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ABSTRACT

In a driving car, passengers are submitted to cexnpbund and vibration stimuli. These
stimuli are integrated in a complex way and contetto the comfort for passengers.

This talk will summarize some work related to thatd, during which a noise and vibration
simulator was used to evaluate the relative comiiobs of noise and vibration to comfort in a
driving car. A first step showed that this evaloativas only slightly modified by vision (of a
video showing the road on which the car was drien Then a complete experimental plan
was used : sound and vibration levels were indegrhdvaried and the subjects were asked
to evaluate the comfort of the overall situatiomeTresults were in concordance with the
existing literature, i.e. the interaction betweeasthbstimuli is very small. But the relative
contributions of sound and vibration to comfort evelifferent from the existing models; this
was certainly due to the range of levels used at #xperiment, which represented usual
levels measured in cars.



1. INTRODUCTION

A car passenger is submitted to many stimuli, idiclg acoustic and vibratory ones. These
noise and vibration signals can be due to the enfimealso to the road. Road induced noise
and vibrations increase with the roughness of dlael.rOn very bad road surfaces, even at low
speeds (around 30 km/h), inside noise levels camfb& dB SPL (60dB(A)). Vertical
vibrations, when measured at the seat track, cachra level of Im's?, which represents
about 0.3n/s? at the seat cushion.

Many studies investigated the contribution of n@gsd vibration to comfort; but most of them
focused on planes [1,2], trains passing along aséd8, 4], or passing trams [5]. Studies
about cars were devoted to an idle situation [G)apers relating such studies did not include
enough details [7]. One goal of this study was tfausompare these two contributions in the
case of a driven car.

Another goal was to specifically look for an intetfan between visual stimuli and vibro-
acoustic ones. Indeed, in a car, passengers &tfteat ones) can see the road. They are able
to anticipate some holes or bumps in the roadwéyréehe car will pass on them. In some
other cases, it has been shown that an interabsbmeen visual and auditory stimuli exists
[8, 9]. Is that true in this driving situation ?

2. EXPERIMENTAL DEVICE

The vibration test bench is presented in detailjnlt is made of a platform lying on four
springs and vertically moved by a shaker (LDS V539%)e subject can sit on a car seat fixed
on the platform. The transfer function betweenghaker and the seat track is easily corrected
so that it is possible to accurately reproducevidréical vibration measured at the seat track in
the car. It should be noted that, if the seat dmesorrespond to the actual one in the car, the
vibration which the subject is submitted to are regiroduced, as the seat attenuation is not
taken into account.

One advantage of exciting the platform with an tetetynamic shaker is that the noise from
this actuator is rather low — especially if the &ifrgg and the cooling turbine are located in
another room. Therefore, it is possible to als@s@né sounds to the subject. These sounds are
recorded with a dummy-head (Head AcoustitglS I11) and can be reproduced through
electrostatic headphones or a transaural four spealice (Genesi&enelrans). In both
cases, a subwoofer is in use in order to reprodacelow frequencies at a correct level, as it
had been shown that this can be important [10].

Finally, a vertical screen (@ x 3 m) is placed 3 meters in front of the subject. lused to
play a video recorded in the car, in the meantirh@iloration and noise signals. For that
purpose, a high-definition camera is fixed on thedashield. It records the road as seen by
the front passenger (the dashboard cannot be sgae\tent the subject from identifying the
car).

All signals are carefully synchronised during theasurements and this synchronisation is
maintained during playback.



3. IMPORTANCE OF VISUAL STIMULI

The goal of this first step was to evaluate howaisstimuli can modify the evaluation of
comfort in the laboratory. Indeed, recording anayplg back synchronized videos enhance
the complexity of the set-up. If they were not reseey, the experiments would be much
easier.

In order to answer this question, two experimergsaveonducted.

First experiment

Recordings were made in 8 middle size cars, drate30knmvh (in second gear ratio), on two
roads :

- the pavement of the first one (road A) was rowglth a stationary visual aspect;

- on the second one (road B), the surface suddemiyged from very smooth to very
irregular. This change could be seen on the videblad a clear consequence on vibration
and sound signals.

For each road, 3 test sessions were conducted :

- in the first one (denoted as VIS), all stimulilbfation, image, sound) were played back
(using the transaural technology for sounds). Treg8als (their duration being $§ were
presented in a random order to the subject. Thedfthe subject consisted in evaluating how
comfortable each combination was. He gave his andwyemoving a cursor along a
continuous scale (5 levels were indicated withauasilabels fromniot at all comfortable” to
"very confortable"). Each combination could be played again if thiejsct asked for.

- in the second one (VS), vibration and sound diinvare used, without any visual signal.
The procedure was the same as in the previousessi

- in the third one (V), only vibration stimuli wetesed, using the same procedure.

64 subjects (47 men and 17 women) participateddstudy. Each of them had thus to realise
6 sessions. The order of these sessions was \@etegen subjects.

Individual evaluations were recorded as number (flormot at all comfortable to 100: very
comfortable) and averaged, as the inter-individual variationld be neglected.

Results showed that noise was an important feédum@ne car (V1), as evaluations were quite
different in conditions V and VS for that car (figul). That can be due to the frequency
content of that sound, which was a very low-freaqysmne.
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Figure 1. Comfort evaluations for the two roads, in the ¢hiest sessions.



Generally speaking, using video stimuli slightlyre&sed the evaluations from subjects. But
the difference was significant for 4 couples ofadanly (3 cars for road A, 1 for road B). In
one of these cases (road A, car 6), the effedtesopposite one (comfort is lower in the VIS
condition than in the VS one), which could not bglained. It can be seen on figure 1 that
differences between VIS and VS curves were veritdidn: the influence of visual stimuli was
small.

Second experiment

A following experiment confirmed this result. Rediorgs from the 8 cars on road A were
used in three sessions. In each session, subjexts submitted to vibrations, videos and
sounds. In the first one, videos were those recbateroad A, while in the second and first
sessions videos recorded on two other roads wesepted : a very smooth pavement (road
C) and a very rough one (road D). Therefore, tiveoacoustical and visual stimuli did no

longer fit together. The same procedures were usél, the exception that sounds were
emitted through headphones (plus subwoofer) instéaal transaural set-up. 60 people (40
men and 20 women) participated to that experimaAmong them, 20 had already been
involved in the first experiment.

Results are presented on figure 2. Once agaimrptiee video had a real but small effect : the
differences between the three values attributezhth car were rarely significant.

These results are in accordance with the one fiarfitst experiment : visual stimuli only
slightly modified the evaluation of comfort. As aaptical conclusion, these stimuli can be
omitted, which eases the experiment (during reoggliin the cars and playback in the
laboratory).
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Figure 2. Comfort evaluations for the two roads, in the ¢hcenditions.

4. CONTRIBUTION OF NOISE AND VIBRATION

The goal of the next step of the study was to eatalthe relative contributions of noise and
vibration to comfort in a driving car. Signals pi@ysly recorded in cars V1, V2, V3 and V6
were used. Their levels were adjusted accordirggdomplete experimental plan. The factors
of this plan were cars (4), vibration amplitudel¢gels) and noise amplitude (5 levels). For



noise, the arithmetic mean of sound pressure lewsdsisured at the two ears of the dummy
head, was considered. The levels for vibration rmmde amplitudes can be seen in table 1. 25
sets of stimuli were prepared for each vehicle. @hemtion of stimuli was still 6 and the
transaural sound device was used.

Table 1. Noise leveld., (dB SPL) and vibration levels, (dB ref. 10° m.s?)

L1 L2 L3 L4 L5
L,(dB) | 90 87 84 81 78
L,(dB) | 115 112 | 109| 106| 103

L,(ms?) | 056 04 | 028 02| o014

68 subjects participated to this experiment. Alinsli were randomly presented and the
subject had to achieve the same task as before.

First of all, a classification of individual ressiland a principal component analysis showed
that the inter-subject agreement was correct. Towexe no clustering of subjects was
necessary and the whole panel was considered.

An analysis of variance was then realized (repeatedsures). It appeared that all factors
were significant : noise levell(F(4, 268) = 156.8), vibration level, I(F(4, 268) = 452.4) and
cars F(3, 201) = 18.7). The significance of the last dacindicates that the frequency
spectrum of signal measured in a car cannot beeciegl, though the F value is less than those
related to the overall level of stimuli. A closeragination of results showed that this was
mainly due to the first car, in which noise speetng quite particular, as previously noted. In
the following, the evaluations obtained by the foars for a given combination of noise and
vibration level were averaged. Many interactionsMeen factors were significant, as, for
example, the one between noise and vibration €16, 1072) = 24.8).

Figure 3 represents the evaluation for a given coatlin of sound and vibration levels
(averaged over the four cars).
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Figure 3. Averaged comfort evaluations



The slopes of the curves and the differences betwleem indicate that the contribution of

vibration level is higher than the one of sounctlgas confirmed by the F values of these two
factors. Also, the interaction between these faotan be detected on figure 3.

When averaging data over the 4 cars, an accuradelnfar comfort could be proposed, using

Eq. () :

E=-2L, 4L, +a (1)
In this model, k and L, are noise and vibration level, expressed in dihaable 1,a is a
constant. This model proved to be very accurateR.975), even if it could be improved
taking count of the slight interaction betweentile factors. But the increase of accuracy was

limited (the coefficient of determination grew wpf? = 0.997).

As sound from V1 had a particular frequency balancése levels were expressed in dB(A).
That way, a second model could be proposed as.i{2kqusing the whole set of values :

E=-1.7L, -4, +3 ()

The accuracy of the model was also quite géo(R( 97) = 944R? = 0.9, see figure 4).
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Figure 4. model of comfort for the four cars.

The coefficients appearing in Eq. (1) and Eq. (@ different from those proposed in the
existing literature [4, 5], which may be due to kwed and level range of stimuli used in this
experiment (recorded in a car while the cited sisdocused in in-house noise and vibration).
In this study, it appeared that the contributiovibfation was approximately twice as the one
from noise. This could be related to the exponer§tef/ens' power law, relating the physical
and psychophysical magnitudes of vibration andendi®r sound, a common value of this
exponent is 0.6 (sound magnitude being expressepraasure values). For whole-body
vibration, the agreement is not so high. Values gsed by the existing literature vary from

0.5 to 2 [11]. A study conducted in the laboratgave a value close to 1.4 (for 10 Hz
sinusoidal vibrations). This result was determifretdn two different procedures : magnitude
estimation and magnitude production.

Therefore, while adding 10 dB to the sound pressewel will twice loudness, adding the

same value to whole-body vibration will multiplyetipsychophysical magnitude by a factor 5.
This 2.5 ratio is roughly the same as the ratiavbeh the two factors in Eq. (2).



5. CONCLUSIONS

This study is an example of in-laboratory invedima about customers' comfort in a car. A
simulator has to be used — and defining the conitglex this simulator is a key factor for the
realization of such experiments. It seems that sigwo subjects a video of the road is not
necessary, even if it increases the realism ositi@tion (as related by some subjects). Using
the simulator made it possible to find very simpbenfort models, the input of which being
sound and vibration levels. Such a model can bé byea car manufacturer to evaluate
prototypes or predict comfort level from computatibmodels.
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