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Estimation of field psychoacoustic indices and predictive annoyance models for road

traffic noise combined with aircraft noise

Laure-Anne Gille*! and Catherine Marquis-Favre!
Univ Lyon, ENTPE, Laboratoire Génie Civil et Batiment, 3 rue Maurice Audin,

F-69518 Vaulz-en-Velin, France

Annoyance due to urban road traffic noise combined with aircraft noise was studied,
using both laboratory and field survey data. Laboratory data were used to propose:
i) partial annoyance models considering psychoacoustic indices and noise sensitivity,
and ii) total annoyance models considering noise indices or partial annoyance models.
To predict partial and total annoyance in field, a methodology was proposed to
estimate the different psychoacoustic indices, involved in annoyance models, from
Lgen values. This methodology, interesting from a practical point of view, and the
proposed annoyance models enable a good prediction of the field partial and total
annoyance ratings compared to models based on Lge, only. These results show that
there is a need to develop the methodology of psychoacoustic index estimation from

noise map Lgen and also partial and total annoyance models.

& also at: CEREMA, Direction Territoriale ile—de—France, 21-23 rue Miollis, 75732 Paris Cedex 15, France
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Road-aircraft noise annoyance modeling and testing

I. INTRODUCTION

In urban areas, noise annoyance is a major source of concern. Road traffic is the most
annoying noise source in terms of numbers of those concerned, but aircraft is the most an-
noying in terms of percentages of those exposed to a given noise level (e.g."*?). European
cities of more than 100,000 inhabitants manage noise exposure using strategic noise maps®.
These maps using Lg.,, the day-evening-night level, represent noise exposure to each trans-
portation noise source. This index is also used in exposure-effect relationships to estimate
the percentages of people annoyed by a noise source'. However, this index does not cover
some acoustical features known to be particularly annoying, i.e. spectral content, irregu-

7). In addition, combined

lar amplitude fluctuation or modulation-related sensations (e.g.
noise exposure is a more frequent situation®. However as noise sources may interact’, their

characterization and therefore their prediction become more difficult.

It is also well known that non-acoustical factors, such as noise sensitivity, influence noise
annoyance (e.g.'”). Noise annoyance models, considering both psychoacoustic indices char-
acterizing different annoying acoustical features and noise sensitivity, have already been pro-
posed on laboratory data in the literature (e.g. for tramway noise™’, for aircraft noise''?).

However, these models may not be applicable on field data as some of the corresponding

psychoacoustic indices cannot be predicted or measured on a wide area.

Below, annoyance due to combined urban road traffic noise and aircraft noise is studied.
A combined noise experiment was carried out in a simulated environment. Partial and total

annoyance were assessed in laboratory conditions simulating the combined noise exposure
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Road-aircraft noise annoyance modeling and testing

studied during a field survey (presented in Gille et al.?). Data from the different single and
combined laboratory experiments were aggregated to construct partial annoyance multilevel
models for each noise source. These partial annoyance models accounted for different acous-
tical features of each noise source by considering psychoacoustic indices. Total annoyance
models for combined urban road traffic noise and aircraft noise were constructed using data
from the combined noise experiment. The data from the field survey were used to test the
proposed models for partial and total annoyance. To test the models, a methodology was

proposed to estimate noise index values from field Lgep.

II. METHOD OF COLLECTION OF DATA

Data from three experiments were aggregated to study noise annoyance due to urban road
traffic noise (denoted as URT'N in the following), annoyance due to aircraft noise (denoted
as AN) and total noise annoyance due to combined noises (denoted as C'N). The single
noise experiments and the combined noise experiment are presented below (c¢f. Sections IT A
and I B, respectively). The models built using laboratory data were tested using data from

a French survey, presented in Section I1 C.

A. Single noise experiments

A single noise experiment (cf. Gille et al. '*) was carried out to study specific annoyance
due to URT'N (i.e. annoyance due to URTN heard in isolation). A similar experiment in

terms of apparatus and procedure was carried out to study specific annoyance due to AN
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(cf. Gille et al. '?). They are briefly described below, for more details see Gille et al.'® and

Gille et al.'?, respectively.

1. Stimulz

a. URTN experiment. Twenty seven URT N sequences of 3 minutes were constructed
using different urban road vehicle pass-by noises and an urban background noise which were

%), The A-weighted equivalent sound

recorded in Lyon and its suburbs (c¢f. Gille et al.
pressure level of the single pass-by noises ranged from 53.5 dB(A) to 67.1 dB(A), depending
on the type of vehicle and of the driving condition. The background noise was equalized at
40 dB(A), in order to be masked by the pass-by noise with the lowest Laeq. Noise sequences

comprised between 16 and 80 vehicles in 3 minutes, with a maximum of 44% of powered-

two-wheelers or a maximum of 10% of buses and heavy vehicles. Resulting noise level of the

URTN stimuli ranged from 57.3 to 63.7 dB(A).

b. AN experiment. Twelve aircraft flyover noises were recorded in the French neigh-
borhood of an international airport, approximately 5 km away in line with the runway (cf.
Gille et al. '?). The differences in A-weighted equivalent sound pressure level observed in
field were kept, resulting in a range from 43.5 dB(A) to 54.6 dB(A), with stimulus duration

ranging from 22.1 to 61.5 seconds.

c. For both experiments. No filter simulating facade transmission was applied to the
stimuli as wall material and window types have an effect on auditory judgments '* and the
choice of one specific kind of facade might have been too limiting. Thus, the worst noise

4



74

76

7

78

79

80

81

82

83

84

85

86

87

88

Road-aircraft noise annoyance modeling and testing

exposure is considered at home such as being near the window open in private indoor spaces

or in private outdoor spaces.

2. Apparatus for URTN and AN experiments

The experiments took place in a quiet room with a background noise of 19 dB(A). The
stimuli were reproduced employing a 2.1 audio reproduction system consisting of two active
loudspeakers and one active subwoofer. The center of the interaural axis of the partici-
pant and the loudspeakers formed an equilateral triangle (as recommended by Bech and
Zacharov '°). 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.

3. Procedure for URTN and AN experiments

Participants were asked to imagine themselves at home while relaxing. For the URT' N
experiment with 3-min stimuli, they could bring along their own reading stuff. After each
stimulus, a reminder of the imaginary situation was presented to the participants and they
were asked to give annoyance rating due to the stimulus on a continuous scale ranging from
“0” to “107.

At the end of both experiments, the participants performed a verbalization task and they

had to evaluate their noise sensitivity on a continuous scales ranging from “0” to “10”.
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4. Participants

The URTN experiment was performed by 34 participants (16 male, 18 female) aged
between 20 and 55 years old (mean age: 32.3; standard deviation: 12.7). The AN experiment
was performed by 33 participants (19 male, 14 female) aged between 20 and 56 years old
(mean age: 32; standard deviation: 12.5). Eleven participants performed both single noise
experiments. All participants declared normal hearing abilities and were paid for their

participation.

B. The combined noise experiment

1. Stimulz

16 experiment stimuli were constructed on the

As recommended by Berglund and Nilsson
basis of a complete matrix composed of 4 URT N sequences and 4 AN sequences. Sixteen

6 minute noise sequences were constructed to study different URT N and AN scenarios.

a. URTN sequences. To account for the urban road traffic observed in the surveyed

cities?, the mean daily traffic and the noise exposure expressed in terms of Lq., were consid-
ered. These data allowed the traffic sequences 1T5 (16 light vehicles (LV), 1 bus or heavy
vehicle (BHV) and 3 powered-two-wheelers (PTW) in 3 mins) and 1T8 (24 LV, 1 BHV,
3 PTW) built in Gille et al."® to be selected in order to simulate the road traffic in small
streets. The traffic sequences 2T8 (48 LV, 2 BHV, 6 PTW) and 2T11 (62 LV, 2 BHV,
PTW) were selected as they simulated road traffic in bigger streets (¢f. Gille et al.'?). In

6
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order to construct 6 min C'N sequences, the 3-min URTN sequences taken from Gille et

al.'? were played twice.

b. AN sequences. In order to reproduce the aircraft traffic observed in the surveyed

cities?, the AN sequences were composed of 1 to 4 aircraft flyover noises, with an inter-
val between 2 aircraft flyovers ranging from 90 secs to 6 mins. The aircraft flyover noises
composing the sequences came from the experiment presented in Gille et al.'?. Four differ-
ent aircraft noises were selected, according to their mean annoyance rating'?. Stimuli a2
(22.1 secs) and a6 (40.1 secs) were selected as they are respectively one of the least and one
of the most annoying flyover noises. Stimuli a7 (44.3 secs) and all (61.5 secs) were selected
among stimuli with mean annoyance ratings significantly different from a2 and a6 (cf.'?).
Table II gives the succession of aircraft flyover noises and the interval between 2 aircraft

flyover events.

c. CN sequences. The 6-min C'N sequences were composed of an URT N sequence,

1.>% early in the

an AN sequence and an urban background noise, recorded by Trollé et a
morning without distinguishable noise events and equalized at 32.4 dB(A). Noise level of
aircraft flyovers and of urban road traffic noises was 20 dB(A) lower than field observations.
This was done in order to simulate a window open and a distance between the street and
the living room. Table I gives the A-weighted equivalent sound pressure level for the urban
road traffic noise sequences combined with the urban background noise and for the aircraft
flyover noises composing the aircraft noise sequences. Table I gives the resulting A-weighted

equivalent sound pressure level, L 4., of the C'N sequences.

7
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TABLE I. The A-weighted equivalent sound pressure level L gcq 6min of URTN (Urban Road Traffic

Noise) sequences and L aeq, fiyover Of aircraft flyover noises composing the AN (Aircraft Noise)

sequences.

L peq,6min of URTN sequence

L peq, flyover Of aircraft flyover noise

dB(A) dB(A)
1T5 45.7 a2 35.0
1TS 46.6 a6 55.6
2T 49.5 a7 51.3
2T11 51.9 all 46.5

TABLE II. A-weighted equivalent sound pressure level L 4¢, of the combined noise sequences com-

posed of URT'N (Urban Road Traffic Noise) and AN (Aircraft Noise). Interval between 2 aircraft

flyovers is given between brackets.

URTN sequence

AN sequence 1T5 1T8 2T8 2T11
a2 459 | 46.7 | 49.5 52.0
a2 ab (3 mins) 49.1 | 494 | 51.1 53.0
a2 a7 a6 (2 mins) 49.9 | 504 | 51.6 53.3
a2 a7 all a6 (90 secs)|| 50.0 | 50.3 | 51.8 53.4
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2. Apparatus

The experiment was run in a quiet simulated living room, with a background noise level
below 22 dB(A). The noise sequences were reproduced employing a 2.1 audio reproduction
system consisting of two active loudspeakers and one active subwoofer. Participants sat on
a 3-place sofa. The center of the interaural axis of the participant seated in the middle of
the sofa and the loudspeakers formed an equilateral triangle (as recommended by Bech and
Zacharov'®). The loudspeakers were placed at a height of 1 m, and the subwoofer was placed

on the floor between the loudspeakers.

3. Procedure

Three participants performed the test simultaneously. They were asked to not speak
together and to imagine themselves having a read at home. They could bring along their
own reading material for the experiment. This procedure has been used in previous works

(e.g.'™). The stimuli were presented one by one in random order.

After each combined noise sequence, participants were asked about: i) the urban road
traffic partial annoyance (i.e. annoyance due to a URTN in combined noise exposure
situation), ii) the aircraft partial annoyance and iii) the total annoyance due to combined
noises: “While you imagined yourself relaxing at home with this soundscape sequence, did
(the road traffic noise) / (the aircraft noise) / (the global noise due to the road traffic noise
and the aircraft noise) annoy you?”. To answer these 3 questions, participants gave ratings

9
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on continuous scales ranging from “0” to “10”, with 11 evenly spaced numerical labels and
two verbal labels at both ends ( “not at all annoyed” and “extremely annoyed”).

At the end of the experiment, participants answered three following questions: “Did (the
aircraft noise) / (the road traffic noise) seem familiar to you?”, “How would you describe
(the aircraft noise) / (the road traffic noise)? 7 and “In a general way, how do you judge
(the aircraft noise) / (the road traffic noise)? 7. As in single noise experiments *»'* (cf.
Section IT A), participants filled in a questionnaire with personal items such as non-acoustical
factors at the end of the experiment. For noise sensitivity, participants were asked: “Would
you say you are sensitive to noise generally speaking ?” They were then asked to make a
judgment on a continuous scale ranging from “0” to “10” with two verbal labels at both

ends ( “not at all sensitive” and “extremely sensitive”). The experiment lasted two hours.

4. Participants

The experiment was performed by 32 participants (17 male, 15 female) aged between
20 and 67 years (mean age = 37.5; standard deviation = 14.5). Six participants had also
performed the 2 single noise experiments and 2 had performed the URTN experiment. All

participants declared normal hearing abilities and were paid for their participation.

C. French survey

Data from a French survey focusing on annoyance due to combined transportation noises
and conducted in 2012 (cf. Gille et al.”) were used to test the models built from laboratory
data. In the following, only cities exposed to road traffic noise combined with aircraft noise

10
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will be considered, that is to say data for 212 respondents (cf. Gille et al.'®). Only people
aged between 18 and 80 years old and living permanently in the dwelling since at least one
year were face-to-face interviewed. The questions about the noise annoyance complied with
the recommendations provided by the ISO 15666 standard'”. Respondents were asked to give
an annoyance rating on a continuous scale from “0” to “10”, with 11 evenly spaced numerical
labels and two verbal labels at both ends (“not at all” and “extremely”). Noise sensitivity
was evaluated on the same format. The exposure of each respondent was determined using
Lgen from the strategic noise maps. Table Il gives a summary of the survey. For more

details, see Gille et al.”.

ITII. RESULTS

Data from single noise and C'N experiments were used to construct annoyance models
for URT N and for AN. These models were based on noise sensitivity and noise indices.
These models used as variables of total annoyance models from the literature were considered
to propose annoyance models for combined noises. Then a methodology was proposed to
evaluate the different noise indices from Lg., given by the strategic noise maps. Data from
the French survey were used to test the annoyance models established under laboratory

conditions.

11
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TABLE III. Main information from the French survey®'®, considering only the sample of respon-

dents exposed to road traffic noise combined with aircraft noise.

French survey

Date 2012
Cities 2
Respondents 212

Road traffic noise|| Lgen: [49.9;77.9] dB(A)

Aircraft noise Lgen: [42;54] dB(A)

using strategic noise maps

Annoyance in agreement with

question ISO 15666

Noise sensitivity || continuous scale: [0;10]

185 A. Verbalization description

186 Verbalizations from the C'N experiment were compared to those collected during single
17 noise experiments (cf.'»!?) in Table IV. This step helps in the work of identifying and
188 proposing relevant noise indices to characterize noise annoyance.

189 The highlighted influential acoustical features were similar in the different experiments. A
1o deep analysis showed that occurrences might be different from the single noise experiment
11 to the CN experiment. Actually, for URT N, only the global temporal variation was as

12
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TABLE IV. Participant verbalizations on URTN (Urban Road Traffic Noise) and AN (Aircraft
Noise) within the 3 different experiments (separated by a year) and their occurrences. CN: Com-

bined Noise; PTW: Powered-two-wheelers. %: percentage of respondents who cited this item.

Single noise CN

Verbalizations experiment | experiment

URTN|AN \URTN |AN

Presence of PTWs 100% 66%

Perceived noise intensity [|56%  |39%|19%  |44%

Global temporal variation|[56%  |55%(56%  |59%

Spectral content 24%  158%
Modulation-related 6%
Timbre 13%  25%

frequently cited in both experiments. All the other acoustical features were less frequently
cited in the CN experiment than in the URT N experiment. For AN, both global temporal
variation and perceived noise intensity were equally mentioned in both experiments. Only
timbre was less cited in the C'N experiment than in the AN experiment. These differences in
occurrence for timbre might be due to masking effects between the C'N or due to participant

difficulties in describing acoustic content of C'N sequences. The difficulty might be due to

13



1

©

8

199

200

201

202

203

204

205

206

207

209

210

211

212

213

Road-aircraft noise annoyance modeling and testing

the fact that they were having a read during the experiment. Nevertheless, this showed that

the same acoustical features were noticed by participants and related to annoyance.

B. Analysis of variance for annoyance ratings in the C N experiment

Stimuli of the combined noise experiment were constructed on the basis of two factors:
“URTN SEQ” for URT N sequence and “AN SEQ” for AN sequence. The effects of these
factors on partial annoyance due to URTN, on partial annoyance due to AN and on total

noise annoyance were studied using two-factorial repeated-measures analyses of variance

(RM ANOVA), with four levels per factor.

1. Partial annoyance due to URT N

The two main factors “URTN SEQ” and “AN SEQ” had a significant effect on URT N
annoyance (respectively, [F(3, 93)=75.59; p<0.05, e=1] and [F(3, 93)=7.66; p<0.05, ¢=0.92])
The proportion of variance (n?) explained by the factor “URTN SEQ” was moderate, i.e.
26%, and the one explained by the factor “AN SEQ” was very small, i.e. 3%. The interaction
between the factors “URTN SEQ” x “AN SEQ” had no effect on U RT'N partial annoyance
([F(9, 279)=1.72; p>0.05, e=0.85]).

14
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2. Partial annoyance due to AN

Only the main factor “AN SEQ” had a significant effect on AN annoyance ([F(3,
93)=40.55; p<0.05, €=0.84]). The proportion of variance explained (n?) by the factor “AN
SEQ” was moderate, i.e. 28%. Both the main factor “URTN SEQ” and the interaction
between the factors “URTN SEQ” x “AN SEQ” had no effect on the AN partial annoyance

(respectively, [F(3, 93)=1.73; p>0.05, e=1] and [F(9, 279)=0.79; p>0.05, €=0.78]).

3. Total annoyance

The two main factors “URTN SEQ” and “AN SEQ” had a significant effect on total noise
annoyance (respectively, [F(3, 93)=20.34; p<0.05, e=1] and [F(3, 93)=15.38; p<0.05, e=1]).
The proportion of variance explained (n?) by the factor “URTN SEQ” was moderate, i.e.
15%, but higher than the proportion of variance explained by the factor “AN SEQ”, i.e.
8%, indicating that URT N sequences influenced total annoyance more than AN sequences
did. The interaction between the factors “URTN SEQ” x “AN SEQ” had no effect on total

annoyance ([F(9, 279)=1.72; p>0.05, ¢=0.85]).

C. Single noise annoyance models

Multilevel regression analysis was performed to consider acoustical and individual data

in annoyance models using various experiments. To consider both partial and specific an-

15
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noyance ratings in the construction of models, as already seen in the literature (e.g.'),
new models were computed by aggregating the aforesaid data. Furthermore, aggregating
the results of different experiments increases noise exposure variability. Indeed, the noise
sequences of the different experiments had neither the same duration (URTN sequences
lasted for 3 mins in URT'N experiment, aircraft flyover lasted between 22 and 64 secs, CN
sequences lasted for 6 mins) nor the same noise level (URTN sequences L 4., ranged from
57.3 to 63.7 dB(A) in URT'N experiment and from 45.7 to 51.9 dB(A) in CN experiment;
aircraft flyover noise L 4., ranged from 43.9 to 54.6 dB(A) in AN experiment and from 35.0
to 55.6 dB(A) in C'N experiment). The built models are therefore relevant for a wider noise
exposure range (single and combined noise exposures, different durations and different noise

levels).

The linear multilevel regression will be briefly presented below (for more details, see Hox?’

and Trollé et al.”°).

Model specification: As data were obtained from several repeated measure experiments,
the first level of the regression model refers to the stimulus (URTN sequence or AN se-
quence, denoted as i in subscript). The second level refers to the individual (denoted as j
in subscript) and the third level refers to the experiment (denoted as k in subscript - no
variables and no error terms are introduced in the model at this level)?". An individual
could therefore assess specific annoyance due to a noise sequence during one of the single
noise experiments and partial annoyance due to the same noise sequence during the CN
experiment. Considering a model with one variable at the individual level (the noise sen-

sitivity, denoted as Sens) and M variables at the stimulus level (denoted as Index,,), the

16
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formulae are as follows, with A;;; the annoyance rating of the individual j for the stimulus

7 in the experiment k:

M

Aijk = Tojk —+ E ijk[ndexmi + €ijk

m=1

ok = Booo + Bor1 X Sens;ji + uojk

Tmjk = Bmoo + Bmi1 X Sensji + Ui

Uojik

Umjk

UM jk

2
O'U/O DY DY P O"U,OM
N0 g, i g2 g
Um0 Um UmM
2
O-’LLA/IO PR DY ... O-UAI

form=1,...,M, forj=1,...,Jand k=1,... K

eijk ~N(0,02) fori=1,..,I,j=1,..,J

and k=1,.... K

Computation of multilevel regression is Bayesian and the studied parameter influence

is made using Bayesian posterior distribution?’.

U, The posterior distributions of the model

parameters are approximated via Markov Chain Monte Carlo (MCMC) simulation, with

350,000 iterations.

To select the model with the best goodness-of-fit, three criteria are used:

- R?: the proportion of variance explained at the stimulus level. R? varies from 0 to 1.

The closer R? is to 1, the better is the model goodness-of-fit.

17
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253 - Rg’m (m=0, ..., M): the proportion of variance explained at the individual level. This
254 criterion is computed for each random coefficient at the individual level: the intercept
255 mp; and the slope(s) m,;. The slope m,,; can be fixed, random or can account for a
256 moderating effect due to noise sensitivity. If noise sensitivity explains the variation
257 of each random coefficient (mo; or m,,;), R3,, varies from 0 to 1. The closer R3
258 (calculated for mp;) is to 1, the more noise sensitivity has an effect on individual mean
259 rating. The closer R3, (calculated for 7,,;) is to 1, the more noise sensitivity has a
260 moderating effect on the relationship between the m™ index and annoyance ratings.
261 - Deviation Information Criterion (DIC): This criterion provides a measure of out-of-
262 sample predictive error’’. The lower the DIC is, the better is the predictive power of
263 the model.

264 1. URTN annoyance models

As a first step, a classical model, with L4.,, without noise sensitivity or individual error

term in the intercept (latter referred as C'M,,q.q) Was calculated:

Ajjr = 3.58 + 0.02(n.s.) X Laeq + €ijk
eijk ~ N(0,4.66) fori =1,...,I,j=1,...J

and k=1,..., K

265 The proportion of variance explained at the stimulus level (R?) was equal to 3%, with
266 & non-significant (denoted by n.s.) slope coefficient (0.02) of annoyance relative to L e,

18
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classically used as a single variable in an annoyance model. This highlights that such model,
solely based on L 4¢q, is not relevant.

Then, null models, i.e. without explanatory variables at the stimulus level, without
(M0Oa) and with (MODb) noise sensitivity in the intercept, were tested. For M0Oa, R}=0.57
and DIC=5107. For MOb, R}=0.57, R3,=0.20 and DIC=5107. Due to the R, value, noise
sensitivity was considered for intercept modeling and MOb was further used as a baseline.

Finally, several combinations of indices were selected to account for the mentioned an-
noying acoustical features of the noise: Laeq or loudness N for perceived sound intensity, the
indicator URA (cf. Klein et al. 7) for perceived sound intensity and timbre and o/(N) the
temporal derivative of loudness (cf. Gille et al. '*) for temporal features. The best combi-
nations were kept, according to DIC, R} and Rj3,, criteria, and including the combinations

of noise indices already highlighted in Gille et al.'® for URT N annoyance:
- Lpeq & random slope (a model denoted by Lacqroaarand),
- Loudness N & moderating effect (Nyoaamod),

- The indicator URA & moderating effect (URA,oaamod),

- N, the derivative of loudness ¢’(N) & random slope (LD;oaqrand for “Loudness and

its Derivative”)
- and URA, ¢'(N) & fixed slope (URAD,pqfix for “URA and loudness Derivative”).

Using standardized coefficients, the contribution of each variable?! to the model was deter-
mined. Noise sensitivity significantly contributed to the five models (37% for Laeqroad”and;
37% for Nioaamod; 35% for URAcaqmod; 31% for LD,gaqrand; 40% for URAD,paqfix). In
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TABLE V. Annoyance models for URT'N. The values of Laeq, N, URA and o/(N) were grand
mean centered with the grand-mean 56.3 dB(A), 5.67 sones, 4.74 and 33.49 sone/s respectively.
Co.: Coefficient; [St. Co.]: Standardized Coefficient; 1°¢ L: Stimulus Level; 2"¢ L: Individual Level.
*: not significantly different from 0; crg, O‘?LO, 051, 032: variances of residual errors; o,01, 0yu02; Tu12:

covariances of residual errors.

Model: Lpeq,roadTand| Nygagamod |URAq,qmod LD,gaqrand URAD,oaq fix
Index: Ljeq N URA N and ¢'(N) URA and ¢'(N)
Co. [St. Co.] |Co. [St. Co.]|Co. [St. Co.] Co. [St. Co.] Co. [St. Co.]
Fixed part
Booo 1.31* 2.25 2.32 3.04 2.11
Bo11 (Sens) 0.54 [0.56] 0.47 [0.49] | 0.50 [0.52] 0.34 [0.34] 0.45 [0.46]
8100 (Laeq, N or URA) 0.34 [0.97] 0.35 [0.70] | 0.67 [0.83] 0.39 [0.43] 0.37 [0.26]
B111 (Sens x (Laeq or N )) - 0.05 [0.12] | 0.09 [0.14] - -
B200 (0/(N)) - - - 0.05 [0.30] 0.08 [0.43]
Random part
o2 (15t L) 1.29 1.27 1.28 1.23 1.39
02, (271 L) 6.93 4.94 6.52 5.35 4.03
(ouot; 02,) (274 L) (-0.17; 0.03) | (0.30; 0.08) | (0.87; 0.32) (0.47; 0.24) -
(ou02; outz; 02,) (27 L) - - - (-0.028;-0.031;0.007) -
Explained variance
R? (15t L) 0.72 0.73 0.73 0.74 0.70
R3, (2" L) 0.12 0.16 0.14 0.13 0.18
R3, (2" L) - 0.10 0.09 - -
DIC 4529 4503 4506 4474 4594
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particular, the interaction term between noise sensitivity and N or URA contributed to the
models (9% for Nygaamod; 9% for U RA,.aamod). The interaction also increased the contribu-
tion of noise sensitivity to the models. This highlights relevance of considering explanatory
variables at the individual level in order to improve URT' N annoyance models. In fact, the

model C'M,.q4, based solely on L4.,, was not relevant to explain noise annoyance.

2. AN annoyance models

As in Section III1C 1, a classical model, with L4, but without noise sensitivity or indi-

vidual error term in the intercept (C'M,;.) was calculated for AN annoyance:

Aiji = —6.76 +0.21 X Lacy + e
eije ~N(0,6.65) fori=1,...1,j=1,...J

and k=1,..., K

The proportion of variance explained at the stimulus level (R?) is equal to 17%.

Then, null models, without (M0a) and with (MOb) noise sensitivity in the intercept, were
tested. For MOa, R?=0.48 and DIC=4003. For MOb, R?=0.48, R§70:0.15 and DIC=4003.
Due to the R;O value, noise sensitivity was therefore kept for intercept modeling and M0b
was further used as a baseline.

Finally, several combinations of indices were selected to characterize the aforementioned
annoying sound characteristics: Laeq, N or loudness exceeded 10% of the time Ny for
perceived sound intensity, ¢’(/N) for global temporal variation, the mean specific loudness
integrated between Barks 1 and 12 N;_;» and the total energy of tonal components from
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Barks 13 to 18 TETC43_15 for spectral content (c¢f. Gille et al. '*). The best combinations

were kept, according to DIC, R} and Rj,, criteria:
- Lpeq & random slope (a model denoted by Laeqanrand),
- N & random slope (Ny,rand),
- Nyo & random slope (Nygairrand),
- 0/(N) & moderating effect (o/(N)aimod)

- and Ny_19, TETC13_15 & fixed slopes (LM LH Ty, fix, for “Low and Medium frequency

Loudness and High frequency Tonal component”).

Noise sensitivity significantly contributed to the models (38% for Laeqainrand; 24% for
Naierand; 16% for Nyg aprand; 37% for o' (N)apymod; 51% for LM LH T, fix). In particular,
the interaction term between noise sensitivity and ¢’(IN) contributed to the models (9%
for o'(N)aiwmod), which also increased the contribution of noise sensitivity to the model.
Considering explanatory variables at the individual level with the aim to contributing to
AN annoyance model enhancement was shown to be relevant. In fact, the model C'M,;,
explained a smaller proportion of the variance in annoyance ratings than models considering

an individual characteristic.

D. Noise indices for each surveyed respondent

The models constructed from laboratory data were shown to be relevant compared to
models based solely on L 4.,. But to test these noise annoyance models using the field mea-

sured partial annoyance ratings, the different noise indices involved in the models must be
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TABLE VI. Annoyance models for AN. The values of Laeq, N, Nig, o'(N), Ni_12 and TETC13_138
were grand mean centered with the grand-mean 49.3 dB(A), 7.05 sones, 5.18 sones, 22.64 sone/s,

2.67 sones and 44.5 dB, respectively. All coefficients were significantly different from 0. o2, 02,

051: variances of residual errors; o,01: covariances of residual errors.
Model: Laeqaicrand | Naprand | Nigairand | o' (N)apmod LMLHT, fix
Index: Laeq N Nuo o'(N)  |Ni_12 & TETCh5_15
Co. [St. Co.]|Co. [St. Co.]|Co. [St. Co.]|Co. [St. Co.] Co. [St. Col]
Fixed part
Booo 2.03 2.89 3.56 1.53 1.43
Bor1 (Sens) 0.30 [0.24] | 0.24 [0.18] | 0.28 [0.22] | 0.39 [0.31] 0.40 [0.52]
Bioo (Indez) 0.21 [0.59] | 0.39 [0.58] | 1.14 [1.19] | 0.08 [0.44] 0.87 [0.50]
B111 (Sens x Index) - - - 0.01 [0.08] -
Ba00 (TETC13-18) - - - - 0.06 [0.17]
Random part
o2 (15t L) 3.09 3.09 3.05 3.07 3.30
o2, (27 L) 3.03 6.09 11.63 2.65 2.70
(Guot; 02;) (27 L) || (0.08; 0.01) | (0.45; 0.06) | (3.59; 1.34) | (0.06; 0.005) -
Explained variance
R? (15 L) 0.62 0.62 0.62 0.62 0.59
R3, (2" L) 0.16 0.05 0.11 0.22 0.23
R3, (2" L) - g - 0.10 -
DIC 3692 3689 3689 3684 3722
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estimated as it is not possible to measure them on a wide area. Indeed, the survey database
classically offered ratings for each respondent annoyance and noise exposure expressed in
terms of Ly, from strategic noise maps for each noise source. This section will investigate
if the different noise indices may be estimated from L., values and will assess limitations

of such estimation.

Therefore, a 3-step methodology was proposed to estimate the indices using Lge,,.

1 - Noise index calculation in the survey area. Ninety urban road vehicle pass-by
noises (30 powered-two-wheelers, 30 heavy vehicles and 30 light vehicles) and 30 urban road
traffic noises were randomly selected from recordings®® carried out at a receiver point of the
surveyed area. Moreover, twelve aircraft flyover noises were recorded in the surveyed area.

The mean values of the noise indices were calculated from these recordings (cf. Table VII).

2 - Noise index variation as a function of noise level variation. The variation of
noise indices with equivalent noise level was assessed using noise sequences stemming from
Gille et al.'? for URT N and from Gille et al.'? for AN. Six URTN sequences (1T3, 1T9,
1T13, 1T15, 2T5 and 2T7, ¢f."?) and three AN sequences (a2, a6 and a9, cf.'?) (i.e. a quarter
of the noise sequences studied in Gille et al."® and in Gille et al.'?) were equalized in L., at
7 noise levels separated by a step of 5 dB(A), with a reference level L e, ref corresponding
to a sound pressure level within the experiments. Then, relationships between noise indices
and the variation ALaeq(= Lacqg — Laeq ref) Were computed. TETCi3_15 evolved linearly
with ALy.,, whereas the other noise indices (N, Niyg, o'(N), Ni_1o and URA) evolved
exponentially with ALy, (¢f Table VII).
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TABLE VII. Field mean values, function depending on L 4, variation (denoted by AL 4.,) and its

«a coefficient value of the different noise indices for urban road traffic noise and aircraft noise.

Urban road traffic noise Aircraft noise

Field Lacg mean = 71.1 dB(A)||Field Lacq mean = 68.1 dB(A)

Index N O”(N) URA N N10 O'I(N) N1_12 TET013_18
Field mean|| 23.99 113.87 13.29 14.83 25.78 75.52 11.58 93.7
Function eOéXALAeq eaXALAeq eOéXALAeq eOéXALAeq eaXALAeq eaXALAeq eaXALABq a X ALAeq

o 0.0747 | 0.0568 0.0528 0.0676 | 0.0647 | 0.0591 | 0.0656 0.5980

N.B.: In the literature, loudness is often given as a function of sound pressure, according
to the equation given by Stevens **: N = k x p%®. In the present study, loudness was
calculated as N = Nyeqn X €% (Faca—Lacq ref) with a=0.0747 for URTN and a=0.0676 for

AN. This equation can also be written as:

Ninean )
N — x pit? (1)
e(aXLAeq T5f+200¢><log10(p0))

with p4 the A-weighted sound pressure and py the reference sound pressure, equal to

2 x 107° Pa.

Using the « values given in Table VII, for URT N, 15(01"6) = 0.649 and for AN, 15(0106) =

0.587. The equation in the present study is therefore equivalent to the one of Stevens, with

k replaced by ( Nmean

axLpeq Tef+20a><log10(p0)>

3 - Noise index estimation for each respondent. The noise level to which the

respondent was exposed was estimated from Lg.,. In the functions given in Table VII,
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ALpeq was therefore replaced by Lgen, - Laeq mean With Lge, from strategic noise maps and
field Laeq mean- Such replacement of Laeq by Lgen, has already been shown in the literature
(e.g.”"). Using field mean values and « values (cf. Tables VII), indices for each surveyed

respondent could be estimated (N, Nyg, 0'(N), Ni_12 and U RA were denoted as Explndex):

Expindex =FExpIndex,cqn

X e(aX(Lden—LAeq mean)) (2)
TET013_18 :TET013—18mean

+ a X (Lden - LAeq mean) (3)

353 E. Noise annoyance models tested using field measured partial annoyance ratings

Using equations 2 and 3, noise indices and therefore the proposed annoyance models could
be estimated for each respondent (denoted as r in subscript) of the survey. Models were
tested, as done by Miedema” and Klein et al.?°, using only fixed parameters of multilevel
models, i.e. in a simpler form, with grand-mean value (denoted as Index,, gy) for each

index m, as follows:

M
A, = o, + Z Tomr (Index,,, — Index,, aur)

m=1

Tor = Pooo + So11 X Sens,

Ty = ﬁmOO + Bmll X Sensr
354 Annoyance models testing consisted in comparing predicted annoyance with individual
35 partial annoyance ratings measured in field for road traffic noise and for aircraft noise re-

16 spectively (¢f. Table VIII). Three parameters (r, intercept and slope) were used to assess
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the partial annoyance models: they resulted from the correlation and regression analysis be-
tween measured and predicted partial annoyance. These 3 parameters allowed the quality of
the partial annoyance models (underestimation or overestimation) to be assessed. A perfect

prediction by a model would lead to (r, intercept, slope) = (1, 0, 1).

For road traffic noise, the models could be divided into four significantly different
groups: 1) LaeqroaaTand and URA,oaamod (0.42<r<0.45), ii) Nypaamod and URAD,puq fiz
(0.38<r<0.39) and iii) the other models (0.22<r<0.33). For aircraft flyover noise, the dif-
ferent models simultaneously considering noise indices and noise sensitivity provided similar
prediction of the partial annoyance ratings (0.47<r<0.52). All the models simultaneously
considering noise indices and noise sensitivity were better correlated with the measured
partial annoyance ratings than did the models C'M,.,.q and C'M,;, solely using the variable
Lgen. This result showed that the annoyance models and the methodology proposed to
estimate field noise index values enabled to better predict partial noise annoyance ratings

than L4e, alone.

In the following, for road traffic noise, Leqroada”and and U RA,.aamod were kept, as these
models better correlated with field annoyance ratings. Laeqroad”and was very simple as there
were no need to estimate an index and URA,..qmod enabled to characterize different an-
noying acoustical features of road traffic noise i.e. perceived noise intensity, spectral content
and modulation-related sensations. For aircraft noise, models with the highest correlation
with field measured partial annoyance were kept: LaeqairTand which was very simple to use
and o'(N).rmod as this model enabled to characterize global temporal variation. As two
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TABLE VIII. Correlation coefficients r between predicted partial annoyance and measured partial
annoyance ratings for road traffic noise and for aircraft noise of the field survey. All correlation

coefficients are significantly different from 0.

Road traffic noise

Model intercept [slope| r

CM;oqq ® 4.48 0.01 | 0.22

Lpcgroaarand || 3.05 |0.41]0.45

Nyoaamod 4.83 |0.54]0.39

URA;oaamod 5.13 ]0.54|0.42

LD,oaqrand 5.97 |0.40 |0.32P

URAD,gaa fiz 5.37 0.41]0.38

Aircraft noise

Model intercept [slope| r

C M, * 2.16 |0.16 | 0.40

Lpcgairrand ® 1.53 0.28 | 0.51

Nawrand 1.96 | 0.17]0.50
Nig.airrand 3.97 049|047
o' (N)airmod 1.95 |0.30 | 0.52

LMLHTy;, fix 1.98 10.31]0.51

# As done before, L 4.4 was replaced by Lgen.

b A similar model using Lge, (instead of N), o/(N) and noise sensitivity leads to a smaller correlation of

28
0.25.
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noise indices had to be estimated, LM LHT,;. fix was not kept, whereas it characterized

spectral content.

F. Total noise annoyance models built from laboratory data

The C'N experiment data were used to construct total noise annoyance models. Different
total annoyance models, described and discussed in the literature (cf.*"), were adjusted in
the current study using the mean measured total annoyance ratings stemming from the C'N

experiment.

Psychophysical models (i.e. total annoyance is described as a function of acoustical
variables, cf. Table IX) used variables Lyeq, and also IV for each noise source in combination
as proposed in Morel et al.”. Perceptual models (i.e. total annoyance is described as a
function of perceptual variables, c¢f. Table IX) used mean calculated partial annoyance
ratings as variables. The adjusted determination coefficient dej was used to compare total
annoyance models: the higher Ridj, the better the goodness-of-fit. The models for which

one coefficient was not significantly different from 0, or for which R2;; was inferior to 0.10,

were not displayed in Table [X.

This model comparison highlighted that several psychophysical models had to be con-
sidered in the following to be tested using field survey data: i) considering Laeq, energy
summation model, independent effect model and weighted summation model and ii) con-
sidering N, independent effect model. Linear regression model had to be kept and tested

in the following using the field survey data considering the partial annoyance ratings pre-
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TABLE IX. Psychophysical and perceptual total annoyance models from the literature (cf.”")
and constructed in the current work using noise indices or the calculated partial annoyance of the

combined noise experiment. *: not significantly different from 0. Ridj: The adjusted determination

coefficient.

Psychophysical model | Equation Ridj
Energy summation® Ap = —10.754+0.31 X Lp 0.86
Independent effects® A = —8.02 + 0.22 X Lacq,road + 0-05 X Laeq,air 0.74

Ap =2.41 4 0.66 X Nyoad + 0.07 X Nair 0.76
Weighted summation® | Argaq = —8.40 + 0.27 X Lacq,road 0.97
(also named Agir = —6.03 4 0.19 X Lacq.air = Pair = (2.37 — 0.08 X Lacq,air)/0.27 0.74
quantitative model) k=10 Ap = —10.08 + 0.30 X L 0.74

k=15 Ap = —10.59 + 0.30 X Ly 0.76
Perceptual model Equation Ridj
Linear regression® Ap = 2.66 + 0.25 X o' (N)ai,mod + 0.65 X L Aeq,roadTand 0.75
Strongest component® | Ap = maz (o’ (N),ipmod; L peq,roaarand) 0.29
Vector summation’ Ap = (a'(N)airmod2 + LAeq)madrtzndz + 2 X 0/ (N)airmod X L Acq,roadTand X cos(lA267"ad))1/2 0.56
Linear regression Ap = 0.32% 4+ 0.25 X 0/ (N)aipmod + 1.13 X URA,gaqmod 0.70
Strongest component | Ap = maxz (o’ (N)aipmod; URAqaqmod) 0.29
Vector summation Ap = (6! (N)ajrmod? + URA,gaqgmod? + 2 X o' (N)airmod X URApgaqmod X cos(lAl'ra(i))l/2 0.43
Linear regression A1 =1.52 4 0.23 X Lpeq,airrand + 0.65 X Lpeq,roadmand 0.74
Strongest component | Ar = maz(Laeq,air”0nd; Lacq,road”and) 0.12*
Linear regression Ap = —0.82% +0.23 x Laeq,airrand + 1.13 X URA4,qmod 0.70
Strongest component | Ar = maxz(Laeq,air”and; URAgaqmod) 0.12*

a Total annoyance is a function of the sound pressure level of the combined noises, calculated as an energy

summation of the sound pressure level of each combined noise.

Total annoyance is a function of each combined noise sound pressure level.

Total annoyance is expressed as a function of the total sound rating, determined calculating

level-dependent penalties of the noises in the combination with respect to a road traffic noise.

4 Total annoyance is a function of each specific/partial annoyance due to each noise in the combination.

¢ Total annoyance is equal to the maximum of the specific/partial annoyances.

f Total annoyance is the result of a vector addition of the specific/partial annoyances of the combined

noises.
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dicted by the models Lacqroaarand or URA,samod for road traffic noise and o' (V)a,mod

Or Lpeqairrand, for aircraft noise (cf. Section II1C).

G. Total noise annoyance models tested using survey data

Total annoyance models (¢f. Table IX) were tested using individual field total annoyance
ratings (cf. Table X). Noise indices used in total annoyance models to consider field exposure
to road traffic and aircraft noises (i.e. N, o/(N) and URA) were estimated following the
methodology presented in Section IIID. For each noise source, L 4., in models was replaced

by Lgen, value of the survey.

Total annoyance predicted from independent effect model with N was not significantly
correlated with field total annoyance. Perceptual total annoyance models provided a better
prediction of individual total annoyance ratings than the psychophysical ones. In particular,
linear regression model with Laeqroadaand and Lpeqairrand, i.e. perceptual model using
partial annoyance predicted from both L., and noise sensitivity, provided a better prediction
of individual total annoyance ratings (r=0.47) than the independent effect model using only
Lgen (r=0.20). These results show that total annoyance models based on partial annoyance
models considering individual noise sensitivity associated to noise index estimation enabled
a better prediction of field total annoyance ratings than total annoyance models based only

on Lden .
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TABLE X. Total annoyance models tested using individual total annoyance ratings of the field

survey. Intercept, slope and r resulted from the correlation and regression analysis between field

total annoyance ratings and predicted ones. *: not significantly different from 0.

Model with Index intercept|slope| r

Energy summation with L, 6.23 0.10 | 0.18
Independent effects with Ly, 6.60 | 0.09]0.20
Weighted summation k=10 with L., 7.01 0.09 | 0.16
Weighted summation k=15 with Ly, 7.11 0.09 | 0.17
Independent effects with N 8.41 ]0.15*%0.12*
Linear regression with o/ (N )airmod & Laeqroadrand|| 5.07 | 0.33 | 0.48
Linear regression with o’(N)aiymod & U RA,paqgmod 6.68 |0.62|0.41
Linear regression with Lacq,air?and & LaeqroadTand 3.80 0.32 ] 047
Linear regression with Lacq.airrand & URAoagmod 5.41 0.60 | 0.41

IV. DISCUSSION

Noise annoyance due to URT N, noise annoyance due to AN and total annoyance due

to these combined noises were studied using laboratory and field data.

A verbalization

task enabled to highlight three main annoying acoustical features for URTN and for AN:

i) global temporal variation, ii) perceived noise intensity and iii) timbre (cf. Table IV). These
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acoustical features were similar to the ones observed in the previous single noise experiments

(cf.'*13) and are well-known to influence annoyance due to transportation noises %%

Multilevel regressions were performed considering different annoyance ratings (e.g. spe-
cific and partial annoyance ratings) and different noise situations (e.g. single and combined
noise exposures). Indeed, multilevel regression enables to consider experiments as a level of
the equation. This mathematical model is therefore appropriate to consider the structure
of the data. Moreover, such aggregation of data from different experiments has already
been done in the literature: for the construction of exposure-effect relationships, Miedema
and Oudshoorn' used data from several surveys, carried out in different countries, for dif-
ferent combined noise sources and single noise sources. Noise sensitivity highly contributed

5,6,11713,30)  Some models

in all built models, confirming the findings of the literature (e.g.
highlighted a significant moderating effect of noise sensitivity on the relationship between

noise indices and noise annoyance (e.g. Nygaamod, U RA,psqmod and o' (N ),mod), as found

by some authors (e.g.'"*') whereas other authors did not observe such an effect (e.g.>%%).
This may be explained by the fact that the moderating effect was weak when significant.
The great influence of noise sensitivity on annoyance shows therefore the necessity to build
new exposure-response relationships considering this factor, as proposed in Gille et al.?, and

to perform more surveys measuring noise sensitivity in order to be able to predict noise

sensitivity for unmeasured samples of the population.

A methodology was proposed to calculate field psychoacoustic indices using Lge, from
noise maps. This methodology permits the calculation of loudness N and the corresponding

equation is similar to Stevens’ well-known relationship**. This similarity between equations
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endorses the methodology. It seems therefore that the good correlations are not due to a
particular situation (noise recordings in a specific area) but reflect the relationship between
noise level and sensations evoked by noise (i.e. perceived sound intensity). Moreover,
this methodology and the partial annoyance models enable a good prediction of field noise
annoyance, both for URTN and AN in comparison with annoyance models based solely
on Lgen (cf. Table VIII). However, it should be noted that the obtained index values are
only an estimation of the corresponding indices. Indeed, they are predicted using Lgen,
which is an estimation of the field noise level, and using different equations involving mean
values, measured in the survey area. These mean values also contribute to describe the
soundscape of this area. More field noise recordings need to be performed in order to
validate this methodology on wider areas, with different noise scenarios and to define mean
values valid for these situations. Mapping of psychoacoustic indices for large areas are
mentioned as potential alternatives to improve annoyance models (cf. Lercher et al.**). The
methodology could be also used to estimate field psychoacoustic indices in other situations,
e.g. soundscape studies. Further testings of this methodology are therefore of interest for

different acoustic fields.

Total noise annoyance was studied using the C'N experiment data. According to an
ANOVA, both types of noise exposure had an influence on total noise annoyance, but the
proportion of variance explained by URTN is higher than the one explained by AN. Such
result was already observed by Taylor®?, who hypothesized that the influence of each source
is governed by its duration of apparition. Total annoyance models from the literature were

built using L4, and N, and using calculated partial noise annoyance. Total noise annoyance
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calculated from several models was well correlated with measured total annoyance. The cor-
responding models were considered for further prediction of total annoyance. Psychophysical
models under consideration allowed calculated total annoyance to be well correlated with
measured total annoyance as some perceptual models. This result was not expected as sev-
eral studies had shown more differences between perceptual and psychophysical models in
. 26)

terms of quality of adjustment (e.g . Actually, perceptual models generally calculated

total annoyance more adequately than psychophysical models under laboratory conditions

(e.g.”’%).

Considering individual total annoyance ratings (c¢f. Table X), predicted total annoy-
ance from independent effect model based on N was not significantly correlated with field
measured total annoyance, whereas the other psychophysical models were significantly cor-
related, but with small correlation coefficients (r<0.20). On the other hand, perceptual total
annoyance models using predicted individual partial annoyance as variables (c¢f. Table X) led
to better correlation with field measured total annoyance than psychophysical models. This
is in agreement with literature findings (e.g. '”) when predicted and field measured annoy-
ance responses are compared. Furthermore, results show that the methodology proposed to
estimate psychoacoustic indices as a function of Lge,, the partial and total annoyance mod-
els developed under laboratory conditions and considering noise sensitivity enabled a better
field prediction of individual total noise annoyance than psychophysical models based only
on Lgen (¢f. Table X). This result shows that it is still necessary to improve the prediction

of individual annoyance ratings.
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V. CONCLUSION

In this study, models for specific, partial and total annoyance due to URTN and/or to
AN were constructed using laboratory acoustical and individual data, thanks to multilevel
regression, an appropriate statistical analysis to such data structure. Then, a methodology
is proposed to estimate the psychoacoustic indices involved in annoyance models, using
Lgen from noise maps. This methodology enables therefore to test the proposed annoyance
models, using survey data. This methodology and the proposed annoyance models, for

specific and total annoyance, enable a better prediction than Lge, only.

In order to predict annoyance on wide areas, new surveys measuring noise sensitivity
and noise exposure need to be performed. These new surveys will be useful to estimate
noise sensitivity for unknown samples of the population and for testing the methodology to

estimate noise indices.
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