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Abstract

Near-field acoustical holography (NAH) requires the measurement of the near-field pressure
field over a conformal and closed surface in order to recover the acoustic field on a nearby
surface. Very often we encounter applications where pressure measurements are available
only over a small open surface. In these cases the strict NAH theory does not hold, but still
there are techniques used to overcome this difficulty. The best known is patch NAH, which
has been used for planar surfaces. In this work we will discuss two techniques used for general
surfaces: patch inverse boundary element methods (IBEM) and patch NAH using equivalent
sources. We will compare the error of the normal velocity reconstruction in both methods and
recommend possible improvements. We use a cylindrical surface excited by a point force as
an example to validate our results.

INTRODUCTION

Denote ad" the surface of cylinder as shown in figuteFor a time-harmonice("*“?) dis-
turbance of frequency the sound pressugesatisfies the homogeneous Helmholtz equation
inside the fuselage

Ap+E*p=0, (1)

wherek = w/c is the wave number angthe constant for the speed of sound.

The conventional solution of interior NAH will require that the pressure should be mea-
sured on a closed surface interiorltoldeally this measurement surface will be very close
toI' in order to obtain a high-resolution reconstruction. However, practical implementations
does not allow a closed and all encompassing measurement surface. Thus a smaller measure-
ment surface, or “patch” surface, is used instead. In this work we will consider the case when
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Figure 1: Cylindrical surfacel’ and the patch surfacEP.

measurements are taken over a pdighwhere this patch is conformal the surfdde (see
figurel).
We use the integral representatiby®, 3] for a pointx = (z1, z2, z3) € Iy

p(x) = /F D,y )pyS(y) @

where .
b(x.y) = ORUEX YD)
Am|x -y
Similarly the normal velocity is given by

rr %)i—)&gl)w(y)d,g(y) + %‘p(x)a x €I'P, (3)

wheren is the outward unit normal angthe constant of the medium density.

ipwo(x) =

A solutionp of (1) can be represented by the method of equivalent sod,ds|n this
method we are required to define a source surfadées at a constant distanédrom I'? as
shown in figure2. This method uses the representation

N
p(x) =) q®(x,z), 1zl (4)
7j=1

where N, > 0 is the number of sources angl, j = 1,..., N, the source coefficients. The
normal derivative is calculated using

N

i ow _ 6(1) (ya Zj)
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s I’

Figure 2: Surfaced™, I' andTl.

NUMERICAL DISCRETIZATION

The boundary surfacE? is decomposed into quadrilateral elements with four nodes. The
boundary element method with iso-parametric linear functigjrisfselected for interpolating
the geometric and acoustical quantities. Giiémpressure measurementslog represented
asp, recoverN pressure and normal velocity points Bh, represented gs° andv® respec-
tively. Whenx € T}, (2) gives the matrix equation

[Sl¢=p (6)

where[S]isaM x N complex matrix andp is the column vector oV entries that represent
values of the density onT'. Similarly, whenx € T', (3) produce the matrix equation

v’ = K], ()

where[K] is anN x N complex matrix.

The source surfacE,; does not need to be decomposed into surface elements, instead
we just need to create a grid wifki; points distributed over®. Then is simple to obtain the
following matrix system

[G] q="p, 8)

where the coefficients of th&/ x Ny complex matriG| are given by
Gij = @(xi,zi).
Herex; are the points i’y andz; are the points id’',. Similarly we obtain the relationship

1

VS — T [GS’U] q (9)
pw
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where the coefficients of th& x N, complex matriXG*"] are given by

o (yl7 Zi)

%5 = only))

andy; are the points i’

NUMERICAL REGULARIZATION

For the experimental problem, the exact presguig perturbed by measurement errors. We
denote the measured pressurepds If the elements of the perturbatiean= p™ — p are
Gaussian (unbiased and uncorrelated) with covariance megfii, thenE (||e||3) = Mo
(here||.||2 is the2-norm). It is well known that the linear systems @) &nd @) are ill-posed,
i.e., the errors ip™ will be amplified in the solutionry or q, and in most of the cases the
recovery will be useless.

To avoid the amplification of the measurement errors, spesigllarization methods
are used to find the solution of these linear systems. The best known implementation of these
methods requires the use of the singular value decomposition (SVD)

"oe)= (v 27 vy

s]=[U'] [=] [V]
where [U'?], [V12] are unitary matrices anf='?] is a diagonal matrix containing the
singular valuesr; in order of non-decresing magnitude. Regularization methods are imple-
mented using the explicit formula

po= [V [F] [ U7 qo= V7] [F2°] [=2] [0 (10)

Here the diagonal matricé®'|,[F2| contain the filter factor§] which are used to reduce

the effect of the measurement errors in the reconstruction. The paraimegtéris called the
regularization parameter, and should be chosen correctly. There are several types of filter
factors used for different ill-posed problems, but in this work we will use the filter factors of
Tikhonov with a high-pass filter].

PHYSICAL EXPERIMENTS

The experimental configuration for the holographic measurement is similar to the previous
work of HerdicB]. The surfacd” is an aluminium stiffened cylindrical sheld.81m radius,

2.55m length and the shell thickness varies betw@8rand1.2mm) excited by a point force
applied to a rib/stringer intersection at one end of the cylinder. The measurements were con-
ducted using a chirp waveform over a band frbinto 1000Hz with 0.61Hz resolution. For

this interior NAH problem, the measurement surfégds a cylindrical array of).7045m ra-
dius,123.75 degrees angle arid74m length as shown in figur2 The pressure measurements
onT'y are a grid ofl 2 points over the radius arid) points over the length.
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I'? is a patch of the surfadethat is directly in front ofly. I'? is a cylindrical surface of
0.81m radius, with the same angle and length thignThe normal velocity is measured over
120 points inI'? distributed as il"y. We will consider the use of extension poii¥s in '
(andT*® for ESM), which will make the cylindrical surface andlé6.25, 168.75 degrees and
respectively the length.91,1.08m for N, = 1, 2 (see figure?).

The vectorv® contain the measured normal velocity BAhwith N, = 0. Notice that
the previous methods will provide the reconstructed normal velogitjor I'? (even over
extended pointsV, > 0), but the relative errofftv® — vZ||2/||v*||2 x 100 will be considered
over the part of ? that was not extendedV, = 0). Since we know the exast’, we choose in
all our reconstructions the optimal regularization paramefer the Tikhonov regularization
with a high-pass filter inX0).

Relative Error %
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Figure 3: Patch IBEM reconstruction for different frequencies using extension pipts

In figure 3 we show the relative error of reconstructed normal velocity using patch
IBEM for 44 frequencies equally spaced fr@®.5Hz to 180Hz. This figure clearly shows the
importance of the extension points. Whai = 0 the errors are bigger for all frequencies.

N, = 1,2 have similar errors, bulv, = 2 does slightly better. If we utilize more extension
points we will observe that the errors will not decrease, but instead the columns of the matrix
system in {) will increase. The increase in the columns of the mg®ixin (7) will increase
considerably the memory requirements of patch IBEM. For that reason is just necessary to
useN, = 2 with patch IBEM.

In figure 4 we show the relative error of the reconstructed normal velocity using ESM
with § = 0.08m for 44 frequencies equally spaced fr@®.5Hz to 180Hz. This figure shows
that the reconstruction errors are similar to the reconstruction errors of patch IBEM for differ-
ent extension points. WheN, = 0 the errors are higher for all frequencies, andAgr > 0
the errors reduce. Again as for the patch IBEM method, there will not be a considerable de-
crease in the reconstruction point fr, greater thar.
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Figure 4: ESM withd = 0.08m reconstruction for different frequencies using extension points
Ng.
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Figure 5: patch IBEM and ESM reconstruction for different frequencies using extension point
N, =2.

In figure 5 we show the comparison between the errors of patch IBEM and ESM with
0 = 0.08m. In both methods we ug€, = 2 and we found that they produce similar errors for
all frequencies. Finally in figuré we show the normal velocity measurementsn I'? and
in figure 7 we show the reconstructed normal velocity using patch IBEM with extension
points N, = 2.
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85.5Hz, -59.99 dB  88.5 Hz, -65.32dB 91.6 Hz, -58.85dB 94.6 Hz, -66.87 dB  97.7 Hz, =70.50 dB 100.7 Hz, -72.84 dB

===

103.8 Hz, -74.81 dB 106.8 Hz, -75.97 dB 109.9 Hz, -76.05 dB 112.9 Hz, -73.89 dB 116.0 Hz, -71.92 dB 119.0 Hz, -70.12 dB

:
=ES5aS

122.1 Hz, -69.13 dB 161.8 Hz, -62.89 dB 164.8 Hz, -61.07 dB 167.9 Hz, -57.58 dB 170.9 Hz, -50.33 dB 174.0 Hz, -50.59 dB

Figure 6: Normal Velocity measurements for some selected frequencies.

85.5Hz, -60.34 dB  88.5 Hz, -66.28 dB  91.6 Hz, -59.66 dB 94.6 Hz, -67.49dB 97.7 Hz, -70.33 dB 100.7 Hz, -72.42 dB

103.8 Hz, -74.02 dB 106.8 Hz, -75.79 dB 109.9 Hz, -76.99 dB 112.9 Hz, -78.04 dB 116.0 Hz, -75.73 dB 119.0 Hz, -69.72 dB

122.1 Hz, -70.77 dB 161.8 Hz, -61.49 dB 164.8 Hz, -62.05 dB 167.9 Hz, -59.11 dB 170.9 Hz, -49.54 dB 174.0 Hz, -50.65 dB

Figure 7:Normal Velocity reconstruction using patch IBEM with extension pawjts= 2 for
some selected frequencies.

CONCLUSION

In this work we have shown two methods that are used for the reconstruction of the normal
velocity when measurements are available over a patch: patch IBEM and ESM. It was found
that both methods produce similar reconstruction errors, and also in both methods these errors
can be reduced by the use of extension points in the reconstruction sLiffdaad source
surfacel® for ESM).



Nicolas P. Valdivia and Earl G. Williams

ESM does not require the time-expensive calculations of the integral as in IBEM. For
that reason we have shown that ESM can be numerically more attractive than patch IBEM,
when patch measurements are available.
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