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Summary

Auralization is a valuable tool when evaluating the effect of traffic noise on people. The present study
focuses on the validation of auralization of heavy-duty vehicles with a diesel engine. To capture the
characteristics of the diesel engine a granular approach has been used. The granular approach has
proven to be successful in a previous validation test examining two microphone positions around a
still-standing truck. In the present study a granular approach was used to achieve pass-by noise at
an artificial listening position alongside a Volvo truck (experiment 1) and pass-by noise inside an
apartment (experiment 2). The aim of experiment 1 was to determine the number of interpolated
sets of grains needed, in order to create a perceptually valid auralized signal. The results were used
in the auralization of pass-by noise in an apartment in experiment 2. 20 and 15 participants respec-
tively rated original recordings and auralized signals on four different attributes: realism, annoyance,
and emotional response measured by valence and arousal. The results of both experiments suggest
that auralizations of heavy-duty vehicles are successful and usable. It further indicates that what
distinguish the auralized signals from the original recordings is mostly the arousal responses.

PACS no. 43.50.Qp, 43.66.Lj

1. Introduction

Traffic noise is associated with several negative effects
on health as well as well being (see e.g., [1], [6], [8],
[10]). In a current project the focus has been to de-
termine the possibility to use heavy-duty vehicles for
night-time delivery in an urban area without reducing
the well being of the habitants. Auralization is a valu-
able tool when evaluating how different parameters
influence well being. The present study focuses on the
possibility to use auralization in evaluations of heavy-
duty vehicles. Auralization has been validated in sev-
eral studies using road traffic, especially cars (see e.g.,
[5]) however there exists few auralization models for
heavy-duty vehicles. This study is a continuation of a
previous study where the possibility to use a granu-
lar approach was examined and proved successful for
auralization of a single microphone recording [4]. In
this study two experiments are conducted. In the first
experiment the aim is to validate auralization models
for an artificial position alongside a heavy-duty truck
to determine the number of interpolated sets of grains
needed. This is followed by a second experiment where
the results of the first auralization are utilized in or-
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der to create a pass-by noise of a heavy-duty vehicle
inside an apartment.

There are different methods to validate an auraliza-
tion. The highest level of validation is an auralization
that is indistinguishable from the real recording. This
can be tested in a discrimination test (e.g., an AX
discrimination task), where the capability to discrim-
inate between recordings and auralization signals are
evaluated. In several cases it is however not needed to
be completely indistinguishable. Instead it is enough
if the auralized signals render the same perceptual
responses as real recordings. Dependent on the aim
of the auralization the perceptual responses can be
measured by several different attributes, e.g., the per-
ceived realism of the sound, whether it renders the
same responses to psychoacoustic parameters, emo-
tional responses and attributes relating to a particular
situation, e.g., the perceived speed of the vehicle.

In the first experiment of the present study both
these two approaches were utilized. First the partici-
pants conducted a discrimination test, where pairwise
presented sounds were evaluated. Further the sounds
were evaluated on a set of attributes. The aim of the
auralizations is to evaluate well being in habitants,
hence the sounds were evaluated on how they were
perceived in terms of the emotional responses. This
was measured by the two dimensions of valence (pleas-
antness) and arousal (activation). Valence and arousal
together provide a good understanding of the full emo-
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tional response to the sound, making it suitable to
evaluate the well-being of the listeners (for evalua-
tions of measures of emotions see e.g., [3], [9], [11],
[12]). Further the participants were asked to rate the
level of annoyance to the sound as well as perceived
realism.

In the second experiment the participants evaluated
a pass-by of a heavy-duty vehicle when being inside
an apartment. These sounds were approximately 10
seconds long, and deemed to long to evaluate in a dis-
crimination test. Thus, the second experiment evalu-
ated whether the auralized signals rendered the same
perceptual response using the same attributes as in
the first experiment.

The experiments reported here were conducted in
accordance with the ethical standards laid down in the
1964 Declaration of Helsinki. The participants were
paid for their participation and gave their informed
consent to participate in the study prior to the exper-
iment.

2. Experiment 1

2.1. Method

2.1.1. Recordings of truck engine sounds

The sound of a Volvo FM truck (13 litre diesel engine,
460 hp, emission class EEV) was recorded in a semi-
anechoic laboratory. The laboratory is equipped with
a rolling dynamometer for the driving wheels of the
truck. It was set to simulate a load of 20 000 kg. The
driving conditions considered here are constant speed
of 20km/h (≈ 950 rpm) and 50 km/h (≈1400 rpm).
The speed of the truck was manually controlled by a
driver and might therefore vary with ±3 km/h. Micro-
phones (Brüel & Kjær Type 4189, 1/2-inch free-field)
were distributed in front, behind and on the right-
hand side of the truck. Six microphones are poistioned
to simulate pass-by recordings, i.e. at 1.2 m height,
7.5 m from the center line of the truck starting at 3.9
m in front of the truck and backwards, separated 2
m apart. One set of 14 microphones are distruted at
surface of a virtual box at a distance of 2 m from the
truck according to ISO 3744 for sound power measure-
ments. Eight microphones placed at 2 m distance from
the vehicle on the floor in front (2), behind (1) and
on the righthand side (5) of the vehicle. The sound
was recorded using a sampling frequency of 44.1 kHz.
Method 1–3 described below uses the pass-by micro-
phones and method 4 uses all the microphones. The
evaluated listening positions are at the pass-by micro-
phones placed 1.9 m in front of and 0.1 m and 2.1 m
behind the front of the truck.

2.1.2. Auralization technique

In an earlier study, a granular approach has been
used to capture the characteristics of a diesel en-
gine [4]. The granular approach uses short time pieces

Figure 1. Schematic drawing: engine E, listening position
L and microphone position i.

of recorded signals that are stored in a data base. At
synthesis, the grains are picked at random from the
data base and added synchronously using 124 samples
overlap and Hann windowing. The approach was vali-
dated in a study examining two microphone positions
around a still-standing truck [4].

In the present study, the same approach is used to
achieve a pass-by noise at an artificial listening posi-
tion alongside a Volvo FM truck. Grains are extracted
from the recordings in all the microphone positions
described in the previous subsection and stored in a
data base. To generate the sound pL in a listening po-
sition L the sound signals pi from a set of N different
microphone positions are weighted and superposed.
In detail, the following steps are carried out:
1. The individual sound signals pi, i = 1, 2, . . . N, are

synthesized from the grain data base.
2. Assuming that the diesel engine is the only sound

source and behaves as a point source, the source
distance is accounted for according to

pi,L = pi
di

dL
, (1)

where di and dL are the source distances of posi-
tions i and L, respectively, see Figure 1.

3. The weights wi are calculated from Shepard’s
method, which provides an inverse distance weight-
ing:

wi =
d−1

i,L∑N

j=1
d−1

j,L

. (2)

The distance between L and i is denoted di,L.
4. The signals pi,L are weighted and superposed to

obtain the sound in the listening position:

pL =

N∑

i=1

wipi,L . (3)

Four different sets of microphones have been used to
construct the sound in the listening position L.

Method 1:

The set of microphones includes only the two micro-
phones closest to L, which are at the same distance
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from the truck and height above the ground as L,
N = 2.

Method 2:

The set of microphones includes all microphones
which are at the same distance from the truck and
height above the ground as L, except the two closest
ones, N = 3.

Method 3:

The set of microphones includes all microphones
which are at the same distance from the truck and
height above the ground as L, N = 5.

Method 4:

The set of microphones includes all microphones on
the right side of the truck which are at varying dis-
tance from the truck and height above the ground,
N = 27.

In the listening test, the synthesized sound pL is
compared to the original measured sound in position
L. In order to avoid effects due to loudness, the sound
pressure level of the synthesized sound is adjusted
equal to the sound pressure level of the original sound.
To achieve this, the weights wi in Eq.(3) are multiplied
with a factor fi in a simple engineering approach:

fi = 1 + (1− wi)α . (4)

The same constant α is used for all weights.

Applying the described procedure for the three lis-
tening positions, four methods and two truck speeds,
24 auralized signals are obtained with a stimuli length
of 6 seconds.

2.1.3. The experiment

Twenty participants (M=27.3 years; SD=3.8 years; 9
females) took part. All were naïve as to the purpose
of the experiment. All participants reported normal
hearing.

The stimuli were presented as monaural signals
through dynamic headphones (Sennheiser HD650).
The sound level for the original sounds were set as
to be as similar as possible (app. 65 dB(A)), to avoid
a result dependent on similarity in loudness level.

In the first part of the experiment (Part I) the par-
ticipants performed an AX discrimination task (Same-
Different). In a same- different task the participants
are presented with AA, AB, BB and BA combinations
of the set of pairs and the task to determine whether
the presented sounds are the same or different. The
hypothesis is that the synthesized sounds should not
be possible to discriminate from the recordings, and
thus the proportion of correct responses should be .5.
Each auralized sound was tested against the original
recording resulting in 96 pairs of sounds.

In the second part (Part II) the participants rated
each sound individually (in total 30 sounds, 24 au-
ralized signals and 6 original recordings), on a set of

four attributes: perceived realism, perceived annoy-
ance, and ratings of their emotional responses mea-
sured by valence and arousal. All the ratings were
done on a scale between 1-9.

2.2. Results

2.2.1. Discrimination test

The responses in the discrimination test were coded to
either a correct response (1) or an incorrect response
(0) and analyzed by a binomial test to determine if the
participants could differentiate between the record-
ings and the synthesis at an above-chance level. In all
four different synthesis the participants could differen-
tiate between the recordings and the synthesis meth-
ods well above-chance level, the correct responses var-
ied between .86 and .99.

2.2.2. Attribute test

Each tested attribute was analyzed by a repeated
measure analysis of variance (ANOVA) with speed (20
and 50 km/hour), microphone position (pos. 1, 2, and
3) and method (original, synth. method 1, method
2, method 3 and method 4) as within-participants
factors. The interest in the present study is whether
the different synthesis methods differs from the orig-
inal recordings, hence only the results of the method
factor are reported. The results showed that there
was a main effect of method in the ratings of re-
alism (F (4, 76) = 3.37, p < .05, η2p = .15), sub-
sequent post hoc comparisons using the Bonferroni
correction did however not reveal any significant
differences between the different auralization meth-
ods and the original recordings. There was also a
main effect of method in the ratings of annoyance
(F (4, 76) = 7.88, p < .001, η2p = .29), subsequent
post hoc comparisons using the Bonferroni correc-
tion suggest that the difference was driven by the
different auralization methods. For the emotional re-
sponses there was a main effect of method in valence
(F (4, 76) = 6.76, p < .001, η2p = .26) as well as arousal
(F (4, 76) = 16.43, p < .001, η2p = .46). The post hoc
comparisons using the Bonferroni correction of the va-
lence ratings did however not reveal any significant
differences between the different auralization meth-
ods and the original recordings. In the arousal rat-
ings the post hoc comparison indicated that the orig-
inal sound (M = 5.02, SE = .27) was significantly
different from two of the synthesis method (synth.
method 2: M = 5.47, SE = .30) and synth. method
4: M = 4.3, SE = .33)), the other two synthesis
methods did not differ significantly from the original
sound (synth method 1: M = 4.92, SE = .27); synth.
method 3: M = 4.76, SE = .33)).

2.3. Discussion

The results of the discrimination test showed that the
auralized and the original recordings were clearly dis-
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tinguishable from each other. The results varied be-
tween .86 and .99 in correct responses. The second
method using grains from all microphones at the same
distance from the truck and height from the ground,
except the two closest were the easiest to distinguish
from the original recording for all three microphone
positions. The results of the attribute test indicated
that the main differences comparing the three au-
ralization methods and the original recordings were
mainly due to differences between the different aural-
ization methods. The only attribute that was signif-
icantly different between the original recordings and
synthesis methods were the ratings of arousal. The
second method together with the fourth method were
both significantly different from the recordings, the
second method was more arousing whereas the fourth
method was less arousing than the original sounds.
The results are not univocal but for the further aural-
ization of the pass-by the results suggest that using
the microphones on the same height might provide a
better result than using all microphones on one side.
There is further an indication that the closest micro-
phones are of importance in the auralizations.

3. Experiment 2

For the second experiment the results from Experi-
ment 1 was utilized in order to create pass-by signals.
The same type of recordings as in Experiment 1 was
used in order to create the grains employed for the
auralization. To do an initial validation of the pass-
by auralizations the same attributes were evaluated in
the second experiment: perceived realism, annoyance
ratings and the emotional responses measured by va-
lence and arousal. The recordings were conducted in
an apartment at a central location in Gothenburg [7].
Two trucks were used and two speeds (20 km/h and
30km/h).

3.1. Method

3.1.1. Auralization technique

In order to estimate the transfer function from a
monopole source within a street canyon, to a receiver
on a building’s façade, a ray-model was built up where
the street canyon is modelled as two parallel walls to
which absorption and diffusion properties could be as-
cribed. (The effect of a hard ground plane assumed to
be included in the grains.) In the street canyon mod-
elling, the height of the façade walls were given an
infinite extent, after numeric tests for a finite height
of 10 m showing no significant difference. The absorp-
tion is modelled as a reduction in amplitude for each
order of reflection, as function of frequency. For the
diffusion, an alternative approach was implemented
with assigned diffusing elements randomly distributed
along both sides of the street, on the façades. Here,
in this two-dimensional diffusion model, an average of

one diffusive element per ten metres along a façade
was used. The angular variation in diffusion was ac-
cording to Lambert’s cosine law, i.e. where the out-
going intensity varies as cosine of the angle and is
independent on the incoming angle, also as function
of frequency.

The canyon is modelled as 200 m long in total, with
specular reflections up to order 20, and with first order
diffusion for each reflection order and for each diffu-
sion element. For the frequency dependence of both
absorption and diffusion, third-octave band value in-
puts were used. The implementation was made using
a mixed time and frequency-domain approach, where
the direct sound pulse and the resulting pulses are
collected concerning amplitude and timing, and the
frequency domain input data for absorption and diffu-
sion is multiplied on the Fourier transform of the time-
domain signal (in narrow band, after frequency inter-
polation). The final time-domain impulse-response is
then obtained via an inverse Fourier transform (using
the FFT algorithm). Input values of absorption and
diffusion were chosen as reasonable values based on
the resulting gain in relation to that of a measured
impulse-response in a real street canyon. It should be
noted that, as a result of this approach, the modelled
gain is more even as a function of frequency compared
with the measured gain, which showed higher peaks
as function of frequency.

The impulse response, and from that the gain, is
then calculated for a fixed receiver position and for a
set of source positions, which are located on a straight
line parallel to the façades and to the ground surface,
simulating the line of travel of the acoustic source.
Along the line, a discretisation of 0.25 m were used
for the source positions, along the whole length of the
canyon. For a receiver placed midway, symmetry of
the two halves is used. The modelled width of the
canyon is 11 m, the receiver is at 10 m height and
the source line is at 1 m height, located 5 m from the
receiver façade.

In order to model the variation in character as
the direction from the truck to the listener varies, a
weighting between the grains from the different mi-
crophone positions was used. It should be noted that
such an approach gives a richer directivity informa-
tion than the usually applied gain as function of an-
gle (in e.g. third-octave bands). In order to calculate
the weights for any chosen angle, the set of micro-
phone positions is first described on a convex hull
based on Delaunay triangulation (using the delau-
nay function in Matlab) assuming the engine as the
acoustic centre. Then, for a given angle, the point of
intersection between the source-to-receiver line and
the convex hull is identified in terms of local coordi-
nates on the intersected triangular surface element.
Thereby the distances from the point of intersection
to the three corner nodes (i.e. three microphone po-
sitions) of the intersected triangle can be calculated,
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as well as the distances to all other microphone posi-
tions. (To calculate metric distances to all other mi-
crophones, the nodes of the convex hull were projected
on a sphere with volume equated to that of the truck,
and where the distances are calculated as the short-
est distance along the surface of that sphere.) As the
source passes by a given receiver position, the source-
to-receiver line, updated at discrete time steps, gives
rise to an updated set of microphone position weights,
corresponding to the weights of the database grains.
For the auralizations, two different approaches to cal-
culate the weights were used: (i) Shepard’s method, as
presented above, but now involving microphone posi-
tions surrounding the truck, auralization model 1 and
(ii) a weighting including only the three corner node
microphone positions corresponding of the currently
intersected triangular surface element, using so-called
barycentric weights, auralization model 2.

For auralization of a vehicle pass-by, the weights are
pre-calculated as function position with a prescribed
resolution that can be much lower than the corre-
sponding sampling of the sound; here a resolution cor-
responding to 1◦ is used. The pre-calculated weights
are then interpolated to fit the pass-by time behaviour
of the wanted auralization case, and the correspond-
ing grains are weighted and mixed to a mono signal.
This source signal is then subject to the transfer mod-
elling of the path between source and receiver. This
includes, in addition to the gain of the street canyon,
as described above, the distance decay, air attenua-
tion and Doppler effect, which are inferred using a
previously developed methodology [5]. For the indoor
sounds, the façade reduction indices in third-octaves
were used as an equalizing filter, based on measure-
ments within the project for a façade and room at
3rd floor [7]. The final indoor sounds were then given
by convolving with synthetic room impulse responses
corresponding to measured third-octave band rever-
beration times.

3.1.2. The experiment

15 participants (M=26.9years; SD=3.6 years; 6 fe-
males) took part. All were naïve as to the purpose
of the experiment. All participants reported normal
hearing. 1 participant reported tinnitus at higher fre-
quencies (>15kHz), this was deemed to not affect the
results and the participant was included.

The sounds tested were from two trucks, two speeds
(20km/h and 30km/h) and compared using the two
auralization models and the recording on site, in to-
tal 12 different stimuli. The stimuli were presented
as monaural signals through dynamic headphones
(Sennheiser HD650). Due to a problem with the sound
levels for the auralization the sounds were loudness
equalized (Zwicker ISO, 532B) and presented at 45
dB(A).

The participant rated each sound individually (in
total 12 sounds repeated twice) on a set of four at-
tributes: perceived realism, perceived annoyance, and

ratings of their emotional responses measured by va-
lence and arousal. All the ratings were done on a scale
between 1-9.

3.2. Results

Each tested attribute was analyzed by a repeated
measure analysis of variance (ANOVA) with speed
(20 and 30 km/hour), truck type (truck 1 and truck 2)
and origin (original, auralization method 1, auraliza-
tion method 2) as within-participants factors. As the
interest in the present study is the different synthesis
methods only the results of origin are reported. The
average responses together with the standard devia-
tion is reported in figure 2. The results showed that
there was no main effect of origin in the ratings of
realism (F (2, 28) = 0.61, p = n.s., η2p = .04). There
was neither an effect of origin in the ratings of annoy-
ance (F (2, 28) = .19, p = n.s.,η2p = .01). For the
emotional responses there was a main effect of origin
in valence (F (2, 26) = 3.36, p < .05, η2p = .21). The
post hoc comparisons using the Bonferroni correction
did not reveal any significant differences, the first au-
ralization method rendered lowest valence ratings in
comparison to the original recordings (Morig. = 5.1,
SEorig. = .34; Maural.1 = 4.3, SEaural.1 = .22;
Maural.2 = 4.9, SEaural.2 = .28). There was also
a main effect of origin in arousal (F (2, 28) = 7.98,
p < .01, η2p = .36). The post hoc comparisons using
the Bonferroni correction indicated that the original
sound (M = 5.68, SE = .25) was significantly dif-
ferent from the first auralization method (M = 4.75,
SE = .24), there was no significant difference of the
second auralization method (M = 5.27, SE = .26).
There was no interaction effects between origin and
truck type or speed in any of the attributes.

3.3. Discussion

The results of the second experiment showed that the
participants could not differentiate between the origi-
nal sound and the two auralized sounds in terms of re-
alism and level of annoyance. There was however a sig-
nificant difference in the emotional ratings, where the
first auralization method rendered significantly lower
level of arousal than the original recordings. This indi-
cate that a barycentric weighting including only the
three corner node microphone positions might be a
more preferable method.

4. Conclusion

The results of both experiments suggest that the pos-
sibility for auralizations of heavy-duty vehicles are
good and gives high enough quality. Both experiments
indicate that it is slightly better to use microphones
closely gathered, synthesis 1 in experiment 1 with
the two closest microphones at the same height and
distance and the barycentric weighting (auralization
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Figure 2. The average responses to the four different attributes in experiment 2, error bars indicate the standard error
of the means, upper left: Perceived realism; upper right: Annoyance levels; lower left: Valence level; lower right: Arousal
levels.

method 2) in experiment 2. The validation experi-
ments included two different speeds and in the second
experiment two different heavy-duty vehicles, however
there was no interaction effects with method or truck
type or speed, indicating that the auralization models
also work for varying speed and different heavy-duty
vehicles.

In both experiments the listeners appear to be more
sensitive to changes in arousal levels. This is in accor-
dance with several studies on emotional reactions to
sound (see [2] for a discussion on the topic). This sug-
gest that the arousal level is of importance in studies
of heavy-duty vehicles and of higher importance than
valence levels for measures of well-being to this type
of sounds.
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