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Summary

This paper aims to assess the influence of different acoustical characteristics of urban road traffic including
powered-two-wheelers on noise annoyance. The factors studied under laboratory conditions are the number and
order of the different urban road traffic noise events, and the position and duration of quiet periods between noise
events as well as their cumulative duration. Several listening experiments were carried out. The urban road traffic
noise sequences were presented to a panel of participants for short-term noise annoyance assessment.

First, the presence of quiet periods was found to reduce noise annoyance but there is no effect of the duration
and the position of quiet periods on noise annoyance due to urban road traffic noise. The order of the noise
events within the sequence was not found to impact noise annoyance. It seems that annoyance due to urban road
traffic noise is determined by the presence of a particularly annoying noise event. The findings of this study
will contribute to the understanding of the influence of the studied acoustical factors on noise annoyance due to
urban road traffic. Furthermore, the gained knowledge may be used to develop models for the assessment of noise

annoyance due to urban road traffic.

PACS no. 43.50.Qp, 43.50.Rq, 54.50.Lj

1. Introduction

The European directive 2002/49/EC [1] requires that cities
over 100,000 inhabitants produce strategic noise maps for
environmental noise sources, such as industrial sites and
road, rail and air traffic. The index Lge, — the day-evening-
night level [1] — is used for the construction of noise maps.
As several annoyance models are based on this index [2],
noise maps may be interpreted as annoyance maps. For
road traffic noise maps, two main drawbacks can be men-
tioned. First, powered-two-wheelers (PTWs), such as mo-
torcycles or scooters, are considered as light vehicles in
the construction of the current noise maps. Whereas they
are often cited among the most annoying noise source
in survey (e.g. [3, 4]), they are little studied in literature
dealing with annoyance due to urban road traffic. Fur-
thermore, their use over the past 10 years has increased
considerably (e.g. [5]). Concerning the second drawback
of road traffic noise maps, it is well known that acousti-
cal energy-based indices, such as the Lge,, explain only a
small part of variance in noise annoyance (e.g. [6]). This
index takes into account the effect of only one acousti-
cal factor — the noise level — whereas different acoustical
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factors are known to influence noise annoyance responses
[7, 8]. Several studies (e.g. [9]) showed the influence of
spectral and temporal features of road traffic noise on an-
noyance. Few studies investigated the influence of these
features on annoyance due to urban road traffic noise in-
cluding PTWs. For example, Vos [10] found a better corre-
lation between noise annoyance and several psychoacous-
tical indices, such as fluctuation strength, roughness and
loudness, than between noise annoyance and A-weighted
sound pressure level. Paviotti and Vogiatzis [11] identified
maximum sound pressure level and roughness indices as
characteristics of the noise signature of the PTWs.

Concerning road traffic noise with heavy vehicles,
Bjorkman [12] demonstrated that an increase in the num-
ber of heavy vehicles leads to an increase in the extent of in
situ noise annoyance. The author identified a breakpoint,
after which a further increase in the number of heavy vehi-
cles does not induce a further increase in annoyance. It will
be interesting to investigate if a breakpoint can be found
when the number of urban road vehicle pass-by noises
with PTWs is increased. For identical numbers of vehicles,
Kaczmarek and Preis [9] studied different time structures
of the traffic flow. They showed that noise annoyance is
well correlated with mean loudness.

Loudness is actually well known to be a basis of noise
annoyance [13]. This was highlighted in studies dealing
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with annoyance due to road traffic noise [9, 14, 10]. Stud-
ies on loudness assessment [15, 16] have demonstrated
that sounds with different time-intensity profiles lead to
different loudness ratings and that the time-intensity pro-
file has an effect on temporal weights for loudness [17].
These differences in the temporal structure might con-
tribute to urban road traffic noise annoyance. As the differ-
ent noise events of urban road traffic noise have different
slopes of loudness versus time, the order of the different
noise events within the urban road traffic noise sequence
may have an influence on annoyance. If such effect exists,
it would be of great importance to take it into account for
the construction of road traffic noise sequences for labora-
tory studies.

To enhance noise annoyance models in future studies,
it is necessary to gain understanding of the influence of
the different acoustical factors on annoyance due to urban
road traffic noise, when PTWs are considered in presence
of other urban road vehicles such as buses, heavy and light
vehicles.

The potential influence of different acoustical factors
will be investigated by considering urban road traffic noise
in cities comprising PTWs, buses, heavy and light vehi-
cles, under laboratory conditions. First, noise annoyance
due to single urban road vehicle pass-by noises is assessed
in laboratory conditions. Two pilot experiments are con-
ducted in order to gather noise annoyance ratings for each
single urban road vehicle pass-by noise. In experiment A,
single urban pass-by noises are equalized to the same A-
weighted equivalent sound pressure level (Laeq), whereas
in experiment B, they exhibit different Laeq. The results
from both experiments will be useful to select single ur-
ban pass-by noises, considering their annoyance ratings,
for the construction of urban road traffic sequences in the
main experiments I and II of this work. These main experi-
ments aim to investigate the influence of acoustical factors
on annoyance due to urban road traffic noise. In experi-
ment I, the studied factors are: the position and duration of
quiet periods, their cumulative durations and the number
and order of urban road traffic pass-by noises (also called
noise events). All types of urban road traffic vehicles at
constant speed (PTWs, buses, heavy and light vehicles)
will be used and equalized in Leq, in order to assess a po-
tential source effect without influence of the noise level.
Experiment II will focus on fewer factors. First, the effect
of the number of noise events within the sequence will
be studied. Therefore, all types of urban road traffic ve-
hicles (PTWs, buses, heavy and light vehicles) in different
driving conditions (acceleration, deceleration and constant
speed) will be included. Then, the order of noise events
will be studied by considering sequences with different
urban vehicles at constant speed. All the pass-by noises
used in experiment II will exhibit differences in equivalent
sound pressure levels, according to in sitfu measurements.

This paper is organized as follows: the pilot experiments
A and B considering single urban road vehicle pass-by
noises are presented in section 2. Section 3 presents the
results of the pilot experiments. Sections 4 and 5 present
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the main experiments I and II, respectively, and their re-
sults. A discussion is given in section 6.

2. Pilot experiments: Noise annoyance due
to single urban road traffic events

Two pilot experiments A and B were carried out, consid-
ering the single urban road traffic noise events, in order to
obtain the annoyance rating of each noise event. These rat-
ings will be used in this work to select the single events for
the construction of the urban road traffic sequences in the
main experiments. This will contribute to the understand-
ing of the potential influence of each noise event on the
judgment of the annoyance due to a road traffic.!

2.1. Stimuli of experiments A and B

The stimuli are single urban road vehicle noise events
stemming from the perceptual typology of Morel et al.
[14]. They were recorded in Lyon (France) and its sub-
urbs using the ORTF technique (two cardioid microphones
spread to a 110° angle and spaced 17 cm apart) in accor-
dance with French standards (cf. [14] for further details).
This recording technique used for stereophonic sound re-
production in laboratory is known for its good represen-
tation, readability, plausibility and overall reproduction
quality for fixed and moving noise sources [19].

The typology of Morel et al. [14] was composed of
57 pass-by noises and structured according to the type of
urban road vehicles (PTWs, buses, heavy and light vehi-
cles) and their driving conditions (acceleration, decelera-
tion, constant speed), resulting in 7 perceptual and cogni-
tive categories, (category 1: PTWs at constant speed; cat-
egory 2: PTWs in acceleration; category 3: buses, heavy
and light vehicles at constant speed; category 4: PTWs
in deceleration ; category 5: buses, heavy and light vehi-
cles in deceleration; category 6: light vehicles in acceler-
ation; category 7: buses and heavy vehicles in accelera-
tion). To limit the number of stimuli for experiments A
and B, 33 pass-by noises were selected from the percep-
tual categories based on the following criteria: (i) for cate-
gories consisting of 4 pass-by noises, all the pass-by noises
were chosen; (ii) regarding pass-by noises from categories
comprising a larger number of stimuli, a maximum of five
pass-by noises per category was selected according to their
note of category representation measured by Morel et al.
[14]. The pass-by noises are denoted xyz_N as follows: x
for “vehicle type” (b = bus; d = PTW; p = heavy vehicle;
v = light vehicle), y for “driving condition” (a = acceler-
ation; d = deceleration; f = constant speed), z for “road
morphology” (o = open street; u = U-shaped street) and
N an arbitrary number to differentiate stimuli.

! Furthermore, the ratings obtained from these 2 pilot experiments were
used in another work (cf [18]) to physically and perceptually charac-
terize the different noise events, in order to get an annoyance model for
single road events.
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Table I. Experiment B — Level differences (AL) between the aver-
age sound pressure levels measured in situ for the light vehicles at
constant speed (vfo) and the average sound pressure levels mea-
sured in situ for other vehicles in different driving conditions (cf.
[29D).

Vehicle type Driving Acronym AL
condition [dB(A)]

Bus acceleration bao +9.1

Bus deceleration bdo +4.2

Bus constant speed bfo +7.5
PTW acceleration dao +7.2
PTW deceleration ddo +4.0
PTW constant speed dfo +5.3
Heavy vehicle acceleration pdo +9.1
Heavy vehicle deceleration pao +4.2
Heavy vehicle  constant speed pfo +7.3
Light vehicle acceleration vao -2.4
Light vehicle deceleration vdo -4.5

The stimulus duration ranged from approximately 3 to
9 s. Previous studies demonstrated that the stimulus du-
ration has a limited or no influence on short-term noise
annoyance. Paulsen [20] showed that stimulus duration of
highway road traffic noises ranging from 1 to 80 s had a
very limited influence on annoyance judgments. For single
urban road traffic pass-by noises, Morel ef al. [21] found
that stimulus duration between 3 and 9 s was not a criterion
to formulate annoyance judgments. The same conclusion
was drawn by Trollé et al. [22] for single tramway pass-by
noises with durations ranging from 8 to 25.5 s.

In experiment A, the 33 single pass-by noises were
equalized to the same A-weighted equivalent sound pres-
sure level (Laeq) of 60dB(A). In experiment B, the same
33 single pass-by noises were employed, with sound pres-
sure level differences (AL) according to in situ obser-
vations. The level differences (AL) correspond to differ-
ences between the average A-weighted equivalent sound
pressure levels measured for the light vehicles at constant
speed (vfo) and the average A-weighted equivalent sound
pressure levels measured for other vehicles in different
driving conditions (cf. Table I). Spectral and temporal fea-
tures of the single pass-by noises were not modified by
applying this AL.

The reference level for light vehicles at constant speed
was set to 54 dB(A) in order to obtain a sound pressure
level range acceptable for listeners. From this level, the
level differences AL were applied to the left and right
channels of each pass-by noise depending on the vehicle
type and the driving condition. The resulting sound repro-
duction levels for the different pass-by noises of experi-
ment B ranged from 49 dB(A) to 62.5 dB(A), at the posi-
tion of the participants in the room.

For all experiments in this paper, no filter simulating
facade transmission was applied to the stimuli as wall ma-
terial and window types have an effect on auditory judg-
ments [23] and the choice of one kind of facade might have
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been too limiting. Thus, the worst noise exposure is con-
sidered (e.g. [7]) such as being in private outdoor spaces.

2.2. Apparatus

The experiments took place in a quiet room with a back-
ground noise measured at 19 dB(A). The stimuli were re-
produced employing a 2.1 audio reproduction system con-
sisting of two active loudspeakers (Dynaudio Acoustics
BMS5A) and one active subwoofer (Dynaudio Acoustics
BM9S). This kind of sound reproduction system enables
good plausibility and overall reproduction of the stimuli
recorded with the ORTF technique [19].

Concerning the positioning of listener and loudspeak-
ers, the center of the interaural axis of the listener and the
loudspeakers formed an equilateral triangle. This was in
accordance with the recommendations given by Bech and
Zacharov [24]. The loudspeakers were placed at a height
of 1.20 m from the floor, and the subwoofer was placed on
the floor between the loudspeakers. The user interface was
programmed using MATLAB®O.

2.3. Procedure

Experiments A and B were carried out in a same test.
Participants were asked to imagine themselves at home
while relaxing (e.g. reading, watching television, dis-
cussing, gardening or doing other common relaxing activ-
ities). This procedure has been used in previous works (cf.
[22, 21]). Prior to each experiment, the participants were
trained. The stimuli were presented one by one in random
order.

After each stimulus, the participants were asked: “Dur-
ing your relaxing activity, you hear this noise. Does this
noise annoy you?”. The participants gave the ratings on a
continuous scale ranging from “0” to “10”, with 11 evenly
spaced numerical labels and two verbal labels at both ends
(“not at all annoying” and “extremely annoying”).

2.4. Participants

The test was performed by 34 participants (17 male, 17 fe-
male) aged between 20 and 54 years (mean age = 32.5;
standard deviation = 11.8). All participants declared nor-
mal hearing abilities and were paid for their participation.
In order to evaluate a potential effect of the experiment
order (experiment A followed by experiment B or the re-
verse), the panel of participants was divided into two equal
groups. One group performed experiment A and then par-
ticipated in experiment B. The second group carried out
the two experiments in reverse order. Two-factor mixed-
design ANOVAs (with one within-subject factor “Stimu-
lus” and one between-subject factor “Order”) were carried
out on the annoyance responses obtained in experiment A
and experiment B, respectively. A non-significant effect
of the experiment order was observed for experiment A
and experiment B (respectively [F(1,32) = 0.57; p = 0.45]
and [F(1,32) = 2.15; p = 0.15]). Hence, the annoyance
responses from the 34 participants were grouped together
in order to analyze the responses respectively gathered in
experiment A and experiment B.
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3. Results

3.1. Experiment A: Analysis of inter-stimulus differ-
ences

A repeated measures ANOVA was carried out on the data
with the factor “Stimulus”. The results showed that the
stimuli had a significant effect on the annoyance responses
[F(32, 1056) = 15.47; p < 0.001; €* = 0.468]. The pro-
portion of variance explained by the factor “Stimulus”
(measured using eta-squared, denoted as 1?) was equal to
31.9 %.

Figure 1 illustrates the mean annoyance rating obtained
for each stimulus and the corresponding standard error in-
dicated as vertical bars.

It can be seen that there are clear differences in mean
annoyance ratings between the different urban road traffic
pass-by noises equalized in Laeq. According to Tuckey’s
HSD post-hoc test, the least annoying urban pass-by
noises are a light vehicle at constant speed (vfo_5), a light
vehicle in acceleration (vao_3), a bus and a heavy vehi-
cle at constant speed (bfu_3 and pfu_2). According to the
post-hoc test, the most annoying urban pass-by noises are
PTWs in acceleration (dao_2, dao_3), PTWs in deceler-
ation (ddo_1, ddu_2) and heavy vehicles in deceleration
(pdo_3, pdo_6).

To study the influence of the type of vehicle, the driv-
ing condition and the road morphology, the annoyance
ratings given by participants were averaged over pass-by
noises with characteristics corresponding to the 3 studied
factors (type of vehicle, driving condition and road mor-
phology). An ANOVA was conducted considering three
within-subjects factors: “Source” (denoted S, with 3 lev-
els: d, bp or v), “Driving Condition” (denoted DC, with
3 levels: f, a or d) and “Road Morphology”(denoted RM,
with 2 levels: o or u). Table II sums up the results.

This analysis showed that the 2 main factors — S and
DC — and all the interactions had a significant effect on the
annoyance ratings. While the S and DC factors explained
respectively 12 % and 16 % of the observed variance, each
interaction explained a lesser extent of the variance (be-
tween 1 % up to 6 %). On the other hand, the main factor
RM did not influence annoyance ratings. This result is in
agreement with the observations of Morel et al. [14] in a
categorization task: participants noticed if the vehicle was
moving in an open street or in U-shaped street, but they
did not base their judgments on this factor.

As can be seen on Figures 3 and 4, the three types of ve-
hicles are significantly different, such as the three driving
conditions. This was confirmed by Tuckey’s HSD post-hoc
tests. PTWs were judged significantly more annoying than
the heavy vehicles, which were judged significantly more
annoying than the light vehicles. Respectively, vehicles
passing by at constant speed were judged significantly less
annoying than accelerating vehicles, which were judged
significantly less annoying than decelerating vehicles.

2 The Huynh-Feldt correction for the degrees of freedom (dof) [25].
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Table II. Experiment A — Results of the ANOVA considering S
(Source), DC (Driving Condition) and RM (Road Morphology).
SS: Sum of squares, dof: degrees of freedom, F: test statistics,
p: p-value, e: value of the dof Huynh-Feldt correction factor, #*:
measure of the magnitude of the experimental effect. *: p < 0.05.

SS dof F € n?
S 129.35% (2; 66) 4345 094 0.12
DC 182.57* (2; 66) 3388 072 0.16
RM 0.29 (1; 33) 0.25 1.00  0.00
SxDC 15.1%* (4;132) 4.19 1.00 0.01
S x RM 70.31* (2; 66) 3345 098 0.06
DC x RM 21.66* (2; 66) 1475 093 0.02
SxDCxRM 16.56% (4;132) 4.26 0.80 0.01
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Figure 1. Experiment A — Mean annoyance rating for each pass-
by noise equalized in A-weighted equivalent sound pressure level
and the corresponding standard error (vertical bars). The percep-
tual categories from which the pass-by noises stem are reported
(¢f- Morel et al. [14]).
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Figure 2. Experiment B — Mean annoyance ratings for the 33
pass-by noises and their corresponding standard error (vertical
bars). Pass-by noises rated as the most representative of their cat-
egory in the experiment of Morel et al. [14] are reported in bold
characters.

3.2. Experiment B: Analysis of inter-stimulus differ-
ences

A repeated measures ANOVA was conducted on the an-
noyance ratings gathered for the non-equalized 33 stimuli.
Differences between annoyance ratings for the stimuli are
significantly different [F(32, 1056) = 43.056; p < 0.001;
€ = 0.484]. The proportion of variance explained by the
factor “Stimulus” is equal to 56 %.

In Figure 2, there are clearer differences between mean
annoyance ratings due to the different pass-by noises com-
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Mean annoyance rating
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Figure 3. Experiment A — Mean annoyance rating as a function of
the factor “Source” of the ANOVA and corresponding standard
errors (vertical error-bars). d: “PTWs”; bp: “buses and heavy ve-
hicles”; v: “light vehicles”.

Mean anncyance rating
e

Figure 4. Experiment A — Mean annoyance rating as a function of
the factor “Driving Condition” of the ANOVA and correspond-
ing standard errors (vertical error-bars). f: “constant speed”; a:
“acceleration’; d “deceleration”.

pared to the mean annoyance responses obtained in ex-
periment A. This can be explained by the sound pressure
level differences applied to the different stimuli (cf. Ta-
ble I). The light vehicles in different driving conditions are
the least annoying pass-by noises and statistically differ in
annoyance responses from the rest of the stimuli.

4. Experiment I: urban road traffic with
single pass-by noises equalized in Ljq

For urban road traffic with different single vehicle pass-
by noises (PTWs, buses, heavy and light vehicles), the
influence of the following acoustical factors on noise an-
noyance will be investigated: the position and duration of
quiet periods, their cumulative duration, the number and
order of vehicle pass-by noises equalized in Laeq within
the urban road traffic sequence.

For this first experiment, the different single pass-by
noises (PTWs, buses, heavy and light vehicles) were
equalized in Leq in order to study the factors by limiting
the effect of global loudness of each single noise event.
Actually, sound stimuli equalized in sound pressure level
(SPL) but with different time-intensity slopes get different
global loudness evaluation [16, 26]. Furthermore, loudness
appears to be an underlying basis of judged annoyance
[13], confirmed by high correlation between loudness and
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annoyance [7, 27, 28, 29]. Thus, different slopes of loud-
ness versus time related to different orders of the noise
events within a sequence may impact annoyance. This ef-
fect will be studied.

Since urban road traffic with different types of vehicles
is considered, the potential influence of the interaction be-
tween the investigated acoustical factors and the type of
vehicle, later referred to as the “Source” factor is studied
in detail.

4.1. Method
4.1.1. Stimuli

The noise sequences were composed of 2, 3 or 4 vehi-
cle pass-by noises, separated by 0, 1 or 2 quiet period(s).
During a quiet period, only the urban background noise
(played for the whole duration of the noise sequence) can
be heard. The urban background noise was recorded by
Trollé et al. [22], early in the morning without distinguish-
able noise events in the street. The single urban road ve-
hicle pass-by noises stemmed from experiment A. All the
noises were recorded in Lyon (France) and its neighbor-
hood using the same procedure and apparatus (cf. section
2.1). The sequences were constructed by combining dif-
ferent compositions of pass-by noises with different quiet
period distributions.

The single urban road vehicle pass-by noises corre-
sponded to vehicles at constant speed. Within a sequence,
all the pass-by noises stemmed from the same perceptual
category of Morel’s typology [14] (category 1 for PTWs
and category 3 for buses, heavy and light vehicles). No
other driving condition (neither acceleration, nor deceler-
ation) was considered since the short duration of the se-
quences does not allow to consider deceleration followed
by acceleration of vehicles.

The compositions of pass-by noises studied within the
different sequences were denoted as follows:

e Xd, X for “number of events” and d for “PTWs”.

— 2d: dfo_4+dfo_4;

— 3d: dfo_4+dfo_7+dfu_1;

— 4d: dfo_4+dfo_7+dfu_1+dfu_10.

The selected PTWs were rated equally annoying in
experiment A (cf. Figure 1; confirmed by a Tuckey’s
HSD test and Morel’s results [21] showing no source
effect within category 1 on annoyance ratings.)
e Xbp, X for “number of events” and bp for “buses and
heavy vehicles”.

— 2bp: pfo_l+pfo_1;

— 3bp: bfu_3+pfo_1+pfu_2;

— 4bp: bfu_3+pfo_1+pfu_2+bfu_3.

The selected pass-by noises were rated equally an-
noying in experiment A from a statistical point of
view (cf. Figure 1).

e Xbpv, X for “number of events” and bpv for “buses,

heavy and light vehicles”.

2bpv: vfo_5+vfo_5;

3bpv: bfu_3+vfo_5+vfo_5;

3bpv_bis: vfo_5+vfo_5+bfu_3;

4bpv: bfu_3+pfo_1+vfo_5+vfo_5;
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Table III. Experiment I — The sequences with their quiet period distribution (QPD). The letter “E” represents the pass-by noise and the
letter “Q” represents a 3-second long quiet period. The quiet period distribution of each sequence is denoted Db, D for “Distribution”
and b an arbitrary number to differentiate the sequences with different quiet period distributions.

Period number QPD 2 events 3 events 4 events
between events
2 periods D1 E Q Q E|/E Q Q E Q Q E|/E Q Q E Q Q E Q Q E
1 period D2 E Q E E Q E Q E E Q E Q E Q E
b3 |/E Q E Q]E Q E Q E Q QJE Q E Q E Q E Q Q Q
D4 1Q E Q E|Q Q E Q E Q E|Q Q Q E Q E Q E Q E
0 period D5 E E E E E E E E E
b6 |[E E Q Q/E E E Q Q Q QE E E E Q Q Q Q Q Q
D7 1Q Q E E|Q Q Q Q E E E|Q Q Q Q Q Q E E E E
D8 Q E E
D9 Q E E Q
22
20| bfu3
18 pfo_1 ‘g".'-_')q"\
o 3 B~ pfuz .M.‘V" A’;
8 5 14 vfo_s v F ".«\,“
Y A Pl S T
% .\'- % lg _-d'w';a""‘v'...‘-'-‘-\-'"\‘('rpw‘ e
3 x S s
a4
2 2
e e}
(o} 1 2 3 4 5 o X 2 3 a 5
Time (s) Time (s)

Figure 5. Experiment I — Loudness as a function of time for pass-
by noises of category 1.

— 4bpv_bis: vfo_5+vfo_5+bfu_3+pfo_1.
The pass-by noises composing the traffic of 3 or
4 events were rated differently in experiment A from
a statistical point of view (c¢f. Figure 1). Thus, the
corresponding sequences (3bpv versus 3bpv_bis and
4bpv versus 4bpv_bis) were studied in two condi-
tions: in the first condition, the more annoying noise
passes by before the less annoying one (3bpv and
4bpv) and in the second condition, in reverse order
(3bpv_bis and 4bpv_bis).
The 2-event sequences were constructed in the aim of
studying potential effects of quiet periods (position, dura-
tion, cumulative duration) and the dependency of this ef-
fect from vehicle types (PTWs, light vehicles, buses and
heavy vehicles) without considering potential order ef-
fects. For 2-event sequences, the same pass-by noise was
repeated twice.

Figures 5 and 6 illustrate the loudness of the pass-by
noises as a function of time, measured at the position of
the participant. The loudness values were determined us-
ing dBSonic software (01dB-Metravib). Zwicker’s loud-
ness calculation is based on DIN 45631 [30].

The pass-by noises were equalized to 64 dB(A) and
the urban background noise to 50 dB(A). Consequently,
the urban background noise was masked by the pass-by
noises.
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Figure 6. Experiment I — Loudness as a function of time for pass-
by noises of category 3.

These different compositions of pass-by noises were
then combined with different quiet period distributions to
construct the noise sequences. A quiet period duration of
3 seconds was chosen as it corresponds to the recommen-
dations provided by the French traffic code [31] regarding
the minimal distance between vehicles to avoid collisions
(at least 2 seconds). This duration is equal to the short-
est pass-by noise used in this work. In addition, it cor-
responds to a quiet period duration of a high road traf-
fic density. Furthermore, it is comprised in the interval of
0.5 to 5 seconds used by Kaczmarek and Preis [9] when
studying road traffic noise. Table III presents the quiet pe-
riod distribution (denoted as QPD in the following) used
within the sequences. For each considered number of pass-
by noises, the longest sequences, denoted as D1, contained
2 quiet periods between the pass-by noises. Shorter se-
quences (0 or 1 quiet period between the pass-by noises)
were reproduced twice by extending their duration with
quiet periods at the beginning or at the end, so that these
sequences were of the same cumulative duration than the
longest sequences. For example, the sequences D2 con-
tained one quiet period between the noise events. These
sequences were extended to be as long as the sequences
D1, either with quiet periods at the end (sequences D3), or
with quiet periods at the begining (sequences D4). These
long sequences differed in terms of their QPDs.
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Combining the different QPDs with the different com-
positions of pass-by noises (hereafter called “Source” and
denoted S) leads to 83 sequences composed of the urban
background noise and the pass-by noises (27 2-event se-
quences: 3 S x 9 QPDs; 28 3-event sequences: 4 S x
7 QPDs; 28 4-event sequences: 4 S x 7 QPDs). One se-
quence with the urban background noise alone was added
to the experiment in order to test whether this background
noise, which corresponds to the quiet period content of the
other sequences, gets the lowest annoyance rating. Exper-
iment I confirms this hypothesis.

Tables IV, V and VI present the duration and Laeq for
each sequence.

4.1.2. Apparatus, procedure and participants

The sound reproduction system consisted of the same set-
up as the one used for experiments A and B (cf. section
2.2). The procedure of experiment I is the same as the one
used for experiments A and B (c¢f section 2.3). Experi-
ment I lasted approximately one hour.

Thirty participants took part in experiment I, 16 women
and 14 men (mean age = 28; standard deviation = 11).
All the participants declared normal hearing abilities. They
were paid for their participation.

4.2. Results of the experiment I

In the following, the annoyance ratings obtained in experi-
ment A for single vehicle pass-by noises will be called spe-
cific annoyance ratings, whereas the annoyance ratings ob-
tained in experiment I for the road traffic noise sequences
will be called total annoyance ratings. First, an ANOVA
was conducted considering three within-subjects factors:
“Number of Events” (denoted NE, with 3 levels: 2, 3 or
4 events), “Quiet Period Distribution” (denoted QPD, with
7 levels: D1 to D7) and “Source” (denoted S, with 3 lev-
els: d, bp or bpv). The latter factor was introduced in the
ANOVA in order to investigate the interaction between the
type of noise source and the other factors. Table VII sums
up the results.

This analysis showed that the 3 main factors — S, NE and
QPD - and the S x NE and S x NE x QPD interactions had
a significant effect on the annoyance ratings due to the road
traffic sequences. While the S and NE factors explained
respectively 20 % and 9 % of the observed variance, the
QPD factor and the S x NE and S x NE x QPD interactions
explained together 4 % of the variance.

4.2.1. Influence of the source

The post-hoc test performed on the S factor showed small
but significant differences between the vehicle types. Fig-
ure 7 shows that the sequences with PTWs were judged
more annoying than the ones with buses and heavy vehi-
cles. The latter were judged more annoying than the se-
quences with buses, heavy and light vehicles. This result
was in agreement with the trend observed in experiment A
(cf. section 3.1): PTWs were among the most annoying
pass-by noises whereas light vehicles were among the least
annoying ones. It seems that the specific annoyance due to
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Table IV. Experiment I — Sequences with 2 events: duration and
A-weighted equivalent sound pressure level. QPD: Quiet Period
Distribution; 2d: 2 PTW; 2bp: 2 heavy vehicles; 2bpv: 2 light
vehicles.

Noise sequences
2d 2bp 2bpv
QPD Time Lacq Time Laeq Time Laeq
s dB(A) s dB(A) s dB(A)

D1 140 623 170 63.0 144 618
D2 11.0 63.6 140 63.8 114 625
D3 140 622 170  63.0 144 618
D4 140 622 170  63.0 144 618
D5 80 64.6 11.0 648 84 640
D6 14.0 623 170  63.0 144 618
D7 140 622 170 63.0 144  61.7
D8 11.0 633 140 63.8 114 62.7
D9 140 622 170  63.0 144 618

R i =

d bp bpv
Source

Mean annoyance rating

Figure 7. Experiment I — Mean annoyance rating as a function of
the factor “Source” of the ANOVA and corresponding standard
errors (vertical error-bars). d: “PTWs”; bp: “buses and heavy ve-
hicles”; bpv: “buses, heavy and light vehicles”.

Mean annoyance rating

2 events 3 events 4 events

Number of Events

Figure 8. Experiment I — Mean annoyance rating as a function of
the factor “Number of Events” of the ANOVA and corresponding
standard errors (vertical error-bars).

each single urban road vehicle influenced the total annoy-
ance due to the sequences comprising this vehicle.

4.2.2. Influence of the number of events

The post-hoc test performed on the NE factor showed that
annoyance increased with this factor, with significant dif-
ferences between each number of events (cf. Figure 8).
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Table V. Experiment I — Sequences with 3 events: duration and A-wei
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ghted equivalent sound pressure level. QPD: Quiet Period Distri-

bution; 3d: 3 PTW; 3bp: 3 buses and heavy vehicles; 3bpv and 3bpv_bis: buses, heavy and light vehicles in different orders.

Noise sequences
3d 3bp 3bpv 3bpv_bis
QPD Time Lacq Time Lacq Time Lacq Time Lacq
S dB(A) S dB(A) S dB(A) S dB(A)
D1 25.5 62.6 25.5 62.3 234 61.6 234 61.6
D2 19.5 63.7 19.5 63.4 17.4 62.8 17.4 62.8
D3 25.5 62.6 25.5 62.3 234 61.6 234 61.6
D4 25.5 62.6 25.5 62.3 234 61.6 234 61.6
D5 13.5 65.3 135 65.0 114 65.0 114 64.5
D6 25.5 62.6 25.5 62.4 234 61.6 234 61.6
D7 25.5 62.6 25.5 62.3 234 61.6 234 61.5

Table VI. Experiment I — Sequences with 4 events: duration and A-weighted equivalent sound pressure level. QPD: Quiet Period
Distribution; 4d: 4 PTW; 4bp: 4 buses and heavy vehicles; 4bpv and 4bpv_bis: buses, heavy and light vehicles in different orders.

Noise sequences
4d 4bp 4bpv 4bpv_bis
QPD Time Lacq Time Lacq Time Lacq Time Lacq
S dB(A) S dB(A) s dB(A) s dB(A)
D1 36.0 62.4 34.5 62.1 349 61.7 349 61.6
D2 27.0 63.6 25.5 63.3 25.9 62.9 25.9 62.9
D3 36.0 62.4 345 62.1 349 61.7 349 61.6
D4 36.0 62.3 34.5 62.1 349 61.7 349 61.7
D5 18.0 65.3 16.5 65.1 16.5 64.6 16.9 64.6
D6 36.0 62.4 345 62.1 349 61.7 349 61.7
D7 36.0 62.4 34.5 62.1 349 61.7 349 61.7

Table VII. Experiment I — Results of the ANOVA considering NE (Number of Events), QPD (Quiet Period Distribution) and S (Source).
SS: Sum of squares, dof: degrees of freedom, F: test statistics, p: p-value, e: value of the dof Huynh-Feldt correction factor, #%: measure

of the magnitude of the experimental effect. *: p < 0.05.

SS dof F € n*
S 851.43* (2;58) 31.85 0.61 0.20
NE 400.59* (2;58) 94.03 0.77 0.09
QPD 95.58%* (6;174) 10.11 0.81 0.02
S xNE 19.33* (4;116) 3.39 0.97 <0.01
S x QPD 17.18 (12; 348) 1.29 0.75 <0.01
NE x QPD 13.55 (12; 348) 1.10 0.84 <0.01
S x NE x QPD 60.80* (24; 696) 2.28 0.55 0.01

4.2.3. Influence of the distribution of the quiet periods

The post-hoc test performed on the QPD factor showed
that the sequences without quiet periods, i.e. D5, were sig-
nificantly more annoying than the other sequences (cf. Fig-
ure 9). The other QPDs were not significantly different.
Considering the non-significant NE x QPD interaction and
the results of the post-hoc test performed on the QPD fac-
tor, the sequences having the same cumulative quiet period
duration (D1, D3, D4, D6 and D7 for a given NE) were not
significantly different. Therefore, the position of the quiet
periods within the sequence did not have any effect on an-
noyance ratings. Among these studied sequences, the se-
quences D1 and D2 for a given NE only differed in terms
of the duration of quiet periods between events (6 s com-
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pared to 3 s, respectively). Thus, the results of this exper-
iment also demonstrated that the duration of quiet periods
between the noise events did not have any effect on annoy-
ance ratings.

4.2.4. Influence of the order of the noise events

To study the influence of the order of the noise events, an
ANOVA was performed on the sequences bpv and bpv_bis
(sequences with the same pass-bys from category 3 but
presented in different orders). Three within-subjects fac-
tors are considered: NE (2 levels: 3 or 4 events), QPD
(7 levels: D1 to D7) and “Position of the Most Annoying
noise event” (denoted PMA, with 2 levels: beginning — for
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Table VIII. Experiment I — Results of the ANOVA considering NE (Number of Events), QPD (Quiet Period Distribution) and PMA
(Position of the Most Annoying noise event). SS: Sum of squares, dof: degrees of freedom, F: test statistics, p: p-value, €: value of the
dof Huynh-Feldt correction factor, #°: measure of the magnitude of the experimental effect. *: p < 0.05.

SS F € 7
PMA 12.52% (1;29) 7.79 1.00 0.01
NE 19.68* (1;29) 17.55 1.00 0.02
QPD 120.42%* (6; 174) 10.11 0.73 0.10
PMA x NE 0.01 (1;29) 0.01 1.00 <0.01
PMA x QPD 10.40 (6;174) 1.66 0.72 <0.01
NE x QPD 6.15 (6; 174) 0.87 0.89 <0.01
PMA x NE x QPD 498 (6; 174) 0.87 0.73 <0.01

% s T—5 5

Mean annoyance rating

Dl D2 D3 D4 DS D6 D7
Quiet Period Distribution

Figure 9. Experiment I — Mean annoyance rating as a function of
the factor “Quiet Period Distribution” of the ANOVA and corre-
sponding standard errors (vertical error-bars). The sequences are
denoted DX, with X = 1,...,7 as defined in Table II.

10

Mean annoyance rating

beginning end

Position of the Most Annoying noise event

Figure 10. Experiment I — Mean annoyance rating as a function
of the factor “Position of the Most Annoying noise event” of the
ANOVA and corresponding standard errors (vertical error-bars).

the sequences bpv — or end — for the sequences bpv_bis).
Table VIII sums up the results.

This analysis showed that the 3 main factors — PMA,
NE and QPD - had a significant effect on the annoyance
ratings due to the road traffic sequences. While the QPD
factors explained 10 % of the observed variance, the PMA
(cf. Figure 10) and NE factors explained respectively 1 %
and 2 % of the observed variance. Using Tuckey’s HSD
post-hoc tests to compare the sequences with the same
NE and QPDs but different PMA, it appears that the se-
quences with the most annoying noise event at the begin-
ning were not significantly different from the sequences
with this most annoying noise event at the end. The results
of the post-hoc tests are the ones to consider (cf. [25]).
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Table IX. Experiment II — A-weighted equivalent sound pressure
level of the 3-minute long sequences.

Sequence Lacq [dB(A)]
10 vehicles 55.4
20 vehicles 58.6
30 vehicles 60.3
40 vehicles 61.3
50 vehicles 62.5

Overall tests and multiple-comparison tests are different
in hypotheses and in levels of power.

5. Experiment II: urban road traffic with
single pass-by noises at different L.q

Experiment II was designed to test whether the results of
experiment I regarding the number and order of the pass-
by noises were identical when considering vehicle pass-
by noises with different Leq and stemming from different
perceptual categories of the typology [14].

5.1. Method
5.1.1. Stimuli

The urban background noise was the same as in exper-
iment I (¢f section 4.1.1). The single vehicle pass-by
noises studied in experiment B were used in this exper-
iment (c¢f. section 2.1). In experiment II, the reference
noise, a light vehicle at constant speed, was equalized to
58 dB(A). The urban background noise was equalized to
40 dB(A), in order to be masked by the pass-by noises with
the lowest Laeq. The level differences observed in situ be-
tween the different types of vehicles at different driving
conditions were applied to the pass-by noises as described
in Table I (cf. section 2.1).

Experiment II was composed of 17 sequences. The ur-
ban background noise was played for the whole duration
of the different noise sequences. Five of these sequences
were 3 minutes in duration with an increasing number of
pass-by noises, from 10 to 50 with a step of 10 (c¢f. Ta-
ble IX). Such durations of sequences allow to study differ-
ent vehicles at different driving conditions (acceleration,
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deceleration, constant speed). For these sequences, the ve-
hicles were chosen from the different perceptual categories
of the typology [14] (cf. Figure 2). They were selected
randomly within each category. The sequences reproduced
typical road traffic compositions observed in Paris on the
Boulevard Montparnasse, with 70 % light vehicles, 20 %
PTWs and 10 % heavy vehicles [32]. Four sequences were
constructed without overlap between pass-by noises and
one sequence (50 vehicles) was created with overlaps be-
tween pass-by noises. The overlaps’ duration was com-
prised between 204 ms and 4.496 s, due to the fact that cer-
tain pass-by noises ended after the next one started. With
these overlaps, the identification of each pass-by noise
is still possible. Table IX gives the Leq for these 5 se-
quences.

Twelve sequences were composed of 3 pass-by noises
at constant speed: (i) one PTW, one heavy vehicle and one
light vehicle, or (ii) two light vehicles and one PTW, or
(iii) two light vehicles and one heavy vehicle, or (iv) two
PTWs and one heavy vehicle. According to Morel et al.
[14], the pass-by noise at constant speed chosen from the
1% or the 3" perceptual category was rated as the most rep-
resentative of its category. This is reported in bold charac-
ters in Figure 2: dfo_4 for category 1 and vfo_5 for cat-
egory 3. In order to consider a heavy vehicle at constant
speed, the pass-by noise pfo_1 was used as all heavy ve-
hicles within the 3™ category were rated equally annoy-
ing (cf. Figure 2, and also confirmed by a post-hoc test).
These sequences were also constructed in a reverse order,
to study the influence of the order of pass-by noises within
the urban road traffic noise on annoyance. Table X presents
the 12 different sequences, their duration and their Laeq.

5.1.2. Apparatus, procedure and participants

The sound reproduction system and the procedure are the
same as the ones used for the previous experiments and de-
scribed in sections 2.2 and 2.3. At the end of experiment II,
the participants carried out a verbalization task, to iden-
tify the main acoustical features the participants noticed.
They were asked to describe the road traffic sequences they
heard. Experiment II lasted approximately thirty minutes.

Thirty three participants took part in experiment II,
14 women and 19 men (mean age = 32 years; standard de-
viation = 12.5). All the participants declared normal hear-
ing abilities. They were paid for their participation.

5.2. Results of the experiment II

5.2.1. Influence of the number of events

Regarding the 3-minute sequences, the results of a re-
peated measures ANOVA showed a significant effect of
the factor “Number of Events” on annoyance [F(4,128) =
49.19; p < 0.001]. This factor explained 60 % of the ob-
served variance. This result was expected since increasing
the number of events implies an increase of the equiva-
lent noise level of the sequences. This is also in accor-
dance with the description of the participants: “The road
circulation is for me hardly supportable. There is the traf-
fic density, but also the vehicle diversity.” (“La circulation
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Table X. Experiment II — Durations and A-weighted equivalent
sound pressure levels Ly.q of the sequences with different orders
of pass-by noises. In the first block, all of the 6 possible orders
of the 3 different noise events are presented. In the remaining
blocks, the sequences with different orders of their 2 different
noise events are presented.

Sequence Time [s] Lacq [dB(A)]

dfo_4+pfo_1+vfo_5
dfo_4+vfo_5+pfo_1
pfo_1+dfo_4+vfo_5
pfo_l+vfo_5+dfo_4
vfo_5+dfo_4+pfo_1
vfo_5+pfo_1+dfo_4

13.7 64.1

dfo_4+vfo_5+vfo_5

vfo_5+vfo_5+dfo_4 12.4 60.9

pfo_l+vfo_5+vfo_5

vfo_5+vfo_5+pfo_1 13.9 63.0

dfo_4+dfo_4+pfo_1

pfo_1+dfo_4+dfo_4 135 64.9

&
©

IS o ®

Mean annoyance rating

N

=}

10 vehicles .
28 vehicles

30 vehicles 50 vehicles
40 vehicles

Figure 11. Experiment II — Mean annoyance rating as a function
of the number of vehicles during 3-minute sequences and their
standard errors (vertical error-bars).

routiére m’est plus difficilement supportable. 1Ly a la den-
sité de trafic, mais aussi la diversité des véhicules.”). Fig-
ure 11 shows that the increase in annoyance with the num-
ber of pass-by noises was greater between 10 and 30 ve-
hicles than between 30 and 50 vehicles. This change in
annoyance variation constituted a breakpoint. It can be no-
ticed that the breakpoint observed for 30 vehicles did not
correspond to the number of events with overlaps between
vehicles.

5.2.2. Influence of the order of the noise events

Four repeated measure ANOVAs were performed on the
sequences with 3 pass-by noises presented in different or-
ders, one per block of the Table X, to avoid the poten-
tial influence of the composition of the sequence (different
types of vehicle within the sequences and, for example,
different numbers of light vehicles (0, 1 or 2) within the
sequences). First, an ANOVA was performed on the first
block of Table X with one within-subject factor: “Order of
the noise events” (6 levels). No effect of the order of the
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noise events was observed [F(5,160) = 0.05; p = 0.99; ¢
=0.85].

Then, three ANOVAs were performed, one per remain-
ing block, with one within-subject factor: “Order of the
noise events” (2 levels: loudest event at the beginning or
at the end). For the three ANOVAS, no effect of the order of
the noise events was observed (for dfo_4 +vfo_5 +vfo_5
and vfo_5 +vfo_5 +dfo_4: F(1,32) = 2.14; p = 0.15; for
pfo_1 +vfo_5 +vfo_5 and vfo_5 +vfo_5 +pfo_1: F(1,32)
= 3.77; p = 0.06; for dfo_4 +dfo_4 +pfo_1 and pfo_1
+dfo_4 +dfo_4: F(1,32) = 3.62; p = 0.07). From Fig-
ure 12, it is apparent that sequences with the same pass-by
noises presented in different orders were not significantly
different. This result is in agreement with the tendency ob-
served in experiment I (cf. section 4.2). Such a result was
obtained in experiment I in which the pass-bys of a noise
sequence stemmed from the same perceptual categories
of Morel’s typology [14] and were presented at the same
Laeq- Experiment II confirms this result by considering
more differences between the used pass-by noise events
as the pass-by noises within a sequence stemmed from
different perceptual categories of the typology and were
presented at different Laeq. The pass-bys also differed in
temporal evolution of loudness (cf. Figures 5 and 6) and
were rated differently (cf. Figure 2).

Finally, according to t-tests, it can be observed that the
annoyance ratings of the sequences were inversely corre-
lated with the number of light vehicles appearing within
the sequences: sequences without light vehicles were sig-
nificantly more annoying than sequences with one light
vehicle, which were significantly more annoying than se-
quences with two light vehicles. According to experi-
ment B and Figure 2, the PTW at constant speed (dfo_4)
and the heavy vehicle at constant speed (pfo_1) were more
annoying than the light vehicle at constant speed (vfo_5).
It seems that the vehicle type and the specific annoyance
due to these single pass-by noises influenced the total an-
noyance of the sequence but the order of these different
pass-by noises within the road traffic sequence did not
have any influence.

6. Discussion

6.1. Influence of the noise events

The experiments were designed to study the influence of
acoustical factors which emerged in literature on noise an-
noyance due to urban road traffic noise (e.g. [11]). The
studied urban road traffic consisted of PTWs, buses, heavy
and light vehicles, as it may be observed in cities.

6.1.1. Influence of the source

Experiment A dealt with annoyance due to different urban
road vehicles equalized in Laeq. The different urban road
vehicles led to different annoyance ratings: PTWs were
judged among the most annoying pass-by noise sources
and light vehicles among the least annoying. Experiment B
confirms these expected results, as PTWs are usually cited
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Figure 12. Experiment II — Mean annoyance rating as a func-
tion of the sequences (denoted by seq.) composed of 3 pass-by
noises at constant speed and corresponding standard errors (ver-
tical error-bars).

among the most annoying noise sources (e.g. [11, 10]). Ex-
periment I also showed that the noise sequences compris-
ing PTWs were more annoying than the noise sequences
with buses and heavy vehicles. The sequences compris-
ing only buses and heavy vehicles were more annoying
than the noise sequences with buses, heavy and light vehi-
cles. This result was confirmed by experiment II (cf. Fig-
ure 12), showing that the noise sequences without light
vehicles were judged more annoying than sequences with
light vehicles. Experiments I and II indicated that the total
annoyance ratings of the sequences seem to be influenced
by the specific annoyance of a particular annoying noise
event, in the same way as louder elements receive higher
weights during global loudness assessment [17]. Consid-
ering these results, it seems necessary to pay a particular
attention to the PTWs in road traffic noise management. It
must be noted that in the recent modified common noise
assessment methods [33], the European Commission rec-
ommends to consider PTW in a special category of vehi-
cles, thus PTW will no longer be aggregated with the light
vehicles.

6.1.2. Influence of the number of events

Experiment I and experiment II showed that annoyance in-
creased with the number of vehicles. This result was ex-
pected since the influence of the number of noise events,
even for noise sequences with similar L aeq, has been pre-
viously highlighted for aircraft noises [34] and for road
traffic noises [35]. Furthermore, in the current experi-
ments, an increase in the number of vehicles appearing
in one sequence implies an increase of the equivalent
sound pressure level of the sequence, which is an impor-
tant acoustical factor of annoyance. The aim of experi-
ment II was to compare the results obtained by Bjorkman
[12] with the city traffic studied under laboratory condi-
tions considering different urban vehicles (PTWs, buses,
heavy and light vehicles). Bjorkman [12] showed that an-
noyance increased with the number of heavy vehicles a
day up to a breakpoint of around 2,000 heavy vehicles a
day. In experiment II, the number of vehicles increased
from 10 to 50 for 3-minute sequences. Considering the
proportion of each vehicle type in the traffic, urban road
traffic noise sequences with 1 to 5 heavy vehicles in 3 min-



Gille et al.: Noise annoyance

utes were tested. This was equivalent to a traffic composed
of 480 to 2400 heavy vehicles a day.

Figure 11 showed that the increase between 10 and
30 vehicles in 3 minutes (i.e. between 1 and 3 heavy ve-
hicles in 3 minutes or between 480 and 1440 heavy ve-
hicles a day) is steeper than the increase between 30 and
50 vehicles (i.e. between 3 and 5 heavy vehicles in 3 min-
utes or between 1,440 and 2,400 heavy vehicles a day).
The breakpoint in this study seemed therefore to be of the
same order of magnitude as the one found by Bjorkman
[12]. However, it should be pointed out that the number
of heavy vehicles in the noise sequences increases in the
same proportion as the number of light vehicles, the num-
ber of PTWs and the total number of vehicles. It is there-
fore not possible to conclude that the breakpoint observed
in Figure 11 is only due to the heavy vehicles. It may also
be due to the presence of other types of vehicles, in partic-
ular PTWs, as they are known to be very annoying.

6.1.3. Influence of the order of the noise events

Since loudness appears to be an underlying basis of judged
annoyance [13], confirmed by high correlation between
loudness and annoyance [7, 27, 28, 29], it was expected
that literature results concerning loudness judgments can
also be observed for noise annoyance judgments. For ex-
ample, the evaluated global loudness of an increasing and a
decreasing time-intensity profile with the same maximum
sound pressure level is inversely correlated to their steep-
ness [26]. Since the different pass-by noises did not exhibit
the same temporal profiles (c¢f. Figures 5 and 6), we ex-
pected the sequences with steeper time-intensity slopes at
the beginning of the sequence to be judged less annoying
than the sequences with shallower time-intensity slopes.
For example, in experiment I, for pass-by noises equal-
ized in Leq, vfo_5 had an increasing slope of 7 dB(A)/s,
whereas bfu_3 had an increasing slope of 10 dB(A)/s.
Thus, the sequences with bfu_3 at the beginning (3bpv)
was expected to be judged less annoying than the sequence
with vfo_5 at the beginning (3bpv_bis). But this was not
the case. Experiment II with La¢q differences between ve-
hicles led to the same result: sequences with the same pass-
by noises presented in a different order were not signifi-
cantly different.

Furthermore, studies dealing with the evaluation of
loudness for increasing and decreasing time-intensity pro-
files showed that increasing profiles are judged louder than
decreasing profiles [16]. Because of the relation between
loudness and annoyance [13, 7, 27, 28, 29], it was expected
that sequences with the most annoying (or the loudest)
pass-by noise appearing at the end would be judged more
annoying than sequences with pass-by noises occurring at
the beginning. Three different types of pairs of urban road
traffic noise sequences were studied:

e Sequences differing only in the order of pass-by noises
with same La¢q but with different specific annoyance
ratings (rated in experiment A) led to the same total an-
noyance judgment in experiment I (e.g. 3bpv compared
to 3bpv_bis; bfu_3 and vfo_5 had the same Laeq, but
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bfu_3 was judged more annoying than vfo_5, c¢f. Fig-
ure 1);

e Sequences differing only in the order of pass-by noi-
ses with the same specific annoyance but different
Laeq led to the same annoyance judgment in ex-
periment II (e.g. dfo_4+dfo_4+pfo_1 compared to
pfo_1+dfo_4+dfo_4; the two pass-by noises dfo_4 and
pfo_1 did not have the same La¢q but were equally an-
noying, cf. Figure 2);

e Sequences differing only in the order of pass-by noises
with different specific annoyance ratings and differ-
ent Laeq led to the same total annoyance judgment in
experiment II (e.g. dfo_4+vfo_5+vfo_5 compared to
vfo_5+vfo_5+dfo_4; the two pass-by noises dfo_4 and
vfo_5 did not have the same La¢q neither the same spe-
cific annoyance, cf. Figure 1).

Both experiment I and experiment II led to the conclu-
sion that sequences with the same pass-by noises pre-
sented in a different order were not significantly different.
It seems that annoyance evoked by an urban road traffic
sequence was determined by the presence of a noticeable
event in the sequence instead of its position within the
sequence. This result supports the findings of Schreiber
and Kahneman [36]: the most annoying part of a neg-
ative episode influences its retrospective judgment. This
hypothesis was confirmed by the verbalizations of the par-
ticipants who noticed the presence of particularly annoy-
ing pass-by noises: “the aggressive sounds are the mopeds
and the trucks.” (“les sons agressifs, ce sont les mobylettes
et les camions”.)

6.2. Influence of the quiet periods

Experiment I showed that the urban road traffic noise se-
quences with quiet periods were significantly less annoy-
ing than the ones without quiet periods. However, experi-
ment I showed that the quiet period duration between noise
events (3 or 6 seconds) and the cumulative quiet period du-
ration within the sequence did not have any effect on noise
annoyance. For example, regarding 4-event sequences, the
sequences D2 and D1 had a quiet period duration between
noise events of 3 seconds and 6 s, respectively, and a cu-
mulative quiet period duration of 9 s and 18 s, respectively.
Despite these differences, the annoyance ratings of these
sequences were not significantly different.

Moreover, several studies on the evaluation of global
loudness showed that the beginning [8, 37] and/or the end
[8, 37, 15] of a stimulus influence loudness judgments
more than the middle of the stimulus. According to Dit-
trich and Oberfeld [8], the influence of the end of a stimu-
lus is more pronounced when the loudness of the end cor-
responds to the maximum loudness of the sequence. Con-
sidering these results, it was hypothesized that the position
of the quiet period within the sequence may have an effect
on annoyance ratings. For example, it was hypothesized
that noise sequences with quiet periods at the beginning
(i.e. D4 and D7) or at the end of the sequences (i.e. D3
and D6) would be judged less annoying than sequences of
the same duration but with noise events at the beginning
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and at the end (i.e. D1). Experiment I showed that this hy-
pothesis was not confirmed: sequences with different po-
sitions of quiet periods did not get significantly different
annoyance ratings.

It should be noted that studies dealing with loudness
judgments usually consider artificial noise sequences [8,
37, 16, 26] or sounds of accelerating vehicles recorded in-
side the vehicles [15]. The sequences studied in this pa-
per were very different as they contained several pass-
by noises, each having one increasing and one decreasing
time-intensity slope. Furthermore, other temporal features
(e.g. the slope of the signal envelope, cf. [11]) or spectral
features (cf. [21]) contributed to the annoyance judgment
of the different pass-by noises of the sequence. In addi-
tion, the sequences implied cognitive phenomena, since
the pass-by noises were real sounds experienced everyday
by participants (cf. [14, 29]). The complexity of these se-
quences may partly explain the differences observed be-
tween the results and the hypothesis derived from findings
concerning loudness and based on the fact that loudness
appears to be an underlying basis of judged annoyance
[13], dominant over the other acoustical features [38].

7. Conclusion

The objective of this work was to study the influence of

different acoustical factors on annoyance due to urban road

traffic composed of different urban road vehicles (PTWs,
buses, heavy and light vehicles). The experiments led to
the following results:

e The type of vehicle and the number of pass-by noises
explained an important part of the variance in annoy-
ance judgments: the PTWs, buses and the heavy ve-
hicles are more annoying than the light vehicles. This
shows the importance to consider PTWs in further stud-
ies dealing with urban noise environments (e.g. sound-
scapes or road traffic modeling) and particularly with
noise annoyance due to urban road traffic.

e [t seems that noise annoyance due to an urban road traf-
fic comprising PTWs increased with the number of ve-
hicles, up to a breakpoint, after which it saturated and
increased more slowly.

e The order of the different urban vehicle pass-by noises
(PTWs, buses, heavy and light vehicles) within an ur-
ban road traffic sequence had no influence on annoy-
ance.

o It seems that participants’ ratings were more influenced
by the presence of a very specific pass-by noise rather
than by its position. The latter result, expressed in terms
of specific annoyance due to noise events and its rela-
tion to annoyance due to successive noise events, may
be of interest for combined noise source studies dealing
with different transportation noise events and the under-
standing of dominance effects.

e The presence of quiet periods in an urban road traffic
noise sequence decreased annoyance, compared to se-
quences without quiet periods.
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e The position of quiet periods and their cumulative du-
ration had no influence on annoyance ratings of se-
quences composed of the same pass-by noises.

These different results highlighted in this work contribute

to i) the understanding of the influence of the studied

acoustical factors on noise annoyance due to urban road
traffic with PTWs, ii) and to the perspective of enhancing
noise annoyance models.
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