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Summary

Pass-by noise contribution analysis is an engineer-
ing procedure employed to estimate the contributions
from various noise sources on a vehicle to the overall
sound pressure level. This can be realised by placing
a set of microphones close to the various sources to
estimate their source strengths and then synthesising
the response at a far-field linear array in the presence
of the remaining sources. The results described in this
paper rely on measured near-field pressure data close
to the tyres of an electric vehicle under accelerating
conditions. The number and position of the estimated
virtual source strengths used is a compromise be-
tween complexity and accuracy, which has previously
been addressed mostly empirically. A power-based,
frequency-averaged ¢1-norm regularisation technique
is investigated to optimise the equivalent source posi-
tion and strength for one operating tyre and, subse-
quently, the far-field pass-by noise pressure estimates.
It is shown that for the tyre under investigation, opti-
mising the positions of only 2 equivalent sources over
the frequency range of interest gives a good represen-
tation of the measured far-field spectra.

1 Introduction

Vehicle pass-by noise can nowadays be measured in-
doors with a far-field microphone array and a sta-
tionary vehicle on a rolling road, according to ISO-
362:2016 [1]. In this procedure, the various vehi-
cle noise source contributions can also be quantified,
which is described as pass-by noise contribution anal-
ysis and is nowadays widely used in automotive NVH.

The indoor pass-by noise contributions are esti-
mated in fully operational conditions by using a set
of microphones close to each component and applying
the concept of acoustic transfer path analysis (TPA)
[2-3]. The sources are discretised into sets of equiv-
alent sources, which are quantified by performing an

inverse method, using the near field measured spec-
tra and the measured transfer responses between these
sources and their respective near-field microphone po-
sitions. New sets of acoustic transfer functions are
then measured between the source positions and a
linear microphone array 7.5 m away from the vehicle,
which are then used to synthesise the far-field acoustic
pressure and quantify the noise source contributions.

Tyre noise has emerged as one of the most impor-
tant source contributions due to substantial efforts
in reducing engine noise and the increasing popular-
ity of electric vehicles. While sound radiation from
tyres has been rigorously studied in the past [4], vari-
ous studies have been also conducted to estimate tyre
noise contribution to pass-by noise in fully operational
conditions. A few of these studies deploy numerical
means, such as different variations of the Boundary
Element Method [5-6], to calculate vehicle pass-by
noise. However, despite their good accuracy, they are
mostly suited for pass-by noise estimation on the ba-
sis of the CAD/CAE computer models, early in the
design stage. In [7], tyre pass-by noise is calculated
experimentally using particle velocity sensors, which
can prove impractical at capturing aeroacoustic phe-
nomena, while, in [8], a separate test-bed diagnosis is
needed for tyre noise estimation.

In [9], the acoustic transfer path analysis described
above was used to estimate tyre noise and was proven
very practical due to the small number of microphones
needed close to the tyres to capture the near field
spectra. This work served as the basis for a few sim-
ilar studies [10-12] utilising the inverse methodology,
while an alternative power-based approach was intro-
duced in [13] and was shown to produce good results.
A very similar concept was also used in [14-15], where
the need for regularisation in the inverse method was
first introduced. /¢3-norm regularisation was inves-
tigated more extensively in [16-17], showing that it
can improve tyre noise synthesis accuracy by avoid-
ing source overestimation at low frequencies. Through
all of this work, a predefined small set of equivalent
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sources is assumed to approximate tyre behaviour.
The equivalent source positions are selected mainly
based on the knowledge that the most dominant tyre
noise phenomena occur at the tyre-road contact patch
area [18-19], the most important ones being the horn
effect, which amplifies the radiation from 300 - 500
Hz upwards, and the contact forces between the tyre
and the road, which create a strong vibration field
close to the contact patch. The limitation stemming
from using this inverse methodology is that the num-
ber and the position of the equivalent sources should
be fixed and a potential investigation for the optimum
source geometry would require different run-ups and
significant computation time with increasing number
of assumed equivalent sources, thus being very expen-
sive.

With the aim of finding an efficient methodology
to optimise the equivalent source geometry by run-
ning only one set of measurements, the work pre-
sented in [20] utilises two ¢1-norm regularisation tech-
niques in the inverse problem which select the equiv-
alent source distribution, specific to the problem to
be solved, from a larger set of candidate source po-
sitions based on the sparsity-promoting properties of
the ¢1-norm. The ¢;-norm regularisation is used in
a convex optimisation problem, which is calculated
without inverting the transfer matrix, therefore the
choice of the optimum source geometry needs signifi-
cantly less computation time, even for larger number
of assumed equivalent sources. The first approach
is an application of ¢;-norm regularisation at each
frequency band and, thus, gives frequency-dependent
source number and positioning. It has previously been
investigated extensively in acoustic source identifica-
tion [21-23] and near-field acoustic holography (NAH)
applications with spatially confined sources [24-26],
while different variations have also been proposed for
more spatially distributed sources [27-28]. Although
very good results are seen using this approach, there
is a different source number and positioning per fre-
quency band, which is impractical when there is need
to repeat the measurement campaign multiple times,
as is often the case with pass-by noise contribution
analysis. The second approach is the generalisation
of ¢1-norm regularisation for the simultaneous recov-
ery of signals with shared sparsity properties, as docu-
mented in [29]. It provides equivalent source distribu-
tions that are fixed over frequency and thus more use-
ful for the given problem since the optimised source
geometry can then be used for subsequent measure-
ments. This methodology is based on the principle of
the simultaneous retrieval of multiple measurement
vectors [30-32]. While good synthesised representa-
tions of steady-speed tyre noise with 4 fixed equiva-
lent source distributions were seen with this method
in [20], using the linear, phase-dependent problem for-
mulation incurred significant phase-related errors in
the tyre noise far-field synthesis, in line with what
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was previously described in [33-34].

Since the calculation of the SPL for pass-by noise
engineering purposes does not require the use of the
phase information and in an effort to alleviate the ef-
fect of the phase-related errors, this paper focuses on
the investigation of the frequency-averaged ¢;-norm
regularisation, which was formulated in [20], using a
power-based formulation, similar to the one presented
in [13]. The new power-based, frequency-averaged
£1-norm regularisation as a means of optimising the
equivalent source distribution, which is the novelty
of this work, omits the phase information, while the
equivalent source strength cross spectra are also not
taken into account, in an effort to keep the complexity
of the regularisation problem to a minimum. A full
vehicle indoor pass-by noise test campaign is also per-
formed using accelerating tyre noise data and with the
vehicle operated under fully operational conditions, in
order to assess the performance of the methodology.
The accelerating near-field tyre noise data and the
corresponding measured transfer responses are used in
the convex optimisation problem to estimate the opti-
mum source geometry and reconstruct the equivalent
source distribution. The distribution is then used,
together with measured far-field transfer responses,
for far-field tyre noise synthesis. The aim of this pa-
per is therefore to investigate the application of the
power-based, frequency-averaged ¢1-norm regularisa-
tion method to optimise the equivalent source geome-
try and far-field synthesised spectra for various num-
bers of sources without assuming prior knowledge of
the noise - generating mechanisms of the tyre.

In Section 2, the power-based methodology used
for the tyre noise synthesis including the frequency-
averaged (;-norm regularisation is covered, while, in
Section 3, the measurement set-ups are presented.
The corresponding results are discussed in Section 4,
while the conclusions drawn are covered in Section 5.

2 Formulation

2.1 Power-based, frequency-averaged
/1-norm regularisation

As a first step, the pressure is assumed to be mea-
sured with a near-field array of M microphones. The
accelerating tyre noise has a time dependence that
can be regarded as random with non-stationary sta-
tistical properties. For the purposes of the frequency-
domain formulation used in this paper, the power
spectral densities are estimated by averaging the mod-
ulus squared spectra over multiple overlapping short
segments of data in the time-domain, where the pres-
sure signals are locally assumed stationary [35]. As-
suming x time segments, for each segment of period
T, the raw periodogram is formed as
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1 .
Spnear,i (f) = T‘XTH(fNZ fori=1,2,...,, (1)

where X1, (f) denotes the Fourier transform at a cer-
tain frequency f. The power spectral density at the
m-th microphone for the given frequency is then de-
fined by

x

1 N
Spncarn (D =23 S (P (2)
i=1

These spectra will in practice be contaminated by
errors and noise. The tyre radiation is approximated
by L monopoles distributed over its radiating sur-
face with source strength power spectral densities
Sq, while the transfer paths between the equivalent
sources and the near-field microphones are estimated
by means of the squared modulus of a frequency re-
sponse function matrix |Gpear|? of size M x L which
in practice should also be measured. Therefore, the
equation describing the system at a given frequency
is

Spuear = |Grear|*Sq + Se, 3)
where Sp_... is a vector of S, .. (f) at the M near-

field microphones and S, is a vector of real errors.

Similarly to the method described in [20], the to-
tal number of possible equivalent source positions can
be greater than the number of near-field microphones
(i.e. L > M). Sparsity in Sq is introduced by solving
the linear problem, while constraining the ¢;-norm of
the source strength vectors over frequency. A new
matrix Sq is formed, whose columns are the source
strength vectors Sq(wy) at each frequency line k of
total number K. The frequency-averaged ¢;-norm
of this matrix of size L x K is expressed mathe-
matically by the ¢ -norm. The [-th row of Sq is
Sq'=[5,'[K1],-.-,S,' [K2]] and the frequency-averaged
norm of Sq is then defined as

L L L Koy 1/2
12 = Z (||sql||2) _ Z ( Z ]Sé[k]f) )

=1 =1 k=K1
(4)

where K; and K> define the frequency range for which
the problem is solved. By constraining this norm to a
low maximum value which is dependent on the magni-
tude of the source strength vector over frequency and,
in this paper, is found by trial-and-error, the vectors
Sq are jointly decomposed as a combination of a num-
ber of elements equal to Ly, which is a subset of the
number of source positions L (i.e. L > Ly). When
the number of non-zero point sources gets smaller
or equal to the number of near-field microphones
(L > M > Ly), the final system of equations becomes
resolvable in the constrained minimisation problem

ISql

K>
. 2
min kZK [|Gnear|” (wi)Sq(Wrk) = Spear (Wi)[2
=K1

subject to [|Sqll1,2 < a. (5)

Papaioannou et al., p. 3

Parameter « is a scalar, which modulates the max-
imum value of ||Sql|1,2 and, thus, sets the ceiling for
the sum of the power spectral densities of the source
strength vectors over frequency. By assigning a low
value to «a, the problem is constrained to be solved
with a number of sources smaller than the original set,
thus introducing sparsity. A common sparsity profile
for the various frequency lines is introduced, which
translates to a number of non-zero equivalent source
positions in the source vector, which are fixed over
frequency [36]. The lower the value of «, the more it
will enforce sparsity in the solution and thus a smaller
number of non-zero equivalent sources will be used
in the linear problem. This constrained optimisation
can, therefore, estimate source strength power vectors
Sq which share the same sparsity pattern with re-
spect to the source positions and minimise the sum of
the least-squares linear problem over frequency. The
SPGLI1 toolbox is used to solve the problem [37-38].

After the use of the frequency-averaged ¢;-norm
regularisation technique, the problem is reduced to
a determined or overdetermined one with a reduced
vector of source power spectra Sél of size Ly x 1 and a
reduced modulus-squared transfer response function
matrix |Gl ea.|® with size M x Ly, where M > Ly.
The inverse problem is then solved using the squared
modulus pseudo-inverse |G/ .27 formed between
the non-zero source components and the near-field mi-
crophones

S4 = [Chcarl* " Spoea- (6)

near

2.2 Far-field pressure synthesis

The power spectral density of the sound pressure in
the linear far-field array is estimated by

gpfam = |G;‘ar|28217 (7)

where |Gg,.|? is the modulus-squared transfer re-
sponse matrix connecting the far-field microphones
to the non-zero equivalent source positions, and, in
practice, should also be measured. The sound pres-
sure level of the estimated SPL; is energetically added
to those corresponding to the remaining sources on
the vehicle which are not under investigation, and
are quantified by assuming a fixed small number of
sources close to each source and performing the same
power-based inverse methodology. Assuming Z re-
maining sources, the final synthesised far-field re-
sponse SPL,, at each microphone is the sum of the
tyre noise contribution and the remaining synthesised
noise source contributions

SPL

- SPLy SPLq
SPL,, = 10log;, (1010 +10710 4+ ...410" 1 ) ,
(8)
which is compared to SPL,,, the response measured
directly using a far-field microphone array.
Since the equivalent source investigation is done
only for the noise emitted from one accelerating
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tyre, the synthesised contributions of the remaining
sources are fixed pressure level curves and their accu-
racy should be validated upfront to guarantee reliable
source investigation results. These sources could be
the remaining tyres, the engine, the gearbox etc. It is
important to state that adding the noise source con-
tributions energetically, which assumes that all of the
sources are entirely uncorrelated, could be a limit-
ing factor for this approach. A diagram illustrating
the signals and optimisation processes involved in this
Section is given in Fig. 1.

- Calculation of near field spectra Spnear from
measured accelerating spectra.

- Calculation of modulus squared transfer
matrices |Gnear|2 and |Gfar|2 from measured
transfer paths with volume velocity source.

'
Fixed source positions over frequency
Optimisation of source positions over frequency

K

-g;ug |Gear | (k) Sq (k) — Sppear (i) 12 subject to [|Sqlli2 < a

'

Estimation of non-zero equivalent source

strength distribution with inverse method
Sy = |Ghear*S

near Pnear

'
Far field spectra synthesis using reduced
transfer matrix |G'far|2

Sorur = |Garl*Sar

far

corresponding to pressure level SPL,

v
Energetical addition to synthesised spectra from Z
remaining sources

T 4107

SPLy, = 10log,,(10 P 41070 4.+ 10777) (dB)

and comparison with directly measured SPLqy,

Figure 1: Diagram illustrating the signal acquisition
and optimisation process described in Section 2.

To sum up, the work presented in this paper aims
to tackle the susceptibility of the synthesis problem
to phase-related errors by eliminating the phase in-
formation in the transfer matrix and estimating only
the power spectral densities of the source strengths,
thus assuming that the sources are uncorrelated.
The source geometry selection for a given number of
sources and over the frequency range of interest is
performed by using the frequency-averaged ¢;-norm
regularisation technique, which was investigated in
[20], in order to directly associate the choice of the
equivalent source positions with the cost function to
be minimised. In this approach, the regularisation is
used to identify the positioning of the minimum num-
ber of equivalent sources needed for a given synthesis
accuracy and then the power-based inverse problem
is performed, using a pseudo-inverse that corresponds
to the selected source geometry. The final source
strength amplitudes are then used to synthesise the
far-field pressure, which is added energetically to the
synthesised responses from the remaining sources on

the car. The overall response is finally compared to s
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the one measured directly by the far-field linear array.

3 Experimental validation

The method described in Section 2 was validated on
a full vehicle indoor pass-by noise measurement cam-
paign. The vehicle used was a SimRod rear-wheel
drive electric car developed for Siemens by Kyburz,
Switzerland, as a test version of the commercial eRod
vehicle. Tyres of type Pirelli 195/50R15 with radius
28.8 cm were used. The experiment was split into two
measurement sessions which took place in the semi
anechoic chamber at Siemens Digital Industries Soft-
ware [39].

3.1 Front tyre noise measurements
with engine off

In the first instance, the left front (LF) tyre was se-
lected as the tyre under investigation when only noise
from the two front tyres was emitted. The vehicle was
fixed so that its front tyres were placed on top of the
rolling road with a smooth road surface, which was
controlled by one motor for both tyres. A schematic
of the measurement set up is given in Figure 2.

VVVVVVWVVVVY

s esesssesERO OO OROOR RS
18 - mic array 0.9m

4.8m

16 - mic array

(1X1]
LF tyre |:|
] R
RF tyre .D.

4 - mics

Figure 2: Schematic of the 1st measurement set up.

18 microphones were placed in a linear array 4.8 m
away from the left side of the car, as shown in Figure
3(a). The microphone height was set to 1 m, while
the microphone spacing was set to 0.9 m with a 15.3
m total array length. A near-field circular array of 16
microphones with a radius of 29 cm was placed 15 cm
away from the left front tyre, as shown in Figure 3(b).
The microphone number was chosen to be double the
number of the maximum equivalent sources assumed
within the investigation. 4 microphones were placed
close to the right front (RF) tyre, 2 on the leading
edge and 2 on the trailing edge of the tyre.

The car was not in operation and, instead, the
rolling road was driven to excite the front tyres, there-
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Figure 3: (a) Fixed Simrod with front tyres on rolling
road and far-field microphone array in the Siemens
semi-anechoic chamber, (b) near-field microphone ar-
ray close to the left front tyre.

fore the two front tyres were the only noise-emitting
sources. The pressure was measured at an accelera-
tion of 1 m/s?, from 5 to 60 km/h. The time signal
measured at a microphone in the near-field circular ar-
ray, as well as its corresponding spectrogram, is given
in Figure 4. The increasing speed is highlighted by the
increase in the pressure amplitude, while, in the spec-
trogram, it is shown that the increase in the rolling
speed is associated with increasing frequency.

The next step was the measurement of the trans-
fer responses between the microphone arrays and
the candidate equivalent source positions distributed
close to the tyres, which were herein represented by
the measured Frequency Response Functions (FRFs).
For this purpose, an omni-directional Simcenter
Qsources Mid-High-frequency volume velocity source
(Q-MHF), covering the range between 100 and 10,000
Hz, was used [40]. The source was moved to the var-
ious candidate source positions in order to measure
the individual FRFs. For the left front tyre under
investigation, 12 equivalent source positions were as-
sumed, distributed along the tyre circumference start-
ing from the leading edge towards the trailing edge, as
shown in Figure 5(a). The distance between the can-
didate equivalent sources close to the contact patch
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Pressure (Pa)

Time (s)

(a)

Spectrogram, Freq. res. = 10 Hz, Time res. = 0.05 s
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(b)

Figure 4: (a) Pressure signal measured at the near-
field circular mic array for 1 m/s? acceleration. (c)
Spectrogram of the near-field pressure signals for 1
m/s? acceleration

patches, the distance is 12 to 15 cm. For the right
front tyre, 2 equivalent sources were assumed in the
middle of the contact patch, one at each edge of the
tyre, as shown in Figure 5(b). Assuming that the
centre of the tyre is a point with coordinates (0, 0,
0), Table 1 gives the detailed coordinates of the 12
candidate equivalent sources in cm for the tyre under
investigation.

(a) (b)

Figure 5: (a) Equivalent source position grid for left
front tyre under investigation, (b)Equivalent source
positions for right front tyre.

The FRFs were measured between the 12 source
positions and both the far-field linear array and the
near-field circular array, while, for the other tyre, the
transfer responses were then measured between the
2 source positions and both the far-field linear array

is approximately 5 cm, while, moving away from the s ssand the 4 microphones placed close to the tyre. Each
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Source No. | X (cm) | Y (em) | Z(cm)
1 -20.5 -5 -24
2 -23.5 -1 -17
3 -25.5 -0.5 -8
4 -25 0.5 5
5 -18 0.5 20
6 -4 0.5 26
7 5 0.5 26
8 18 0.5 18
9 25 0.5 5
10 25.5 -0.5 -8
11 23.5 -1 -17
12 20.5 -5 -23

Table 1: Coordinates of the candidate equivalent

sources for the tyre under investigation.

FRF was calculated by dividing the response at each
microphone by the source strength obtained by the
volume velocity source at each source position. Fully
coupled matrices representing the transfer paths be-
tween the microphone arrays and the source positions
were therefore calculated at each frequency line over
the range of 100 to 10,000 Hz with a frequency reso-
lution of 5 Hz. An example of the amplitude of the
transfer response between far-field microphone No. 10
and the source position on the leading edge of the left
front tyre is given in Figure 6 for reference.

0

o
=)

Trasfer response (dB)
i .
=3

10? 10° 10
Frequency (Hz)

Figure 6: Amplitude of the transfer response between
far-field mic No. 10 and equivalent source on the lead-
ing edge of the left front tyre.

3.2 Rear tyre noise measurements in
fully operational conditions

The purpose of the second measurement session was
to test the accuracy of the frequency averaged ¢1-norm
regularisation in predicting the number and positions
of the equivalent sources for synthesising the far-field
response of one tyre with the vehicle in fully opera-
tional conditions. The tyre under source investigation
was the right rear tyre, while the sources acting simul-
taneously were the two rear tyres and the gearbox. A
schematic of the measurement set up is given in Fig-
ure 7.

In this session, the vehicle was fixed in the desig-
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Figure 7: Schematic of the 2nd measurement set up.

nated area so that its rear tyres were placed on top
of the rolling road. The same linear far-field array
was used 4.8 m away from the car, as shown in Fig-
ure 8(a), and the same near-field circular array was
placed 15 cm away from the right rear tyre, as shown
in Figure 8(b). Finally, 4 microphones were placed
close to the left rear tyre, 2 on the leading edge and
2 on the trailing edge of the tyre, and 2 microphones
were placed close to the gearbox.

Figure 8: (a) Fixed SimRod vehicle with rear tyres

on rolling road and far-field microphone array in the

Siemens semi-anechoic chamber, (b) Near-field micro-
.sphone array close to the right rear tyre.
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4 Results from measurements
o of front tyre noise with engine
449 Oﬁ.

= 4.1 Choice of source positions with /;-
w1 norm regularisation technique

s2  The first step of the analysis was the use of the power-
3 based, frequency-averaged f1-norm regularisation to
sa  optimise the source distribution for various numbers
sss  of equivalent sources from the grid of the 12 source
w6 positions. To accomplish that, the optimisation prob-
ss7 lem was solved for a range of values of the regularisa-
s tion parameter «, which resulted in the use of a small
»s9  number of non-zero sources out of the 12, specifically
wo 1 to 8 sources for different values of a. Each value of
w1 gives a different solution to the optimisation problem
w2 and is, therefore, associated with a specific non-zero
w3 source number and geometry.

Figure 9: (a) Equivalent source position grid for right 2 8
o
rear tyre under investigation, (b)Equivalent source 3 7t l
oy . »
positions for left rear tyre, (¢) Equivalent source po- 2 6l
sition for gearbox. 2 4l
o
g
< 4t
2
5 3
& 2
: l
R . . .
10 103 102 10™ 10° 10’
Regularisation parameter a
(a)
1071 T — T r
&
L
. . [
In these measurements, the car was driven while s 3
the rolling road was operated in a minimal resistance s2: =
. . [-X
mode, which means that no manual exterior force was w5 =
exercised at the rolling road to counter against the s o
movement of the tyres. The pressure spectrum was a2 = ;
. . -4 1 L 1 L
measured at all the various microphones from 5 to 60 s 1004 109 102 107 10° 10"
km/h with an acceleration of 1 m/s?. The volume o Regularisation parameter o
velocity source was then used to measure the trans- s (b)

fer responses between the 12 equivalent source posi-

tions along the right rear tyre circumference and both  sFigure 10: Relationship between regularisation pa-
the far-field linear and the near-field circular array. srameter o with (a) number of non-zero sources and
The same positioning as in Section 3.1 was used for au(b) near-field problem least-squares residual.

the equivalent sources of the tyre under investigation. 3

Corresponding FRFs were also measured for the twoss4s In Figure 10(a), the relationship between the reg-
equivalent sources, one at the centre of the contact s ss7ularisation parameter o and the number of non-zero
patch of each edge of the left rear tyre, and for the s «sssources used in the frequency-averaged inverse prob-
one equivalent source close to the gearbox. Fully cou- s sulem is given, while, in Figure 10(b), the sum of the
pled matrices were, therefore, calculated between the s saoleast-squares residuals over frequency is shown with
equivalent source positions and their corresponding s sarespect to «. It is shown that a given range of «
far-field and near-field microphones at each frequency o s2corresponds to the use of a given number of non-zero
line over the frequency range of interest (100 to 10,000 +n sssources out of the 12. It is also seen from these results
Hz). An overview of the equivalent source positions asthat there is a set of regularisation parameters, pri-
assumed in this measurement set up is given in Figure ssmarily translating to the use of 2 equivalent sources,
9. uswhere the error decreases substantially whereas the

447

472

474



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

Papaioannou et al., p. 8

use of a higher number of sources is not shown to s ssthe 1-source case and going up to an hour when the 8
further improve the reconstruction accuracy. There- sw srsequivalent sources were used, while the computation

fore, using 2 equivalent sources seems to be the op-
timum strategy, which is an improvement compared
to the 4-source optimum strategy seen in [20]. The
best geometry for each number of non-zero sources is
selected by choosing the value of o which gives the
minimum least-squares error over frequency. For ex-
ample, sweeping « from 0.002 to 0.02 gives different
solutions of 2 non-zero sources out of the 12. The one
which is chosen is the one which gives the minimum
error over frequency for this range of «, as shown in
Figure 10(b).

Figure 11: Equivalent source positions using the fre-
quency averaged ¢ regularisation for (a) 1, (b) 2, (c¢)
4 and (d) 8 equivalent sources.

In Figure 11, the equivalent source positions are
given using the frequency-averaged ¢;-norm regulari-
sation for 1, 2, 4 and 8 equivalent sources. For a small
number of sources, the source positions are concen-
trated towards the leading and trailing edge of the
tyre, where the tyre noise phenomena are known to
be dominant, while using a higher number of sources
spreads their distribution around the circumference
of the tyre. It is, however, important to add that the
exact positioning of the sources might not be the op-
timum one from a physical standpoint. More testing
using a finer source grid would have to be performed
to address this.

An exhaustive search of the equivalent source posi-
tioning was also conducted using 1, 2, 4 and 8 equiv-
alent sources out of the 12 and the distributions were
seen to be very close to the ones obtained using the ¢,
regularisation method. The computational complex-
ity of the exhaustive research was substantially larger,
with the simulations starting from a few minutes for

time using the ¢;-norm regularisation techniques was
within 30 seconds for the various numbers of equiva-
lent sources for a 4-core, 1 GHz, computer.

4.2 Far-field pressure synthesis

The next step in the analysis was the utilisation of
the equivalent source strengths to synthesise the far-
field response of the left and right tyre and add them
energetically. The final synthesised response was then
compared to the one measured directly.

In Figure 12, the synthesised SPL in 1/3 octave
bands at far-field microphone No. 11 is given over the
frequency range of interest for the left front tyre using
the regularisation technique with various numbers of
equivalent sources and for the right front tyre using
two predefined sources. The two responses were ener-
getically added and the final synthesised response was
compared to the one measured directly at the far-field
linear array. The results for microphone No. 11 were
chosen as it is the one which is subject to the highest
acoustic response for the 1 m/s? case. The directly
measured spectra reveal a dominant region between
400 Hz and 1.5 kHz, although a small dip is identi-
fied around 800 Hz. The synthesised response for the
right front tyre is the same for all the various cases
as it is not dependent on the ¢;-norm regularisation
investigation.

For the 1-source case, the accuracy is very ac-
ceptable up to approximately 1.5 kHz, while using
2 sources extends the accuracy up to approximately
3 kHz. This is a substantial improvement compared
to the accuracy achieved taking the coherence and
phase information into account in [20] and is due to
the ability of the power-based method to create larger
patches on the tyre with an average source strength.
For a higher number of sources, the reconstruction ac-
curacy improves even at higher frequencies. However,
this improvement is not critical since the response
from the tyre above 3 kHz is attenuated significantly
compared to the dominant response between 400 Hz
and 1.5 kHz. This is in line with the results in Fig.
10, where it was seen that no significant improvement
should be expected when using more than 2 equiv-
alent sources. The overestimation of the response at
low frequencies, which was seen in [20], is limited since
the phase information, which is the most important
reason for the creation of errors during the transfer
matrix inversion, is not taken into account. However,
it is seen that the overestimation worsens by increas-
ing number of equivalent sources, which could be due
to the fact that, at low frequencies, the tyre geometry
dimensions are small in comparison to the wavelength
in air and, thus, a one source solution gives the best
results.
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Figure 12: SPL in 1/3 octave bands at far-field micro-
phone 11 over the frequency range with the left front
tyre synthesis performed using (a) 1 equivalent source,
(b) 2 equivalent sources, (c) 4 equivalent sources and
(d) 8 equivalent sources.

4.3 Results across far-field array

The far-field pressure synthesis accuracy with the con-
sidered method was further investigated across the
far-field microphone array by taking into account the
overall pressure response over the frequency range of
interest.

In Figure 13, the A-weighted SPL across the far-
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Figure 13: A-weighted SPL across the far-field array
using (a) 1, (b) 2, (c) 4 and (d) 8 fixed sources for the
left front tyre over frequency compared to the directly
measured spectra.

A-weighted SPL (dB re 20 pPa)
» (%))
o o

B
Oy

field microphone array is shown for the synthesised

ssscontribution of the left front tyre with various num-

bers of equivalent sources, the synthesised contribu-
tion of the right front tyre and their summed syn-
thesised response which is compared to the directly
measured response. Using 1 source to discretise the
left front tyre gives an average deviation of 3.5 dB over
the microphone array, while adding 1 more source re-
duces this deviation to only 0.4 dB. Using 4 and 8
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sources give deviations of approximately 0.3 and 0.4
dB respectively. Therefore, considering the need for
the minimisation of the number of equivalent sources
used identifies the use of 2 sources, one on the leading
edge and one on the trailing edge of the left front tyre,
as the optimum strategy with the given inverse prob-
lem formulation. It is, however, important to high-
light that the accuracy of the far-field synthesised re-
sponse also depends upon the accuracy of the right
front tyre synthesised response, which was computed
following the inverse methodology with 2 fixed equiv-
alent sources.

5 85 &5 g
SPL (dB re 20 ppa)
»
=

w
&

Figure 14: SPL at the various frequency bins and
across the far field microphone array for the case of 2
fixed equivalent sources.

Finally, in Fig. 14, a surface plot of the SPL at the
various frequency bins and across the far field micro-
phone array is given for the case of 2 fixed equivalent
sources. It is shown that, while for microphones 9
to 15, which are closer to the tyres, the response be-
tween 400 Hz and 1.5 kHz is dominant, a change in
the frequency response is seen moving away from the
tyres. The response at the 400 Hz - 1.5 kHz decreases
and flattens, possibly indicating a decrease in the im-
pact of the horn effect for these microphones, which is
known to be dominant at this frequency range. An in-
crease in the response is also seen at low frequencies
for microphones 1-3 and 17-18. This could indicate
an increase in the effect of the vibration field of the
tyre at those angles, which is more dominant at low
frequencies, assuming that there is no impact from
placing the microphones close to the walls.

5 Results from measurements
of rear tyre noise in fully op-
erational conditions

In this section, a more challenging synthesis concept

was tested using data from fully operational measure-

ment conditions, as presented in Section 3.2.
In Figure 15, a comparison between the measured
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Figure 15: SPL in 1/3 octave bands at far-field micro-
phone 11 over the frequency range for the measure-
ments described in Section 3.1 and 3.2.

spectra at far field microphone No. 11 is shown for
the two measurement set-ups described in Sections
3.1 and 3.2. The spectra measured in the fully opera-
tional case are higher throughout the frequency range
of interest, with the exception of a region around 300-
400 Hz and at 1.7 kHz where the responses are very
similar, although a smaller increase at low frequen-
cies is seen. A similar pattern is seen in terms of the
dominant frequencies of the spectra, as the range be-
tween 500 Hz and 1.5 kHz is the strongest with the
exception of a dip at 800 Hz for both set-ups.

The power-based, frequency-averaged ¢;-norm reg-
ularisation was used to decide the number and po-
sition of the equivalent sources for the right rear
tyre under the presence of noise emitted also by the
left rear tyre and the gearbox. Different synthesised
curves for the right rear tyre were obtained for dif-
ferent numbers of equivalent sources and these were
added energetically to the synthesised curves using 2
fixed sources for the left rear tyre and 1 fixed source
for the gearbox. The overall synthesised spectra were
then compared to the one measured directly. The
analysis was again done for a car driven from 5 to 60
km/h with a 1 m/s? acceleration using 1, 2, 4 and 8
equivalent sources for the right rear tyre. It is impor-
tant to add that the source number and positioning
for the remaining sources were chosen by experience
and could be a possible source of error in the estima-
tion.

By performing the ¢;-norm regularisation in the
power-based formulation it was shown that the set
of regularisation parameters where the error decreases
substantially translates to the use of 2 sources whereas
the use of a higher number of sources was not shown
to further improve the reconstruction accuracy. Once
again, in order to choose the equivalent source posi-
tions, the regularisation parameter that minimises the
least-squares error over frequency was chosen within
the range of the parameter which results in the use of
a chosen number of non-zero sources. This is done for
the cases of 1, 2, 4 and 8 equivalent sources.

The fixed positions chosen using the ¢;-norm regu-
larisation are given in Figure 16. From these results
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Figure 16: Equivalent source positions using the fre-
quency averaged ¢; regularisation for (a) 1, (b) 2, (c)
4 and (d) 8 equivalent sources.

it can be seen that the same pattern as in the pre-
vious sections is followed starting from only 1 source
position on the leading edge of the tyre to 2 on both
edges and then an expansion around the circumfer-
ence of the tyre. However, in this case, the sources
are not symmetrical, which could be due to a number
of reasons, some of which are potential added noise
accumulated at the near-field microphones from the
operating vehicle or non-symmetrical radiation from
the tyre under fully operational conditions. Further
research would be needed to address this.

After selecting the equivalent source positions, the
inverse and forward method were performed for each
noise source component independently and the corre-
sponding synthesised contributions were obtained for
the far-field linear array. The gearbox contribution
was synthesised using 1 equivalent source, the left rear
tyre contribution using 2 equivalent sources, while the
right rear tyre contribution, which was the one under
investigation, was approximated using the geometries
retrieved with the ¢;-norm regularisation. The vari-
ous contributions were then added energetically and
the final synthesised response was compared to the
one measured directly.

In Figure 17, the synthesised SPL in 1/3 octave
bands at far-field microphone No.
the frequency range of interest for the right rear tyre
using the regularisation technique with various num-
bers of equivalent sources, the fixed response from the
remaining sources, as well as their overall synthesised
response. The results for microphone No. 11 are cho-
sen as it is again the one that is subject to the highest
acoustic response for the 1 m/s? case. The synthesised

11 is given over e
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Figure 17: SPL in 1/3 octave bands at far-field micro-
phone 11 over the frequency range with the right rear
tyre synthesis performed using (a) 1 equivalent source,
(b) 2 equivalent sources, (c) 4 equivalent sources and
(d) 8 equivalent sources.

responses for the left rear tyre and the gearbox are the
same for all the various cases since they are not de-
pendent on the /;-norm regularisation investigation.
In the left rear tyre response, two dominant frequen-
cies are seen, the first one around 600 Hz and the
second one at 1 kHz. In the gearbox response, three
dominant regions are distinguished at 650 Hz, 1.4 kHz
and 3 kHz and could be either due to the engine har-
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monics, which can be proven with an experimental
vibration investigation on the motor/transmission, or
due to tyre noise leakage into the gearbox microphone
signal despite the low level of the gearbox contribu-
tion.

Using 1 equivalent source for the right rear tyre syn-
thesised response gives an overall acceptable accuracy
up to approximately 2 kHz, while using 2 sources ex-
tends the accuracy up to approximately 4 kHz. These
frequency limits up to which the reconstruction is
good are substantially higher than the ones seen in
the tyre-noise-only case. For larger number of sources,
a slight overestimation of the directly measured re-
sponse is seen up to approximately 1.5 kHz, while at
higher frequencies the synthesised response is a bet-
ter representation of the direct response. Compared
to the results from the first measurement set-up, a
better synthesis accuracy is seen at low frequencies
using 2 or 4 sources. The fact that using 1 source
gives a better representation of the final response up
to higher frequencies than expected and that the re-
sponse is overestimated for 8 sources should probably
be attributed to an overestimation of one or more of
the individual source contributions.

The trend highlighted above is also depicted in the
A-weighted SPL across the microphone array, which
is presented in Figure 18. Using 1 source to discre-
tise the right rear tyre gives an average deviation of
2 dB over the microphone array, while adding 1 more
source reduces this deviation to only 0.5 dB. Using 4
and 8 sources gives deviations of approximately 0.6
and 0.9 dB respectively. The small deviation seen
in the 1-source case, as well as the overestimation of
the response in the 8 - source case, is not in agree-
ment with the results of the ¢;-norm regularisation
and could imply an overestimation of one or more of
the individual contributions. This could be either due
to errors in the power-based inverse method or due
to the added noise captured by the near-field micro-
phones in fully operational conditions. Assessing the
near-field microphone contamination as the possible
cause for the overestimation would require additional
signal processing methodologies.

In Fig. 19, the SPL surface plot at the various fre-
quency bins and across the far field microphone array
is again given for the case of 2 fixed equivalent sources.
While the response at the frequency range between
400 Hz and 1.5 kHz is dominant at microphones 8 to
15, it gradually decreases towards the edges of the far
field array, albeit not at the same rate compared to
the one seen in Fig. 14. The response at low frequen-
cies and between 1.5 kHz and 3 kHz is also seen to
increase at microphones 1-4 and 16-18.

Further research would be needed to assess the ef-
fect of the candidate source grid and the source type
to the source selection. While the candidate source
grid was limited to 12 monopole sources in this case
to accommodate the measurement campaign, a finer
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Figure 18: A-weighted SPL across the far-field ar-
ray using (a) 1, (b) 2, (¢) 4 and (d) 8 fixed sources
for the right rear tyre reconstruction over frequency
compared to the directly measured spectra.

grid of sources or the choice of alternative source
types (dipoles, quadrupoles etc.) could potentially
lead to different source selection and synthesis results.
Further research would also be needed to assess the
performance of the method when the radiation con-
ditions vary substantially as the frequency-averaged
source selection, which is performed in this method-
ology, could potentially lead to poor reconstruction
accuracy.
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Nevertheless, in this case, considering the need for
the minimisation of the number of used equivalent
sources, the use of 2 sources on the leading and trail-
ing edges of the right rear tyre was identified as the
optimum strategy with the given inverse problem for-
mulation. Assuming that the synthesis estimate pro-
vided from the left rear tyre and the gearbox are rea-
sonably accurate, this is an improved result compared
to the investigation done in [20]. Although not pre-
sented herein, the same analysis was also performed
for the 2 m/s? acceleration case and very similar re-
sults were seen.

This synthesis result could potentially be achieved
using a more conventional fo-norm regularisation, as
also shown in [16-17]. However, since the fy-norm
penalisation cannot introduce sparsity in the source
vector, no investigation for the optimum source ge-
ometry could be done and, therefore, the non-zero
sources found in this paper would have to be chosen
beforehand.

6 Conclusions

In this paper, the frequency-averaged £;-norm regu-
larisation approach to the inverse method for predict-
ing the tyre noise response in a pass-by noise con-
text was further extended to a power-based formu-
lation, and was investigated for tyre noise measured
spectra for an electric vehicle under accelerating con-
ditions. The measurements took place in a semi-
anechoic chamber and involved two different set-ups
and run-ups from 5 to 60 km/h at two different ac-
celerations. In the first set-up, only tyre noise from
the two front tyres was taken into account, while, in
the second set-up, the car was driven in fully opera-
tional conditions with noise emitted by the two rear
tyres and the gearbox. For both cases, the investiga-
tion of the equivalent source number and positioning
was done only for the tyre close to the far-field array
and the rest of the sources were quantified assuming
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a fixed small number of equivalent sources. The use
of 1, 2, 4 and 8 final non-negligible equivalent sources
was investigated for one tyre obtaining corresponding
synthesised responses, which were added energetically
to the ones acquired by the remaining sources on the
car, and the overall response was compared to the one
measured directly.

For the first set-up, where only tyre noise was
present, using fixed source positioning gave an accept-
able level of synthesis accuracy, with the best accuracy
being achieved when using 2 sources for the left front
tyre. The ability of the power-based approach to cre-
ate larger effective surface patches represented by an
average source strength and to avoid the phase errors
which have a significant effect on the inversion pro-
cess, gives good synthesis accuracy by using only one
source at each edge of the tyre, which is a substan-

setial improvement compared to the approach where the
phase information and source coherence were taken
into account, as presented in [20] for steady-speed
measured data.

For the second set-up, where tyre and gearbox noise
were present, similar conclusions were drawn regard-
ing the optimum number of equivalent sources needed
for the power-based approach. The 1-source far-field
estimate was seen to have a smaller deviation from
the directly measured spectra compared to the first
set-up, while slight larger overestimations of the final
response were seen when using 8 sources. With the
aim of minimising the number of sources and target-
ing the dominant region of 400 Hz to 1.5 kHz, the
2 - source case was selected as the optimum one, al-
though results of similar accuracy were also seen in
the 4 - source case.
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