.42%#*
B 1.00
tween perceptual parameters, calculated at the study ses- and r = —0.39). Birds are not present or not heard when

sion scale (n=73), are presented in Table V.

As expected. pleasantness is significantly and nega-
tively correlated with overall loudness (r < —0.7), and
with traffic-related parameters (PLM, PLC, PLT and T).

Liveliness correlates with overall loudness and presents
links shared between both human presence (V and F),
and traffic parameters (T). It seems that this parameter
has been interpreted by the participants as a presence of
voices, but also traffic.

The presence of birds (B) is positively correlated with
pleasantness (r = 0.53), and negatively correlated with
overall loudness and the presence of traffic (r = —0.44
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they are masked by traffic noise.

Consequently, multiple linear regression models are
built to estimate the pleasantness at the assessment loca-
tions based on perceptual parameters. An additive step-
wise optimization is used. When different parameters are
proposed as good candidates for the regression model by
the procedure, the parameter which is most easily inter-
pretable is preferred. Multi-collinearity among the inde-
pendent variables is tested by checking the variance infla-
tion factor (VIF). The VIF factor is always lower than 5
for the proposed models in this study, as recommended in
[45]. Table VI presents the different models for perceived
pleasantness on the basis of perceptual parameters.
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Table VI. Multilevel models of perceived pleasantness from perceptual parameters. Fixed coefficients estimates: regression coefficient
(standard errors; t-value), all estimates are significant (p<0.05); Random parameters: variance components (standard errors); Pseudo
R? statistics; Goodness-of-fit. n = 556.

Fixed coefficients Null Model Perceptual A Perceptual B
Intercept 6.45 (0.29; 22.5) 9.40 (0.30;30.7) 9.70 (0.30;32.6)
OL -0.48 (0.04;-12.5) -0.47 (0.04;-12.0)
T -0.21 (0.03;-6.8)
\'% 0.12 (0.03;3.9)
B 0.09 (0.03;3.4)
Random parameters
Participants 0.73 (0.85) 0.46 (0.68) 0.42 (0.65)
Assessment locations: study session 3.90 (1.98) 1.36 (1.17) 0.38 (0.62)
Residual 2.09 (1.45) 1.96 (1.4) 2.00 (1.42)
Pseudo R? statistics
R%mbal - 449 58%
Participants - 37% 42%
issessmem locations: session - 65% 90%
Goodness-of-fit
Deviance 2239.8 2132.9 2072.0
AIC 2247.8 2142.9 2088.0
BIC 2265.1 2164.5 2122.5

The Pseudo R? statistics are calculated as follows:

° Rélobal corresponds to the global variance explained by
the different models divided by the global variance of
the Null Model. The global variance is the sum of the
residual variance and the variances associated to the
random parameters.

]%amcipams corresponds to the part of the variance, as-
sociated to the participants, explained by the different
models compared to the variance, associated to the par-
ticipants, in the Null Model.

ismsmem locations: S€SSion corresponds to the part of the

variance associated to the assessment locations interact-
ing with the study sessions, explained by the different
models compared to the variance, associated to assess-
ment locations interacting with the study sessions, in
the Null Model.
The global variance of the “Null Model” is 6.72. The mul-
tilevel analysis shows that the variance due to the partici-
pants is 0.73, which represents 11% of the global variance.
The variance due to the change of the sound environment
(i.e. the interaction between the four study sessions and the
assessment locations) represents 58% of the global vari-
ance. Finally, 31% of the global variance cannot be ex-
plained by any of these random parameters.

Two models of perceived pleasantness on the basis of
perceptual parameters are proposed (Perceptual A and Per-
ceptual B). All the goodness-of-fit measures show that
Perceptual B model increases significantly the perfor-
mance compared to the Perceptual A model and that both
models increase significantly the performance compared
to the Null model.

The multilevel analysis shows that the pleasantness pre-
dicted by the unique variable (perceived overall loudness)
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explains 65% of the variance due to the change of the
sound environment. In addition, overall loudness (OL) has
a significant impact on pleasantness, highlighting the tight
relation between these two perceptual parameters, already
revealed by the Pearson’s correlation coefficient between
OL and P (Table V).

Four perceptual predictors are selected for the Percep-
tual B model: overall loudness (OL), times of presence of
traffic (T), voices (V) and birds (B). Introducing these ad-
ditional parameters in the model improves the explained
variance due to the change of the sound environment,
which reaches now 90%. In this new model, the perceived
overall loudness (OL) has the highest regression coef-
ficient highlighting again the tight relation between the
two parameters overall loudness and pleasantness. As ex-
pected, the time of presence of traffic is associated to a
negative regression coefficient. The time of presence of
voices and birds are associated to a positive regression co-
efficient, revealing the already observed positive contribu-
tion of natural and human sound sources on pleasantness
[46].

However, although very accurate, the models based on
perceptual parameters proposed in this section have a low
practical potential in a predictive context, since they re-
quire prior perceptual tests. Instead, these models high-
light the high predictive potential of physical models that
would be based on indicators highly correlated to these
perceptual parameters OL, T, V and B.

3.2.3. Models of pleasantness based on physical data

The Pearson’s correlation coefficients between perceptual
parameters and physical indicators, calculated at the study
session scale (n = 73), are given in Table VII.
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Table VII. Pearson’s correlation coefficients r between perceptual parameters and most relevant physical indicators (not significant

correlations at a 99% level are noted NS).

p L oL PLM PLC PLT T \Y F B
Leg —0.65 0.46 0.64 0.45 0.65 0.63 0.67 NS NS  —045
Lega —0.74 0.54 0.73 0.48 0.64 0.63 0.66 NS NS  —045
Lo -0.75 0.51 0.75 0.47 0.66 0.59 0.66 NS NS  —-046
Laso -0.79 0.55 0.78 0.54 0.71 0.66 0.72 NS NS  —0.40
Laoo —0.74 0.53 0.72 0.45 0.62 0.60 0.62 NS NS  —041
Lo —0.66 0.46 0.64 0.44 0.67 0.61 0.68 NS NS 046
Lio -0.78 0.51 0.76 0.59 0.75 0.72 0.76 NS NS  —0.44
Loo -0.75 0.49 0.72 0.55 0.68 0.66 0.69 NS NS  —042
Nio -0.76 0.50 0.74 0.47 0.69 0.62 0.70 NS NS  —049
Nso —0.81 0.55 0.80 0.57 0.74 0.69 0.75 NS NS  —043
Noo —0.74 0.53 0.72 0.48 0.63 0.62 0.64 NS NS  —0.40
Lato— Laoo -0.28 NS 0.32 NS 0.30 0.21 0.29 NS NS NS
SFD 042 -028 -042 -021 -028 —021 —027 NS NS NS
TFSDso01z NS NS NS NS -027 -026 —0.32 053 NS NS
TFSD 11, 0.48 NS -038 -046 -058 -056 —0.63 041 NS NS
TFSDa, 059 -035 —053 -039 -055 -044 -0.55 NS NS 0.68
TFSD ., 0.46 NS -042  -034 -043 —-029 038 NS NS 0.76
TFSDast1/3) 0.53 NS -043  -041 -052 -031 045 NS NS 0.81
Lso.631, -0.76 0.47 0.69 0.59 0.77 0.71 0.79 NS NS  -036
Lso, 1251, -0.81 0.54 0.77 0.62 0.79 0.76 0.83 NS NS  —042
L2501, -0.83 0.50 0.78 0.65 0.82 0.76 083 —025 NS -047
Lso5001s -0.85 0.57 0.84 0.60 0.77 0.72 0.77 NS NS  -049
Lso 1k -0.86 0.59 0.85 0.61 0.77 0.71 0.78 NS NS  -051
Lso s -0.79 0.54 0.78 0.52 0.71 0.64 0.72 NS NS  -0.48
Lo -0.61 0.46 0.60 0.34 0.50 0.49 0.52 NS NS  -0.25

The indicator with highest correlation to both Pleasant-
ness and Overall Loudness is Lsy within the 1 kHz octave
band: Lsg kg, . Interestingly, Nyg, La 5o and Lsg also show
higher corre lations with OL and P than the more clas-
sically used Lpeq and Leg. This is in line with previous
urban and rural soundscape studies, which already high-
lighted the limitations of the Leq [8, 11, 29, 30].

The perceptual parameters related to traffic, namely
PLM, PLC, PLT and T, correlate well with Lsy from 63 Hz
to 250 Hz. This can be explained by the high proportion of
low frequency sound generated by road traffic, compared
to the other sources that compose urban sound environ-
ments.

As expected, the time of presence of birds (B) corre-
lates negatively with the traffic-related parameters. The
physical indicator which best correlates with (B) is the
TFSDiean 4xtz, for 125 ms measurements (r = 0.81) or
for 1s measurements (r = 0.76). This shows the potential
of this simple indicator to identify the presence of birds
in an urban environment. Similarly, the physical indicator
which best correlates with the time of presence of voices is
the TFSDean 5000z (r = .53). This highlights the potential
of the proposed TFSD indicators to identify and classify
the urban sound environments based on their source com-
position without the use of more complex algorithms. Ta-
ble VIII presents the different models of perceived pleas-
antness based on physical parameters.

Multiple linear regression models are built to estimate
the pleasantness at assessment locations based on physi-
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cal indicators. Two models of the perceived pleasantness
based on physical parameters are proposed, Physical A
and Physical B. The physical indicators that best correlate
with the perceptual parameters are selected. The goodness-
of-fit measures show that both models increase signifi-
cantly the performance compared to the Null model. Even
if positive, the contribution of Physical B compared to
Physical A is more contrasted. However, an ANOVA anal-
ysis (R - Package stats) shows that both models are sig-
nificantly different (F(2,554) = 8.65, p < .001), increasing
the global explained variance from 46% to 48%.

The Physical A model relies on the parameter Lsg, xu;
only. The multilevel analysis shows that this parameter
explains 82% of the variance in perceived pleasantness
due to change in the sound environment. Lsg jxp, 1S a Sig-
nificant variable for the prediction of pleasantness (Ta-
ble VIII). The lower explained variance, compared to
Physical B, relates to the fact that the perceptual param-
eters and the physical indicators (here OL and Lsg, xy,)
are not perfectly correlated (Table VII).

The Physical B model is built by introducing the phys-
ical parameters which are best correlated with the per-
ceived times of presence of traffic, voices and birds. How-
ever, Lsgason, (for traffic) is rejected because it is collinear
with Lso 1k, (VIF > 5). The multilevel analysis shows
that model Physical B explains 85% of the variance of the
perceived pleasantness variance due to the change of the
sound environment. Introducing TFSDpean 4ktiz(1/8s) and
TFSDean.soon in the regression improves the perceived
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Table VIII. Multilevel models of perceived pleasantness from physical parameters. Fixed coefficients estimates: regression coefficient
(standard errors; t-value), all estimates are significant (p< .05); Random parameters: variance components (standard errors); Pseudo R?

statistics; Goodness-of-fit. n = 556.

Fixed coefficients Null Model Perceptual A Perceptual B
Intercept 6.45 (0.29; 22.5) 20.71 (0.97;21.3) 16.48 (1.6;10.3)
Lso 1x12 —0.28 (0.02;-15.0) —0.25 (0.02;-12.5)
TFSDmean,SOOHz 15.82 (662,24)
TFSDmcanAkHz(l/Bs) 16.82 (684,25)
Random parameters
Participants 0.73 (0.85) 0.82 (0.90) 0.86 (0.93)
Assessment locations: session 3.90 (1.98) 0.73 (0.86) 0.59 (0.77)
Residual 2.09 (1.45) 2.07 (1.44) 2.07 (1.44)
Pseudo R? statistics
Rélobal - 46% 48%
RzPanicipams - —12% -17%
Assessmentlocations:session - 82% 85%
Goodness-of-fit
Deviance 2239.8 2139.4 2129.7
AIC 2247.8 21494 2143.7
BIC 2265.1 2171.0 2173.9

Table IX. Pearson’s correlation coefficients r and RMSE values averaged over the assessment locations, between the prediction by the

four proposed models and the perceptual pleasantness assessment.

Model Parameters r RMSE
Perceptual B OL.,T,V,B 0.98%** 0.63
Perceptual A OL 0.95%%* 1.18
Physical B Lso, 1112, TFSDmean, 50082, TFSDmean akHz(1/85) 0.97** 0.53
PhySiCﬁl A LSO,lkHZ 0.96** 0.62

pleasantness estimates. In this new model, Lso 1k, is the
indicator with the strongest influence on the pleasantness
estimation.

3.2.4. Applying the models in a cartography context

In this section, the results given by the proposed models
are averaged over the assessment locations. Then, they are
compared to the average pleasantness values given by par-
ticipants at the same locations. Applying the models at
this scale (n=19) mimics a static sound environment map-
ping context. In order to assess the predictive power of the
different models, the Pearson’s correlation coefficients be-
tween the average of measured and predicted pleasantness,
as well as the Root Mean Square Errors (RMSE), are pre-
sented in Table IX.

Figure 4 depicts the averaged pleasantness predicted at
each assessment location, by the different models. The
four models proposed in this study allow very accu-
rate pleasantness estimation (r > 0.9 and RMSE < 1.2).
Moreover, introducing sound source characteristics of the
sound environment, such as voices and birds in this study,
improves significantly the estimates, especially in quiet
places (as for points P3, P4 and P5) and near school-
yards (as for point P10). Nevertheless, the proposed mod-
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Figure 4. Mean pleasantness assessed (black thick line, with stan-
dard error deviation) and predicted by the proposed models: (a)
perceptual models, (b) physical models.

els overestimate the pleasantness of the noisiest sound en-
vironments, here located on two main boulevards (points
P1, P2, P15 and P16).
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Table X. Mean differences of the segment perceived pleasantness assessed after walk from West to East and assessed after walk
from East to West ASPwe_gw), and perceived change of sound environment (SC). The differences which are significant at 95% level

following the Kolmogorov-Smirnov test are in bold.

S[1-2] S[2-3] S[3-4] S[4-5] S[5-6] S[6-7] S[7-8] S[8-9] S[9-10]
ASP -0.83 -3.26 -0.61 -0.24 2.05 0.43 1.12 0.72 -0.62
SC 3.5 8.7 5.3 5.4 6.3 3.2 6.7 4.6 8.1
S[10-11] S[11-12] S[12-13] S[13-14] S[14-15] S[15-16] S[16-17] S[17-18] S[18-19]
ASP -1.54 1.35 0.62 1.33 1.63 -0.52 -2.84 0.10 -1.62
SC 6.5 5.9 5.6 4.9 8.2 2.5 8.8 6.2 8.0
3.3. Path assessment
" -
3.3.1. Short path assessments ol 7
Kolmogorov-Smirnov tests (Matlab Statistics Toolbox™) ol Part 1 - East to West //
are performed to assess the influence of the direction of the P o PatT-Westlo East L
walk that is East-West (EW) or West-East (WE), on the g 8r Eanz'EaSt (0 West el
= v Part 2 - West to East ks
segment pleasantness (SP). Segments are the short path 3 71 Route- East o West 8 wx
between two consecutive assessment locations, with an av- 2 6l # Route - Westto East VIXA/’ '
. . ° s
erage length of 115 meters (1-3 min of duration). The col- s e
lected assessments are divided into two groups WE and = ° ot
EW to perform the statistical test. g 4r 7
Table X gathers the discrepancies, for each perceptual 3t ///
parameter, between the two groups. The pleasantness as- ol ///
sessments for segments S[2-3] and S[6-17] are the only I ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
ones that are significantly dependent on the walking direc- 2 3 4 s 6 7 8 9 10
tion. Both segments are also the ones with the highest per- Averaged sound pleasantness on assessment locations

ceived change in the sound environment (SC=8.7 and 8.8).
In fact, the perceived change in the sound environment
(SC) and the mean deviation of the perceived pleasant-
ness for the segments (ASP) correlate significantly (r=.65,
p<0.005). This suggests that the segment assessment de-
pends on its walking direction, which might be explained
by a recency effect. Such effects were shown in recent
works about transitions between different sound environ-
ments [36], or about the temporal dynamics of sound en-
vironments and their assessment [33].

The Segment Pleasantness (SP) is then estimated us-
ing the sound environments assessed at the two assess-
ment locations situated at each end point of the given seg-
ment (Pyy, and Pepg). The proposed model explains 83%
of the variance (R>=.83, F(2,70)=167, p<.001). Equation
7 presents the corresponding model.

SP = 0.82 + 0.21Pgart + 0.69P¢pq. 3)

The standardized regression coefficient related to Peyqg
(b*=.80, t(70)=15.22, p<.001) is much higher than Py,
(b*=.23, 1(70)=4.44, p<.001). Again, this highlights the
influence of the walking direction on the assessment of the
pleasantness of segments that lasted between 1 to 3 min-
utes.

3.3.2. Long path assessments

Predicting the pleasantness of an urban walk trip has many
potential interests, such as informing a pedestrian about
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Figure 5. Mean global pleasantness, relatively to both halves of
the path (Part 1, Part 2) and the route as a whole (Route), and
the pleasantness averaged on assessment locations following the
4 study sessions (n=12), r=0.8, p<0.005.

the potential restorative capacity of even health benefit re-
lated to his/her intended walk, or optimizing the related
route choice through specific algorithms [47]. Figure 5
presents the relation between the pleasantness assessments
of a path globally assessed, and the pleasantness averaged
over the locations that were assessed along this path, for
the global route and both halves of the route.

No recency effect is observed in this analysis, although
the global path end points (P1, P9 and P19) have very dif-
ferent sound environments. In addition, there is a strong
correlation between the pleasantness values averaged on
the assessment locations and the global pleasantness as-
sessment (r=.8, p<0.005). This suggests that averaging the
pleasantness assessed at each assessment location sampled
regularly along the global path can be a good estimator of
the pleasantness of a global path lasting more than 20 min-
utes.

4. Discussion

Section 3.2.2 suggests that liveliness was probably inter-
preted by the participants as a presence of voices, but also
traffic. This interpretation differs from previous studies
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that showed that liveliness is better related to soundscapes
with a dominant presence of voices [11, 29]. This differ-
ence might be due to the fact that in [11, 29], the partici-
pants had to choose the dominant source, while here each
sound source is assessed. This might also result from the
translation of the French word “Animé” (in English “Live-
liness”), which is maybe a wider concept in French than
in English. Liveliness is also negatively but weakly corre-
lated with pleasantness (r = -0.5). This is not completely
in line with [11] which found liveliness uncorrelated with
pleasantness. Finally, even if a large variety of urban sound
environments were encountered by the participants during
the proposed pathway (Table I), the chosen methodology
restricted the range of possible stimuli as compared to the
above mentioned studies. This might be a reason for the
observed discrepancies.

Interestingly, the model of pleasantness based on per-
ceptual parameters in this study, Perceptual B, is very sim-
ilar to the one proposed by Ricciardi et al. [8], which is
written as

P =8.11-0.380L —0.14T + 0.20V + 0.15B. (4)

The two studies used the same semantic differential ques-
tionnaire and were conducted in the same districts in Paris,
but relied on a different corpus of locations and partici-
pants and were separated in time by more than two years.
This tends to prove the robustness of these simple linear re-
gression models, based on the perceived Overall Loudness
and the time of presence of typical urban sound sources,
to estimate the pleasantness of sound environments. Even
if the methodologies differed, similar comparisons can be
drawn with other recent studies. For example, Axelsson
et al. showed similar Pearson’s correlation coefficients be-
tween perceived pleasantness and indicators such as Laeq
or Ny and the models they proposed also included param-
eters such as the predominance of technological, human
and natural sources [11].

Models that estimate the perceived pleasantness of the
sound environment were constructed with perceptual or
physical predictors. The decrease in the predictive power
of pleasantness estimates, from the perceptual parameters
to the physical indicators (85% of the variance due to
the change of the sound environments, instead of 90%),
suggests that better pleasantness models could be pro-
posed if physical indicators, more closely related to the
perceptual parameters, were used. Unfortunately, the clas-
sic energetic, temporal and spectral indicators fail to ac-
curately describe these perceptual parameters. Thus, fur-
ther research should focus on physical parameters that al-
low identifying each given sound source, or characterizing
each relevant perceptual parameter.

Adding the fixed coefficients does not significantly in-
fluence the residual variance (about 30%, Tables VI and
VIII). It can be assumed that this variance is related to the
very detailed 11-point scale that is used for the assessment;
one can expect that this variance would remain if a given
participant had to assess several times the same sound en-
vironment.
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At the path-scale, the Pearson’s correlation coefficients
between assessed and predicted perceived pleasantness
from physical parameters reaches 0.97 with a very small
mean square error (0.53 on an 11-point scale). Using this
model with physical indicators extracted from low-cost
sensor networks, or participative measurements, would al-
low mapping pleasantness. This type of map would prob-
ably be easier to understand than the standardized noise
map that shows the sound levels on a decibel scale.

The presentation-order effect has not been evidenced for
most of the assessment locations. Very strong changes in
the sound environment may however have a significant im-
pact on perceived pleasantness, but there are not enough
sudden changes in the study. Further studies with better
controlled conditions, as one would obtain in laboratory
experiments, should be designed to specifically investigate
the presentation-order effect on pleasantness assessments
in an urban context.

This study also offers an insight into the retrospective
pleasantness assessment of urban walks. For very short
walks between two assessment locations, a recency effect
is shown to occur and the pleasantness of the path can be
predicted from the pleasantness of the two end points that
delimit the path. Nevertheless, this recency effect does not
appear when larger routes are assessed.

On the basis of these insights, a number of hypotheses
can be proposed:

e The duration taken to assess one segment or a complete
path differs. In the case of a path assessment, each par-
ticipant makes the effort to remember the whole path
and its different assessed locations, to finally average
its appreciation of the path. In the case of a single seg-
ment, the response given by a participant might be more
instinctive and his answer more sensitive to any cogni-
tive bias.

e The recency effect on the pleasantness appreciation
might depend, in an urban context, on the walk dura-
tion. Short walks might give rise to a strong recency ef-
fect for the segment assessment; but this recency effect
tends to disappear with longer walks.

e For long paths, the recency effect tends to disappear
because the succession of positive transitions (walking
towards a better sound environment) and negative tran-
sitions (walking towards a worse sound environment)
could lead to a cancellation of this effect.

Nevertheless, in this research, only twelve long path as-

sessments are studied and thus these observations should

be handled with care. Others studies with a methodology
specially constructed for testing these three hypotheses is
now required to investigate the recency effect during a typ-

ical urban walk trip as, for example, presented in [48].

5. Conclusion
The main conclusions of the present research are:

1. Multiple linear regression models based on perceptual
parameters, such as the overall loudness, the time of
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presence of traffic, birds and voice, can successfully de-
scribe the perceived pleasantness of the sound environ-
ment.

2. A simple indicator based on the time and frequency sec-
ond derivative (TFSD) is proposed, which is best cor-
related, among a large set of calculated physical indi-
cators, with the perceived time presence of birds and
voices.

3. Multiple linear regression models based on physi-
cal parameters such as  Lsgixaz,  TFSDmean500Hzs
TFSDmean 4kmz(1/8sec) are able to describe the average
perceived pleasantness of the sound environment. Intro-
ducing physical indicators that represent the presence of
birds and voices in the modeling significantly improves
the estimation.

4. A multilevel analysis reveals that about 58% of the
global variance is due to the context and about 11% is
due to the participants.

5. For very short paths between two assessment locations,
pleasantness can be predicted from the pleasantness of
the two end points that delimit the walk.

Additional studies are needed to investigate the influence

of recency effects during urban walks of various durations

more in detail, and to study the influence of both the tran-
sitions and the presentation order effect, on path pleas-

antness assessments. Also, this study suggests that an im-

provement of the pleasantness models could be obtained if

physical indicators, more closely related to the perceptual
parameters, were found.
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