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Abstract
This paper studies the feasibility of acquiring the multiple source-receiver transfer functions for the predic-
tion of pass-by noise Sound Pressure Level (SPL) of vehicles with the Fast Multipole Boundary Element
Method (FMBEM). Employing measurements and simulations, the influence of frequency resolution, mesh
density, mesh accuracy and solver accuracy on the computation time and on the overall SPL and the third
octave band SPL is investigated. It is concluded that pass-by noise estimates with an accuracy of about 4 dB
within a computation time of less than one day can be achieved in the near future.

1 Introduction

The maximum sound pressure level (SPL) generated by a vehicle during apass-by test is an important metric
for the vehicle’s successful homologation. The ISO 362 standard describes the measurement setup and
procedure for obtaining the SPL in several driving modes [1]. As depicted in Fig. 1, the vehicle under test is
driving on a specified road surface over at least 20 m along a center line passing between two microphones
located left and right at 7.5 m distance and 1.2 m height. The SPL is recorded using a sound level meter
with A-weighting and exponential averaging with a 125 ms integration time. Measurements are performed in
several pass-by tests with the vehicle driving at a constant speed of 50km/h and in acceleration, at different
gears. The surrounding of the test track is free of large reflecting objects, meteorological conditions are
modest and background noise SPL is at least 10 dB below the measured maximum SPL.

As noise restrictions are becoming more and more severe, car manufacturers are in a need to predict the
pass-by noise (PBN) sound pressure level of newly developed carsas early in the design stage as possi-
ble [2]. Moreover, in order to develop effective countermeasures to reduce the pass-by noise, the various
noise sources and their contributions to the overall SPL need to be identified, and there should also be in-
formation on the signatures of the sources, either in the form of third octaveband SPLs, time-frequency
spectra or complete audible sound samples. Recently, several researchapproaches have been conducted to
develop synthesis procedures for the prediction and analysis of pass-by noise [3, 4, 5, 6]. These procedures
concern the translation of a number of source excitations in the moving vehicleto the received signals at the
microphone positions. Main issues in these procedures are
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Figure 1: Overview of the setup for a pass-by noise test conform the ISO 362 Standard.

1. The identification and representation of all noise sources.

2. The determination of the source excitations.

3. The acquisition and application of the source-receiver transfer functions for a discrete number of ve-
hicle positions.

4. The application of the Doppler shift due to the movement of the vehicle.

5. The combination of all source contributions into one signal for each receiver.

The first three items involve a considerable amount of experimental effort,and of these the determination of
the transfer functions from the sources and vehicle positions to the receivers is considered as the most lavish
part [7]. This stems from the large number of source-receiver relationships to be obtained, and from the
requirements posed to the measurement environment, being either an outdoortest track or a semi-anechoic
chamber that is large enough to contain all significant source-receivertransfer paths.

The employment of computational methods to generate numerical estimates of the source-receiver transfer
paths would considerably alleviate the experimental burden of the PBN synthesis procedure. This would also
allow vehicle developers to obtain a pass-by noise estimate already during thevirtual prototyping stage, as
it does not require the availability of a physical prototype for conducting measurements. Another advantage
of having such a computational method is the flexibility to study various countermeasures for reducing the
PBN sound pressure level. Moreover, we could take our analysis of PBN a level of abstraction up and
evaluate various alternative scenarios to the improvement of the ISO 362 Standard, for instance to enhance
the standard’s representativity for traffic noise annoyance and harmin an urban environment.

Evidently, the required frequency range and resolution are important parameters when applying computa-
tional methods for the determination of the source-receiver transfer functions. Depending on the frequency
range, various methodologies are available. From the one side, a deterministic approach like the Boundary
Element Method (BEM) [8] allows for the accurate prediction of sound fields from arbitrary structures in the
low frequency range. The higher frequencies require an increasingly dense surface mesh, and since the com-
putational complexity of the BEM isO(N2) toO(N3), with N the number of degrees of freedom (DOF), the
computational resource demand increases rapidly from considerable to severe. From the other side, asymp-
totic methods such as Geometric Acoustics and the Geometric Theory of Diffraction [9, 10] are applicable to
the high frequency range where the wavelength is much smaller than the geometrical complexity. This type
of methods loses its validity for lower frequencies. The mid-frequency range, stretching from about 500 Hz
to 2 kHz for the case of the sound field from a complete vehicle, is too high forthe conventional BEM and
too low for the asymptotic methods.

Recently, new methodologies have been introduced to address the mid-frequency region [11, 12, 13]. The
High Frequency Boundary Element Method [14], while being an asymptotic method, seems capable of
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yielding satisfactory results for the determination of vehicle exterior sound fields down to frequencies as
low as 200 Hz, although results appeared to be less accurate in acoustic shadow regions [15]. Another
highly promising candidate is the Fast Multipole Boundary Element Method (FMBEM) [16, 17], which is an
approach based on the BEM that exhibits a much more favorable computational complexity ofO(N log2 N).
Whereas the BEM is usually applied to problem sizes up to several tens of thousands of DOFs, the FMBEM
allow the evaluation of problems with sizes up to millions of DOFs in an acceptable computation time.
For the computation of acoustic fields of vehicles, Chaigne et al. [18] reported computed predictions of the
exterior acoustic panel loads in the range from 400 Hz to 2.5 kHz using the FMBEM. Most results showed
less than 5dB deviation as compared to measurements, whereas the panel loads in the shadow regions of the
car were underestimated. Cordioli et al. [19] reported results of exterior acoustic loads for a full vehicle in
the frequency range from 92 Hz to 1361 Hz using the FMBEM. A similar agreement within 5 dB was found
here for the panels close to the source, whereas the larger deviations in the shadow regions were contributed
to the lack of geometrical detail in the mesh. The reported computation time of fourhours for the entire
range (36 frequencies) is promising for realistic situations.

This study investigates the feasibility of employing the Fast Multipole Boundary Element method for the
numerical evaluation of source-receiver transfer functions for pass-by noise synthesis. The pass-by noise
case requires a broad frequency range, since the various contributing sources contain significant power levels
in the low-, mid- and high-frequency ranges. This can be seen from the typical source spectra of exhaust,
intake and tire noise shown in Fig. 2. We investigate the ability of the FMBEM to cover the required range
with sufficient accuracy and within a reasonable computation time. In this paper the following issues will be
addressed separately:

• The frequency resolution

• The density of the mesh

• The accuracy of the mesh geometry

• The accuracy of the FMBEM solver

For each of these issues, accuracy and computation time will be considered. In Section 2 we further discuss
the approach to address these issues, including the setup of the conducted measurements and of the simula-
tions. In Section 3 we focus on the frequency resolution and we will pay some attention to the necessity to
obtain accurate transfer functions in the spectral domain as well as in the time domain. In the subsequent
Sections 4 to 6 the remaining three issues are covered. Sections 7 and 8 close the paper with a discussion of
the evaluation time and feasibility of computation, and with the general conclusions.
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Figure 2: From left to right: typical 1/3 octave band spectra of exhaust, intake and tire noise. All sources
exhibit high power levels at frequencies below 1-2kHz and constant ordecaying levels at higher frequency
bands.
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2 Approach

The goal of our simulations is the determination of overall A-weighted SPL andthird octave band SPLs at the
receiver position, as these parameters are essential for pass-by noise evaluation. The average performance
and worst case performance for all of the transfer functions will be discussed in terms of these two metrics.
The aim is not to generate synthesized sound samples for sound quality evaluation as in e.g. [4, 5, 6], which
would result in considerably stricter requirements for frequency resolution and mesh accuracy than for this
study.

In this study we assume that the pass-by noise varies slowly enough and that the effect of Doppler shift
is small enough to permit the employment of multiple steady state analyses at different vehicle positions,
instead of having to reconstruct the transient signals and use the time-averaged SPL. The steady state SPL
that corresponds with the exponentially weighted, time-averaged instantaneous SPL,

SPL(t) =
[

1
T

∫ t

−∞
p2(τ) exp(τ−t)/T dτ

]1/2

, (1)

T being the decay time of the weighting function, can be obtained from the spectral representation of the
pressurêp(f) as

SPLss =

[
2
T

∫ f2

f1

|p̂(f)|2df

]1/2

, (2)

whereT is the observation time period andf2 > f1 ≥ 0 are the upper and lower frequencies of the frequency
band of interest. For a discrete spectrump̂n this integral is evaluated by means of rectangular or trapezoidal
integration, where the latter may be employed for increased accuracy in cases where the frequency band
is small with respect to the resolution of the spectrum. The multiple steady state approach with SPLss as
metric should suffice for the studies of the transfer functions presented inthis paper. However, we do keep in
mind that in future analysis the reconstruction of the transient signals will in fact be conducted, and for this
reason we require the transfer functions to be represented adequatelynot only in the frequency domain, as
Frequency Response Functions (FRFs), but also in the time domain, as Impulse Response Functions (IRFs).

The focus in this study will be on the determination of the source-receiver transfer functions. For this rea-
son the adequate representation of the sources will not be considered.With regard to the source signatures,
the varying source levels over frequency will determine the relative contributions of the different frequency
bands. Strong narrowband peaks in the source excitation could result incompletely different third octave
band levels at the receiver than was expected from the transfer functions alone or from a summation of the
third octave band levels of source and transfer function. This will be accounted for in the considerations but
it does not significantly change the conclusions of this study. With regard tothe geometry of the sources, we
assume that the transfer functions can be described as point-to-point source-receiver relations, where each of
the sources may be represented as one or more point sources [20]. Other approaches like applying the full
normal velocity condition on the sound radiating source surface or using ageneric source, as in [21, 22], will
be (much) more computationally intensive and are not considered realistic atthe moment. Anyhow, an alter-
native choice in these approaches will not significantly affect the analysis of the transfer functions. Finally,
the issue of the coherence of different sources is of importance when accumulating the source contributions
into one receiver signal, but this is also disregarded in this paper.

In the study, the source-receiver transfer functions are considered for six source positions, two vehicle po-
sitions and one receiver, giving twelve transfer functions in total. As shown in Fig. 3, the source positions
1 to 6 are taken at the rear left tire, exhaust tailpipe and engine intake, andthree positions for the direct
engine radiation, one below the engine close to the oil pan and two at the front and back of the engine, up
in the engine bay. The receiver is on the left of the vehicle, and the selected receiver positions relative to
the vehicle position, A and B, are the center and front location as shown in the figure. This set of functions
is considered representative for the possible variety of transfer functions that may occur with pass-by noise,
and it is therefore expected that the observations and results for this dataset are valid for the complete set.
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Figure 3: Location of the source and receiver points, top view and side view.

The transfer functions under study have been acquired by measurements as well as by simulations. In the
subsequent subsections the experimental and simulation setups are discussed.

2.1 Measurement setup

For the evaluation of the transfer functions, measurements have been conducted on a Chrysler Neon car.
The vehicle was positioned in a semi-anechoic room, and the transfer functions were obtained through a
reciprocal approach by placing an omnidirectional volume acceleration source in one of the two ’receiver’
positions A and B, and by acquiring the sound pressures on the ’source’ positions 1 to 6, as in Fig. 3.
The positions A and B were set at a lateral distance of 4.3 m to the center line of the car, which was the
maximum possible because of the size of the room, and their height was 1 m. These distances are expected
to sufficiently represent the distances in the ISO 362 Standard. Due to the semi-anechoic room and the sound
source, reliable FRF measurements were expected from 150 Hz and higher. The sampling frequency was
8.2 kHz. Figure 4 shows an overview of the setup and two measured transfer functions.

2.2 Model setup

The simulations were set up to reproduce the experimental configuration. The acoustic surface mesh was
derived from the NCAC crash mesh of the Chrysler Neon [23] using meshediting tools available in the
Virtual.Lab CAE software suite [24]. The geometry inside the engine bay consisted of the engine block, the
battery and the radiator. Some geometrical details, like the exhaust tailpipe, were missing from the mesh.
The mesh was made up from triangular elements with a typical edge length of 50 mm.By subdividing the
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Figure 4: Experimental determination of the transfer functions. Left: overview of the setup. Right: measured
FRFs of the tire source - front receiver and engine front source - center receiver positions.
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mesh #nodes fmax DOFs
L1 15 225 677 Hz 45 631
L2 60 864 1 271 Hz 182 518
L3 243 402 2 446 Hz 730 056

Table 1: Number of nodes and maximum frequency at six points per wavelength of the employed surface
meshes, and degrees of freedom (DOFs) for the simulations including the interior impedance boundary
condition.

elements, two finer meshes were derived for which some characteristics are listed in Table 1. On the surface
of the mesh, a zero velocity boundary condition was assumed, and on the ground plane a symmetry condition
was employed. The Fast Multipole BEM solver that was used, as included in the Virtual.Lab suite, is based
on the Indirect BEM formulation. Fictitious eigenfrequencies were suppressed by applying an impedance
boundary condition on the interior of the mesh, which led to a number DOFs about three times the number
of nodes for all three meshes. Because the number of receiver positions was smaller than the number of
source positions, a reciprocal approach was used here as well, in which at the ’receiver’ positions volume
acceleration point sources were defined, and at the ’source’ positions clusters of field points were defined
where the acoustic pressures were obtained. The clusters of points allowfor the assessment of the sensitivity
to the exact field point positions. Computations were performed on a Linux cluster employing one or more
Intel Xeon processors running at 2.66 GHz, with 4 Gb memory per processor and sufficient scratch disk
space available.

3 Frequency resolution

First subject of study is the required frequency resolution for obtaininga reliable estimate of the overall
PBN SPL and third octave band SPLs. With the purpose of predicting spatiallyand frequency averaged third
octave band levels on SEA panels, Müller et al. [25] obtained a sufficient resolution of three frequencies per
third octave band, and [15] reported a good agreement for spatially andfrequency averaged values with an
approach taking single frequency samples over a large number of points and an alternative approach taking
multiple frequency samples over a limited number of points. Other authors [18, 22] report results at a single
frequency. In our case, the interest is not in spatially averaged values, but in single point-to-point relations
in terms of frequency-averaged band levels. The number of required frequencies for a sufficiently accurate
third octave band average depends on the smoothness of the FRF in that frequency band, which is related to
the location of the source and receiver and their direct environment. Forinstance, the FRFs of the sources
inside the engine bay are influenced by its resonant behavior and are likely to contain strong peaks and dips,
as can also be seen from the rightmost FRF in Fig. 4.

In order to study the required frequency resolution of the transfer functions, the measured transfer functions
were employed as the starting point since they were obtained up to 4.1 kHz andwith a fine frequency
resolution of 1 Hz. However, as the measurements were inaccurate below about 150 Hz, the measured data
was appended with simulated transfer functions in the low frequency range. The simulated results were
obtained with a conventional BEM computation on a 6000 node mesh of quadrilateral elements. The mesh
allowed for a maximum frequency of 300 Hz at six points per wavelength, and it was derived from theL1
mesh in Table 1 by using a mesh coarsener. Measured and simulated data were combined by a gradual
transition between 150 Hz and 250 Hz to yield a single FRF for each source-receiver transfer function.
Figure 5 shows simulated and measured FRFs for two transfer functions, together with the impulse responses
and the correction to the impulse responses by employing the simulated data. In the range 200 Hz –300 Hz
the measured and simulated FRFs agree within±10 dB, for which Fig. 5 shows a best case and a worst
case agreement. The FRFs show a considerable improvement in the low-frequency range, as can best be
seen from the phase. However, as can be observed from the impulse responses and their corrections it is not
evident that the low-frequency simulated data yield improved impulse responses for these cases, although it
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Figure 5: Reconstruction of the low-frequency content of the reference FRFs, shown for the tire source -
front receiver (left) and the engine front source - center receiver transfer functions (right). Above: measured
and simulated FRFs, phase and amplitude. Below: Measured impulse responses and corrections, i.e. original
IRF minus corrected IRF, by replacing the low-frequency content by simulated data.

was clearly observed that for the long timest = 0.1 . . . 1.0 s the impulse responses were improved due to
suppression of the low-frequency noise in the measured data.

With these constructed FRFs as reference, the resulting overall SPL1 and third octave band SPLs are com-
pared to those of FRFs that are subsampled with a frequency step∆f > 1 Hz. Figure 6 shows estimates of
the overall SPL for the six FRFs related to the center receiver versus∆f . It is observed that the deviation
with respect to the∆f = 1 Hz case does not increase monotonously with increasing∆f , and that it varies
between the different FRFs. If all mean and maximum deviations of the twelve FRFs are combined in one
figure, as in Fig. 7, left, then it becomes clear that for a maximum deviation of 1dB in the overall SPL
∆f may go up to 50 Hz over the entire frequency range. Figures 7, middle and right, show the mean and
maximum deviations of the third octave band SPLs versus∆f for all FRFs combined. It is observed that the
higher frequency bands allow for a coarser sampling than the lower frequency bands, which is likely related
to the larger width of the higher bands. Table 2 summarizes the allowable∆f for a maximum deviation of
about±1.5 dB. In the light of these findings, the required frequency resolution needed for point-to-point
relations is considerably higher than the three frequencies per third octave band as was found by M̈uller et
al. for spatially averaged panel loads [25]. This can also be seen by comparing the blue, continuous and
green, dashed lines in the figures. Moreover, employing only the single center frequency as an estimate of
the third octave band SPL can hardly lead to reliable results, as can be seenfrom the red, dash-dotted line in
the figures.

1That is, the SPL in the receiver points as obtained by multiplying the FRFs with aconstant source level.
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Figure 6: Estimates of the overall SPL for the six FRFs related to the center receiver versus frequency step.

10 20 30 40 50
0

0.5

1

1.5

2

2.5

3

∆f [Hz]

∆ 
S

P
L 

[d
B

(A
)]

Error in overall SPL

 

 

Mean
Max

10 20 30 40

31.5

63

125

250

500

1000

2000

 

∆f [Hz]

Mean error in 1/3 Octave SPLs

Max mean error 3.95 dB

 

F
re

qu
en

cy
 [H

z]

0 dB

1 dB

2 dB

3 dB

4 dB

10 20 30 40

31.5

63

125

250

500

1000

2000

 

∆f [Hz]

Maximum error in 1/3 Octave SPLs

Max error 8.47 dB

 

F
re

qu
en

cy
 [H

z]

0 dB

1 dB

2 dB

3 dB

4 dB

Figure 7: Relative errors for all twelve FRFs versus increasing frequency step. Left: mean and maximum
error over all FRFs for the overall SPL. Middle and right: mean and maximumerror over all FRFs in the third
octave band SPLs. The color axis in the middle and right figures is limited to 4 dB.The blue, continuous line
demarcates the maximum∆f for a mean error in the 1/3 octave band SPLs less than0.5 dB and a maximum
error less than1.5 dB. The green, dashed line and the red, dash-dotted line show the frequency step related
to the rules prescribing three frequencies and one frequency per thirdoctave band.

frequency range ∆f

< 282 Hz 20
282 Hz. . . 1.1 kHz 30
1.1 kHz. . . 2.2 kHz 40

> 2.2 kHz 50

Table 2: Maximum frequency step in different frequency ranges for obtaining a deviation less than±1.5 dB
in the third octave band SPLs and of±1 dB in the overall SPL.
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3.1 FRF interpolation

Although we have confined our attention in this paper to steady-state analyses and frequency domain con-
siderations, in the context of the pass-by noise case we require the transfer functions to be represented
adequately not only in the frequency domain as FRFs, but also in the time domainas IRFs. However, since
the time periodT of the impulse response function is inversely proportional to the frequency step∆f , for a
coarse frequency resolution the time period becomes too small to contain the entire impulse response. This
would result in time-domain aliasing which should be prevented. For instance,for the IRFs in Fig. 5 the
pulse duration is about0.1 s, and this would allow for a maximum of∆f = 10 Hz. If a coarser frequency
resolution is employed for the simulation of the FRFs, then the intermediate FRF values may be acquired by
interpolation to yield a sufficiently high frequency resolution. The need foran identical frequency step over
the entire axis for the time-domain reconstruction is another motivation for FRF interpolation if we want to
apply the variable frequency resolution as suggested in Table 2. A third important reason for FRF interpola-
tion is that the source spectrum may require a finer frequency resolution than the transfer functions because
of its irregular pattern, for instance in case of strong harmonic content due to engine orders or otherwise.
In this case the relative smoothness of the transfer function would allow foran FRF interpolation scheme
to yield satisfactory results using a coarser resolution without the need forexpensive computations on all
intermediate frequencies.

The interpolation of the FRF can be performed by local function approximation using real functions either
for the real and imaginary parts or for the magnitude and phase parts of theFRF. Fig. 8 shows the maximum
error in the SPL versus frequency step for the real/imaginary and the magnitude/phase approaches using
interpolation with cubic splines.

As compared to subsampling, the magnitude/phase interpolation does not significantly affect the results,
whereas the real/imaginary interpolation yields a considerable deterioration.Generally, the magnitude and
phase2 are much smoother functions than the real and imaginary parts. Moreover,as the SPL metric is based
on the magnitude of the spectrum, see Eq. (2), the magnitude/phase interpolation fits better to the prediction
of SPL. Besides these two approaches, an alternative approach employing complex rational functions [26]
has been investigated but it only yielded satisfactory results for frequency resolutions∆f < 20 Hz. In con-
clusion, the magnitude/phase interpolation with cubic splines is the preferred approach of FRF interpolation.

Instead of comparing the third octave band SPLs and overall SPL of the subsampled FRFs as in Fig. 7 we
may now compare the interpolated FRFs with the reference FRFs frequency-per-frequency. Figure 9 shows
the mean and maximum of all single frequency error for the SPL in the dB scalefor the third octave bands
and for the entire range. Compared to Fig. 6 these figures result in a much more conservative estimate of

2This holds only for the non-periodic phase, as the periodic phase exhibitssharp transitions over the[−π, π) boundaries.
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Figure 8: Maximum errors in overall SPL for all twelve FRFs versus frequency step, for the magnitude/phase
and real/imaginary interpolation of the FRF.

MEDIUM AND HIGH FREQUENCY TECHNIQUES 2339



10 20 30 40 50
0

0.5

1

1.5

2

2.5

3

∆f [Hz]

∆ 
S

P
L 

[d
B

(A
)]

Overall narrowband error 

 

 

Mean
Max

10 20 30 40

31.5

63

125

250

500

1000

2000

 

∆f [Hz]

Mean narrowband error within 1/3 Octave bands

Max mean error 11.80 dB

 

F
re

qu
en

cy
 [H

z]

0 dB

1 dB

2 dB

3 dB

4 dB

10 20 30 40

31.5

63

125

250

500

1000

2000

 

∆f [Hz]

Max. narrowband error within 1/3 Octave bands

Max error 87.41 dB

 

F
re

qu
en

cy
 [H

z]

0 dB 

10 dB

20 dB

30 dB

40 dB

Figure 9: Relative frequency-per-frequency errors for all twelveFRFs versus increasing frequency step.
Left: mean and maximum error over all FRFs for the complete frequency range. The maximum error line
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demarcates the maximum∆f for a mean error in the 1/3 octave bands less than1 dB. However, up to this
line themaximumerror can go up to35 dB.

the frequency step of∆f = 15 Hz over the entire frequency range to obtain the same accuracy for themean
deviations as for themaximumdeviations in Table 2. The maximum errors are generally in the order of 10-
80 dB, which makes clear that the interpolation may lead to large errors for single frequencies, especially for
the higher frequency steps. The sudden jump in the third octave SPLs around the 125 Hz band is caused by
the reference FRFs consisting of simulated data up to 150 Hz and measured data beyond. The simulated data
are smoother than the measured data and therefore give rise to less interpolation error. The interpretation of
the two different requirements for the frequency step is that the estimate of Table 2 holds in case of source
excitations with a smooth, broadband characteristic, while the∆f = 15 Hz estimate is more representative
in case of excitations with strong tonal components. These may lift up errorsat single frequencies and thus
influence the overall and third octave band SPL disproportionally.

4 Mesh density

Since the mesh density determines the mesh size and consequently the complexity of the BEM model, this
is an essential parameter for the feasibility of obtaining simulated transfer functions for pass-by noise pre-
diction. The common rule of thumb for the mesh density is to use six to ten elements perwavelength to
obtain an error of about 1.0 - 1.5 dB in the acoustic field point pressures [27]. For spatially and frequency
averaged SPL values, M̈uller et al. [25] concluded that six elements per wavelength resulted in an error of
4 dB, which was considered acceptable, whereas a 4.5 elements per wavelength mesh resulted in an unac-
ceptable error of 10 dB. Wang et al. [15] however reported results for simulations with a conventional BEM
which showed agreement with measurements within 5 dB up to a resolution in the order of two elements per
wavelength. And even more surprising, Zhang et al. [22] reported good agreement within 1 dB of PBN SPL
between measurements and simulation results employing an Indirect BEM approach for frequencies up to
3 kHz whereas the density of their mesh seemed to allow for a maximum frequency of no more than 300 Hz
at six elements per wavelength. These results show that, even though the rule of thumb of six elements per
wavelength is well established for single frequency results, there is some disagreement in the literature when
spatially/frequency averaged values are concerned. In addition to this,a somewhat relaxed rule of thumb that
is encountered in the industrial context is to ensure that only 80% of the elements obey the six elements per
wavelength rule.

The required mesh density is studied on the basis of theL1 surface mesh of the Chrysler Neon and the refined
L2 andL3 meshes as given in Table 1. Results on coarser meshes are compared to those on finer meshes. On
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theL1 mesh, all FRFs were obtained over the range from 1 Hz up to 2240 Hz usingthe steps given in Table 2.
A conventional indirect BEM was employed up to 660 Hz and the Fast MultipoleBEM was employed from
160 Hz onwards. The numerical integration of the BEM solver, as provided by Virtual.Lab, employed a level
2 quadrature rule in all regions. The residual error of the iterative solver in the FMBEM was set at10−3.
Figure 10, left, shows the mean and maximum deviations of the FMBEM with respect to the BEM for all
FRFs over the overlapping frequency range. The average deviation over the frequency range is 0.4 dB, which
is in line with the expected accuracy of the FMBEM. However, for some FRFsand at specific frequencies
the deviation may go up to 4-8 dB. On theL2 mesh, all FRFs were obtained over the range from 400 Hz
up to 2240 Hz employing the FMBEM. On theL3 mesh, the FRFs were obtained only on the frequencies
[1200, 1240, 1680, 1720] Hz because of the considerable computational load. Figure 10, right, presents the
mean and maximum deviations for the FRFs obtained with FMBEM on theL1 mesh compared to those
obtained on theL2 mesh over the range 400 Hz – 1200 Hz. The mean deviation is steadily increasing, but
from 900 Hz the maximum deviation becomes irregular. This shows that for coarser meshes beyond the six
elements per wavelength rule the estimation at single frequencies and for point-to-point relations becomes
more and more unreliable. Table 3 summarizes mean and maximum deviations of theL1 andL2 meshes
at four different frequencies. At the frequencies 880 Hz and 1720Hz, theL1 andL2 meshes respectively
obey the six points per wavelength rule for 80% of their elements. These datashow that, in order to keep the
maximum error at a single frequency below 2 dB, the six elements per wavelength rule must be respected.
However, it is also clear that the error does not increase dramatically forcoarser meshes, and that taking six
elements per wavelength for only 80% of the elements can yield an acceptable accuracy as well, not only for
frequency averaged quantities but even when looking at single frequency results.

When looking at the third octave band SPL and overall SPL, the situation seems even more relaxed. Figure 11
displays the overall SPL for all FRFs obtained with theL1 mesh for 1 Hz – 2240 Hz and obtained with the
L2 mesh for 400 Hz – 2240 Hz, where the frequencies below 400 Hz are taken from theL1 mesh results.
Although theL1 andL2 meshes are clearly too coarse for this frequency range, with 1.8 and 3.4 elements
per wavelength at 2240 Hz respectively, the agreement in the SPL within 0.5dB for all FRFs is remarkable.
Figure 12 shows a best case and worst case agreement of the third octave band SPLs of two FRFs, showing
a maximum deviation of 3 dB in the 2 kHz third octave band.

These results demonstrate that for a sufficiently accurate prediction of overall and third octave band SPL for
pass-by noise the six elements per wavelength is not necessarily the limit. FromFigure 10 and Table 3 it
appears that the mean deviations over all FRFs remain below 1 dB down to three to four elements per wave-
length, although the maximum deviations become considerable. Although the frequency averaged results in
the form of overall and third octave band results seem to suggest that wecan even go down to two elements
per wavelength, we have to bear in mind that, with the incorporation of the source excitations in the pass-by
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Figure 10: Left: Mean and maximum error for all FRFs obtained with FMBEM compared to BEM on the
L1 mesh. Right: Mean and maximum error for all FRFs obtained with FMBEM on theL1 mesh compared
to theL2 mesh.
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L1 mesh L2 mesh L3 mesh
Frequency Ref. Elements Deviation[dB] Elements Deviation[dB] Elements

[Hz] mesh perλ mean max perλ mean max perλ
670 L2 6.1 0.7 1.9 11
880 L2 4.6 0.8 2.5 8.7
1240 L3 3.3 1.1 3.6 6.2 0.5 2.4 12
1720 L3 2.4 2.6 10.3 4.4 0.7 3.6 8.5
2240 L3 1.8 4.7 11.9 3.4 0.7 2.0 6.5

Table 3: Mean and maximum deviations for all FRFs obtained on a number of frequencies employing the
L1 andL2 meshes, as compared to results obtained on a finer reference mesh.
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Figure 11: SPL obtained with FMBEM simulations on theL1 mesh and theL2 mesh up to 2240 Hz.
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Figure 12: Third octave band SPLs for two FRFs, showing the best caseand the worst case agreement
between the simulations on theL1 andL2 meshes.
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noise estimates, the image of averaged values may be considerably distorted because of lifting out certain
frequencies and thus magnifying the errors in the transfer function at those frequencies. For this reason it is
suggested not to go any lower than 3.5–4.5 elements per wavelength, the latterof which in our case came
down to having 80% of all elements satisfying the six elements per wavelength criterion.

5 Mesh accuracy

In order to reproduce the measured transfer functions by means of simulation, it is essential that the model
adequately represents the physical configuration. Important aspects here are the geometry of the mesh, the
material description of the surfaces and the locations and geometries of sources and receivers. With regard
to the mesh geometry, the level of exactness up to which mesh and structure should agree is determined by
the wavelength of the acoustic field. However, if the locations of sources and/or receivers lie close to the
structure or inside a cavity, e.g. the engine bay, geometrical detail, even ofdimensions below the wavelength,
may significantly influence the acoustic field. Other small details further away from source and receiver can
often safely be disregarded.

Müller et al. [25] showed that a model with only overall geometrical informationmay yield spatially and
frequency averaged values with a deviation of up to 3 dB. Our case concerns the point-to-point relations of
sources from various positions close to the mesh to receivers far away from the mesh. The influence of mesh
accuracy is studied by starting with the 50 mm surface mesh of the Chrysler Neon and re-meshing it with the
Wrapper functionality in Virtual.Lab with two larger element sizes of 80 mm and 160 mm. This approach
yields approximate meshes to the 50 mm reference mesh. Subsequent subdivision of the elements results in
meshes that have a similar mesh density as theL1 andL2 versions of the reference mesh, but that also include
a coarserL0 level mesh with a maximum frequency of about 300 Hz at six elements per wavelength. With
each mesh, the FRFs are obtained with the FMBEM for the range 1–2240 Hz using the frequency resolution
of Table 2. TheL0, L1 andL2 meshes are employed up to 340 Hz, 670 Hz and 2240 Hz respectively, where
at the latter frequency the mesh fits about 3.5 element per wavelength. Figure 13 shows mean and maximum
deviation for all FRFs of the 50 mm mesh as compared to the measurements (left),and of the 80 mm and
160 mm mesh as compared to the FRFs obtained with the 50 mm mesh (middle and right).From the leftmost
graph it may be observed that the frequency-per-frequency agreement between the 50 mm reference mesh
and the measurements is not good. The mean deviation over all FRFs and frequencies is about 8 dB with
maximum deviations going up to 40 dB. This deviation is larger than the mesh-to-mesh deviation of the two
right graphs. Mean deviations go up to 6 dB for the 80 mm mesh and 8 dB for the 160 mm mesh. The latter
shows considerable deviation already at lower frequencies. These graphs demonstrate that the influence of
mesh accuracy is related to the frequency of the acoustic field. If expressed in overall SPL or third octave
band averages, as in Figs. 14 and 15, the deviations between the three meshes is about 2 dB, where the 80 mm
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Figure 13: Mean and maximum error for all FRFs. Left: simulations on the 50 mmmesh compared to the
measurements. Middle and right: simulations on the 80 mm and 160 mm meshes compared to simulations
on the 50 mm mesh.
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Figure 14: SPL obtained with simulations on the various meshes and with measurements, all up to 2240 Hz.
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Figure 15: Third octave band SPLs for two FRFs, showing the best caseand the worst case agreement
between the simulations on the various meshes and the measurements.

mesh and 160 mm mesh perform more or less similar. As compared to the measurements, clearly the FRFs
inside the engine bay, numbers 5 and 6 in Fig. 14, are represented worst,whereas FRFs of source-receiver
relationships with a less complicated transfer path agree within 3 dB with all mesh results.

The deviation of the FRFs of interior engine bay sources can be explainedby an inadequate representation
of the configuration. This can be attributed to errors in the locations of the sources, incorrect geometry,
incorrect surface description and a vibro-acoustically decoupled evaluation. With regard to the locations of
the sources, there was no strong influence found for any of the sources when the location of each source
point (i.e. receiver point in the reciprocal simulations) was changed by±5 cm in all possible directions.
However, with regard to the mesh geometry, the physical geometry in the engine bay is poorly represented
by the mesh, as it includes only the engine block, the battery and the radiator.An improvement here should
likely lead to improved results of the FRFs. Moreover, if the engine bay content would be represented more
thoroughly, then their surface impedances should probably also be takeninto account. Although M̈uller et
al. [25] observed no considerable improvement when using realistic impedances on the mesh as compared to
using a rigid boundary condition, they did not consider the engine bay content. Moreover, especially in the
engine bay, under the hood, the structure may vibrate along with the acousticexcitation and it would require
a coupled vibro-acoustic model evaluation to resolve this. Most likely, the mainfactor in the deviations
between computations and measurements is the structural geometry. With the availability of more accurate
CAD models, it should be able to improve the prediction of the transfer functions.
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6 Accuracy of the FMBEM solver

The FMBEM solver is based on an iterative solver for the system matrix equation. For an iterative solver, the
residual error is the stopping criterion that decides whether the obtained solution is sufficiently accurate. A
rule of thumb for obtaining sufficient accuracy is to use a residual errorof ρ = 0.001. For large problems this
may however yield an increasing number of iterations to be performed, and itwould be beneficial to iterate
just up to the required level of accuracy in the results instead of gaining anunnecessary accurate answer for
a considerable amount of computation time.

The current investigation concerns the effect to the field results of raising the residual error fromρ = 0.001
to ρ = 0.01. The FRFs have again been obtained with the 50 mm mesh within the frequency range 1 Hz
– 2240 Hz. Figure 16 shows the mean and maximum error for all FRFs over the frequency range. The
mean error is about 2 dB over the entire range, and the maximum error may goup to 16 dB for specific
frequencies and FRFs. The overall SPL per FRF is shown in Fig. 17, and third octave band plots of two
FRFs are shown in Fig. 18. These graphs show the same 2 dB deviation which however depends strongly
on the specific source-receiver relationship. This error is in the same range as other errors described in this
paper. It depends on the effective gain in time by increasing the residualerror whether this remedy is worth
applying. This will be discussed in the subsequent section.

7 Evaluation time

Figure 19, left, shows evaluation times per frequency for the three meshesemploying four processors on the
Linux cluster. All three meshes first have a decrease in the evaluation time and then again an increase (for
the L3 mesh, this effect would probably come at higher frequencies). The first decrease comes from the
improving efficiency of the FMBEM since with higher frequencies the near field is smaller. In FMBEM, the
evaluation of near field interactions requires the setting up and evaluation ofa conventional BEM matrix,
which is entirely stored on the scratch disk. This results in a considerable amount of disk access time which
slows down the evaluation. Figure 19, right, shows the disk space neededfor evaluation, which exhibits
the same trend in the lower frequencies. In the higher frequencies, the slight increase in evaluation time
is caused by the increasing size of the cluster tree. On average, the evaluation of a single frequency takes
0.4 hour for the simulations employingL1 mesh and 1.4 hour when employing theL2 mesh, both on four
processors. This factor four time increase clearly shows the nearly linear time dependency of the FMBEM
on the number of DOFs. For computations on theL3 mesh, evaluation time is largely overshadowed by disk
communication due to the large data files at the lower frequencies, but for frequencies in the range 1700–
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Figure 16: Mean and maximum error for all FRFs of simulations withρ = 0.01 residual error compared to
simulations withρ = 0.001.
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Figure 17: SPL obtained with simulations withρ = 0.01 andρ = 0.001 residual errors up to 2240 Hz.
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Figure 18: Third octave band SPLs for two FRFs, showing the best caseand the worst case agreement
between the simulations withρ = 0.01 andρ = 0.001 residual errors.

2000 Hz an evaluation time of 6 hours per frequency is attained, which also confirms the nearly linear time
dependency of the FMBEM.

The gain in evaluation time by increasing the residual error of the iterative solver in the FMBEM is shown
in Fig. 20, left. For both theL1 andL2 meshes, the speedup is about a factor 1.4. As was discussed in
Section 6, this speedup comes at a cost of accuracy of on average 2 dBand at maximum 16 dB for our
problem.

Figure 20, right, shows the speedup realized by increasing the number ofprocessors, which shows that a
speedup of a factor 4–5 is attained when evaluating on eight processorsinstead of on one. When going from
four to eight processors, the speedup is about a factor 1.5–1.6. The largerL2 mesh evaluation results in a
higher speedup, which shows that in that case the overhead cost playsa smaller role than with the smaller
L1 mesh. This indicates that evaluations with even larger meshes will benefit morefrom increased parallel
evaluation.

To estimate the feasibility of obtaining the transfer functions for predicting pass-by noise SPL with the
FMBEM, we consider a typical case in which we require six point sourcesfor the engine, i.e. one for each
side, and point sources for intake, exhaust and each of the tires, giving 12 sources in total. Conform Table 2,
going up to the 2 kHz third octave band requires the evaluation of 70 frequencies. Employing the meshes
up to a frequency for which 80% of the elements satisfies the six elements per wavelength criterion, and a
residual error of the iterative solver ofρ = 10−3 the total wall clock evaluation time on eight processors
for obtaining all surface potentials would then be about 460 hours and withthe errors in all approximate
steps added together would yield a mean error over all FRFs of about 1.5 dB. The postprocessing step
that yields the transfer functions to the receivers relative to all vehicle positions yields only a small added
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Figure 19: Left: evaluation time per frequency for theL1, L2 andL3 meshes, respectively employing 45k,
183k and 730k DOFs and running on four processors. Right: employedtemporary disk space for the three
meshes.
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Figure 20: Left: evaluation time gain when increasing the residual error fromρ = 10−3 to ρ = 10−2. Right:
evaluation time gain when employing more processors.

computational effort and is not regarded in this estimate. Lowering the mesh density criterion to 3.0–3.5
elements per wavelength results in 200 wall clock hours and a mean error ofabout 2.0 dB, and if on top of
this the residual error is increased toρ = 10−2, a total wall clock time of 150 hours is obtained with a mean
error of 4.0 dB. This is an acceptable error for our purposes.

Although this is still a considerable amount of computation time, further reductionmay be achieved by a
number of remedies. Firstly, increased parallel evaluation straightforwardly reduces the wall clock time by
simultaneous evaluation of different sources or frequencies, provided that not only the number of processors
is increased but also the number of hard disks that are addressed independently. Secondly, the measure
to suppress fictitious eigenfrequencies may be considerably relaxed by applying an impedance boundary
condition on only 10–20% of the interior of the mesh instead of on the whole mesh[28]. This will reduce the
number of DOFs by more than a factor two with a consequent equal reduction in computation time. Thirdly,
the application of a Singular Value Decomposition (SVD) may reduce the numberof right hand sides in
the system equation that are derived from the 12 sources [29]. Fourthly, the realization of a broadband
implementation of the FMBEM can also result in an improvement of the evaluation time [30, 31]. Of these
remedies, the first three may be readily incorporated in the procedure andthey will easily lead to a reduction
of the wall clock computation time to less than a day. This shows that the numericalevaluation of the transfer
functions for the estimation of pass-by noise overall SPL and third octave band SPL is becoming feasible in
the near future.
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8 Conclusions

This paper has discussed the feasibility of acquiring source-receivertransfer functions for the prediction of
pass-by noise overall SPL and third octave band SPLs by means of the FMBEM. It became clear that with
an accuracy of about 4 dB this is indeed feasible, although a further reduction of the computation time is
still required. This reduction can readily be attained in the near future. In the paper, thorough analyses
were performed with regard to the required frequency resolution, mesh density, mesh accuracy and accuracy
of the FMBEM solver, and the consequences for the resulting error in overall and third octave band SPL
and computation times have been discussed on the basis of twelve source-receiver FRFs which have been
measured and computed. For the frequency step it is concluded that, depending on the frequency, a frequency
step between 20 Hz and 50 Hz is required for sufficient accuracy. Themesh density is seen to be sufficient
when 80% of the elements satisfy the criterion of six elements per wavelength, and a further reduced criterion
of to 3–3.5 elements per wavelength for all elements is seen to not excessively increasing the mean error.
With regard to the mesh accuracy, comparison between measurements and simulations showed an agreement
within 8 dB over the entire frequency range, and it is seen that the accuracy of the mesh considerably
influences the accuracy of the transfer functions, especially for mesh parts close to source positions. The
sources inside the engine bay where observed to be the most affected bythe mesh accuracy. With regard to
the accuracy of the FMBEM solver, it was found that an increase of the residual error by one order would
result in a mean error of about 2 dB. Clearly, the aim of obtaining averaged quantities, i.e. the SPL and the
third octave band SPL, instead of accurate frequency-per-frequency results has shown to considerably relax
the requirements for the mesh density and accuracy and for the solver accuracy. With the FMBEM, these
can be beneficial to yield sufficiently accurate answers in reduced computation time.

Currently, the evaluation time for obtaining the required transfer functions for pass-by noise estimation is still
considerable. However, a number of approaches has been suggested to significantly reduce the evaluation
time, and it is esteemed that within the near future it will become possible to obtain numerical predictions
of the pass-by noise SPL with the employment of the Fast Multipole Boundary Element Method with an
acceptable accuracy and within a limited wall clock evaluation time.
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