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ABSTRACT

Accurate reconstruction of the surface roughness is of high importance to various
areas of science and engineering. One important application [ff this technology is

for remote monitoring of open channel flows through observing its‘dynamic surface

tion is proposed and tested with a static rigid rough method is based

roughness. In this paper a novel airborne acoustic method of réughness reconstruc-
%\T

on the acoustic holography principle and Kirchhoff ap u;)blma.,t‘ion which make use of

acoustic pressure data collected at multiple receiver poin‘ss read along an arch. The
Tikhonov regularisation and generalised cros(ﬂv:li ion (GCV) technique are used
to solve the underdetermined system of eguati nsAﬂ)r the acoustic pressures. The

{ -
experimental data are collected above &rouglhmess created with a 3D printer. For

the given surface it is shown that t e}hgo method works well with the various
number of receiver positions. I t_‘t&‘a\\pﬁ,‘the tested ratios between the number
of surface points at which the, sur bekvation can be reconstructed and number of
receiver positions are 2.5, 5 a 5.4t is shown that, in a region comparable with

the projected size of the m Mtivi‘cy lobe, the method is able to reconstruct the

spatial spectrum de<%fthe ctual surface elevation with the accuracy of 20%.

£
I. INTR(%!SU\ o

It is,h D attractive to be able to measure the hydraulic characteristics of an
openéchanmel flew from air. These types of flow are typical to rivers and partially
filled pipe a{d it is of high importance to measure their hydraulic characteristics
acc atel) and without submerging any instruments in them. One characteristic

featﬂ’e of these flows is rough water free surface. Evidence suggest that the surface

\ro ness pattern of an open channel flow relates closely to their hydraulic charac-
N
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teristics, e.g. Reynolds number and mean flow depth!™. Therefore, measuring the
parameters of this pattern, e.g. its spatial spectrum or correlation function, enables
us to characterise the flow hydraulics and infer information about other processes
which may develop in the flow for these set of the hydraulic / nditions. As a first
step towards the development of a technique that enables c‘c’;:hg\these parame-
ters, water surface can be considered frozen over a short g&wime‘*. This can be
justified by the fact that speed of sound in air ¢y = 3 E"%wmch faster than the
maximum phase velocity U = Uy + ¢, (composed o_f‘ veloeity U, and the phase
velocity of gravity waves c¢,) at which surface rotigh pa%erns of shallow water flow
propagate.

Range of inversion techniques has bee roptggi to reconstruct rough surface
profile. In case when wavelength A is much biggar than the surface roughness height
¢ (/X < 1) small perturbation me o&ourier transform can be used to directly
reconstruct the surface profiles® %ﬁ\surfaces satisfying Kirchhoff criteria® and
for both source and receiver osit%ed“i‘n the Fraunhofer zone with respect to the
illuminated surface, varie o&\t | techniques have been developed to reconstruct
surface profiles”.

Airborne sound Vw‘c well for the inversion of the surface roughness of an open

channel flow. U

ike 1 thg case of electro-magnetic waves, the air-water interface

£

characterised Ay reugh /gurface is an acoustically rigid boundary so that an exact

mathematieal formulation for airborne sound pressure can be applied. In this paper

it is prop ao use acoustic imaging techniques® which we develop further to recover
the ofie-difnensional elevation of a static rough surface.
e ac

Th éc imaging have been widely used to reconstruct the distribution of the

}fy Near-field Acoustic Holography (NAH)Y that requires single measurement

acoustic ;)urces on a known surface®. The original technique is built on the principles
Q\
du

S

o the use of microphone array. Kirchhoff integral and convolution are at the
N
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foundation of the NAH that makes method not restricted to the approximation
of radiated/scattered acoustic pattern in the Fraunhofer zone. This measurement
method offers a high spatial resolution where the characteristic spatial separation
on the surface can be smaller than the acoustic wavelength. /Ellowever the spatial
resolution on the surface is restricted by the separation be thé'weceiverst?,

An alternative holography method is to discretise Kirclihoff4ntegral and to convert

into‘aumatrix-based form!!

rray“can be much smaller

the boundary integral equations for the array of receiy

In this direct method the number of receivers i

than the number of points required to reconstruct disSribution of sources on the
surface. This leads to ill-conditioned matrif with nialtiple inverse solutions. The
matrix inverse is based on the singular value ‘Dmposmlon method (SVD) and
variety of regularisation methods such \1{% d SVD and Tikhonov regularisation
technique in conjunction with the op imising the choice of regularisation

parameter?!'%13,

In this paper the method based on the Kirchhoff integral
discretisation is employed to ecorhuc’c‘the elevation profile of a static, rigid rough
surface.

With the idea in mmd potentlal application of this method is to re-
construct the dynanfically rough water surface, it is proposed to choose the surface
elevation profile fo bemd by a linear wave model that is based on the Fourier
: : 4 . :
expansions ?A’h r dorg/phase and surface spectrum in form of the power function.
This type 1 has been used to study scattering of airborne electromagnetic
waves Dy tie Ocean waves'®. The representation of the surface spectrum as a power
function of the'wavenumber has wide applications in oceanography'®, and in water
wave tur e{ce17 and turbulence-generated surface roughness'®.

e p)per is organised in the following manner. In Section II the geometrical pa-

-

ramé’ers of surface profile are introduced. In this section, the parameters have been

Suse in the linear wave model to generate surface which is manufactured with the

~
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help of 3D printing technology. The section also introduces measurement technique.
The acoustic source used in the measurements has been characterised by the directiv-
ity pattern modelled with the far-field approximation of the radiated sound by piston
in a rigid baffle’®. The diameter of the piston and frequency @f the radiated sound
results in narrow source directivity pattern that makes p ss‘:Ble eglect direct
acoustic wave-field!. The measurement technique is based a single microphone
sliding along the circular arch. Normalising the recor d';:ox%: pressure by the sig-

nal sent to source removes phase offset and synchr Il_iée

eastrements combining all
microphone locations into one single array*!. The ost-pfsjcessing method is outlined

in Section III. In order to isolate unknown sfirface profile the form of the Kirchhoff

integral is simplified by introducing Kirch ap;ig(imationl’6 and analysing scat-
tered acoustic wave-field in the far-fi J\% pect to the ratio between acoustic
wavelength and surface-to-receiver o,urc\ls ance. The acoustic wavelength is de-

fined by acoustic source generati %\yound at 43 kHz. It is proposed to discretise

approximated Kirchhoff integtal a pply SVD to obtain inverse solution. The sur-
face profile is identified from th seé of the inverted integral. Section IV discusses
application of the proposed \t—psocessing technique to the collected data. The ac-

curacy of reconstru 10'Tﬁﬁompared for several sets of the measurements containing
60, 30 and 20 m@ e locations.
£

A V.
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II. ACOUSTIC MEASUREMENTS: GEOMETRY AND
EXPERIMENTAL METHOD

A. Geometry of surface profile

In this work, the two-dimensional rough surface profiledn %ﬁesian system
of coordinates is generated through \
e

((x)=0 Z A, cos (Knx_—l; ; (1)

where o is the standard deviation of the rough-surfage }(n = 27/, is wavenumber
in the surface roughness spatial spectru i ‘f@ﬂdomly generated phase. The
amplitude A,, in the above equation is proporti n‘ﬂ'to the wavelength [,, of the n-th

harmonic in the Fourier expansion'® so ‘that

\ o2
27r)

and defined by the power spegsbtk pe a. Here it is chosen to use the spectrum

with a = —2 as a comprom\ﬁeﬁween the resolution of the 3D printing technology

(2)

and the requiremen e Kirchhoff approximation given by

y p siny > DG (3)

a local_curvature radius, k is the acoustic wavenumber and v is angle

of an inc Dacoustic wave. The resulting spectrum is representative of a surface
With%ﬂ armonic components, which is typical of turbulent flows with small
e n

b};r in the regimes from flat to wavy as identified by Brocchini and
Re rinég. For the rough surface analysed in this paper, the spatial scales were

Varie? from 0.025 < [, < 0.115 m, and the standard deviation of the surface was

\se 0 0 = 0.001m. These values are consistent with the measurements of the free
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nl A, | K, Tn

2
0.115

27
2/0.81| = |-0.08 /

2 \
4 0.
30.49) e |-0.83 }
2w
410.35 -0.89
0.0329 \
2T )

2 -0.
510 70.0256 0.76 ~

1/1.2 -0.46

TABLE I. Surface parameters used i the éspansion (1)

surface of shallow turbulent flows*. The &x ;ace @t was generated with equation

(1) and used throughout this paper C@ terms (n = 1..5) in the expansion

defined by the parameters in Table

Figure 1(a) shows the elevatl of this surface which is described by equa-
tion (1) with parameters de aﬁe [. This surface profile was exported into
commercial CAD softwar k 2014 where the drawing was converted into
the format suitable for 3D technology. The results were loaded to the 3D

printer Makerbot Rép or 2 which uses fused deposition modelling to print 3D
objects. The pri ting%rial was Polylactic Acid with density 1250 kg/m3. For
the selected {D i {ing/technique the printing accuracy is related to the minimum
thickness of Nal layers which is 0.0002 m. This is comparable with the stan-

dard dev

ion of the generated surface. In order to minimize printing error and to

prodige af smoether surface finish the printing process was carried out in vertical
difection 't{surface built on the smallest side (thickness). Four separate tiles were
RIO ced&and glued together to form a 0.46x0.3 m rough surface patch as shown in
Figute 1(b). The length and width of each of these four tiles was set to 0.23 m and

\O. m, respectively. Figure 1(b) shows the horizontal marks visible on the purple
N
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FIG. 1. Rough surface patch used ‘Hi?rec struction technique. (a) Surface profile. (b)
'
Top view. (c) Side view of a si til

ﬂ\\

tile (top left frn Wh}}éh are left on the surface as a result of the vertical printing
process. Three ts were printed on the underside of each of the four rough tiles to
provide Qnd to support profile when it is placed on a flat surface as illustrated
in Figure(c).

surface perigdic with the period of 0.23 m. This periodicity ensured the continuity

The set of the wavenumbers we adopted in equation (1) made the

&m sl&)e at the boundary between any two neighboring tiles. Along each of the

sof
four $iles the roughness profile was uniform along the y-direction (out of Ozz plane)
i£~ er to simulate the two-dimensional surface roughness.

R 8
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Source Receiver

FIG. 2. Acoustii test
mpport the source and receiver which

For this work, the test rig was desi
were suspended over an arch a jhkkough surface patch as shown in Figure 2.
The base of the rig was resting on thefloor covered with absorbing material to reduce
g@s{ atch. The semi-circular shape of the rig was

selected in order to record \fbrward scattered acoustic pressure field at multiple
positions in along a eﬁ(‘hﬁfle in Oxz plane. The radius of this arch was 0.4 m.

B. Acoustic equipment

reflections at the side of the

The source of goun 2a = 70 mm diameter ultrasonic transducer (Pro-Wave
V.

ceramic type 043 750)/WhiCh was attached to one side of the arch insonifying the

rough surface pat¢h at 180° — 1), where v = 135° measured from the Oz axis in

kwise direction. A 1/4-in G.R.A.S. 46BF microphone, was attached to

of the arch. It was initially placed at angle 15° to the surface and
thlen mov éwards 74° at a 1° angular increment. It enabled us to measure the
Lacoustic }ressure at 60 receiver positions along the arch within the x = [15°,74°]

sectdj, where y is the angle measured from the Ox axis at the centre of the arch

\in unter-clockwise direction. It is noted that both the microphone and ultrasonic

~
9
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transducer protruded beyond the circumference of the arch towards the surface by
0.027 m and 0.017 m, respectively.
The ultrasonic transducer was driven at the frequency of f = 43 kHz with a

10 V peak to peak sinusoidal signal generated by a Tektronix AFG 3022C function
be

generator. The far field directivity pattern of the sourc caj efined by the

equation for an oscillating piston in a rigid baffle!4, i.e.
Ji(kasin ¢) \
Alg) =L ‘) (4)

kasing ’ —~
where k = 27 f /¢y is the acoustic wavenumber infair an

¢ = arccos (;—) d@b g 5 (5)

where the angle of incidence calculated in dian@n the above equation z is the

z-coordinate of the source and R, =
the point of observation at the meadi{i\ez =

The validity of the selected fag-field Seurce directivity pattern was experimentally
validated and the results ar i%‘\’ﬁ;ﬁ"in Figure 3. The measurement of the di-
rectivity pattern was con u;tX\\O. m and 1 m away from the transducer over
180° angle sector. In order te_isolate measured directivity pattern and compare it
with equation (4) thé collegted magnitude of the radiated acoustic pressure was nor-
malised by its xg\?‘tﬁue found on the symmetry axis of the main lobe. Angle
¢ in these ?lg‘%lﬁ was counted from the symmetry axis of the main lobe.
It was fo that_the effective diameter of the transducer is 0.04 m compared to
the actua Dmeter 0.07 m quoted by the manufacturer. The reduced value of the

diaméter givesthe width of the main lobe which compares well with the measured

4tern with the accuracy within 1% of the measured results in angle

It’is noted that the directivity of the transducer and the length of the rough

surface patch were chosen so that the main lobe in the directivity pattern fits the
o

10
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FIG. 3. The measured (solid line) and predicte aé??d line) directivities of the sound

source. Directivity patterns are plotted ag%le%from equation (4). Source-receiver

s
size of the patch at distance 0.4 me&radiated at the angle of 135° with the size
of the project main lobe estimw 0.2 m.

The experiments were camm in the semi-anechoic chamber in order to reduce

distance is (a) 0.2 m and (b) 1m

any possible secondary reflections and low-frequency structural vibration that could
have altered the 1stan‘}k§ween the rough surface patch and receiver position. The
equipment wa$ a blyd as shown in Figure 4. The signal generator was directly
connected to thewltrasonic transducer. The microphone unit was connected to the
G.R.AS.

andl ’Gain’ were fixed. The Filter dial was set to Lin which meant that there

r module type 12AK. Throughout all experiments its module settings

i{g of the data as their passed through the module. The Gain dial was
sseb —i—&) which amplified the power of the signal by 50 decibels. The G.R.A.S.

powé’ module and function generator (for reference signal) were connected to a 8

\ charnnels NI PXIe-6356 data acquisition (DAQ) card. The DAQ card was transferring

~
11
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FIG. 4. Expe@p diagram

data to a National Instruments (NT) m embedded controller where a National
Instruments LabView virtual instrym i, program was installed to record the acoustic

signal at the 0.5 MHz sampli atéy At each position of the microphone reading

was taken with a durationg%he microphone data and reference signal obtained

directly from the si enerator were recorded synchronously. The resulting raw

data were saved i t@s so that analysis could be performed using commercial
015.

software Matl 2
j\ /
é%ntal methodology

C. P
£
The re 5ed signal on microphone was first filtered with second order bandpass

JBu rW(}th filter defined in the 30 - 50 kHz frequency range. The Hilbert transform
@pphed to the acquired data to determine the signal amplitude Ay and phase

T, at each of the 60 receiver positions. The transformed signal was then presented
~
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in the following analytic form
P, = Age' I m) = 1..60. (6)

These signals were then normalised against the reference sigl(a{t:ined directly

from the functional generator so that the complex acoustic r&jure B, scattered by
the rough surface to the given receiver point m along th%&n be written as
B — A, m— 1.6 )
.

where A,, is the normalised amplitude of the sc ered&aeoustic signal at m-th re-
ceiver position. It is noted that normalised (a ue€ is_assumed to be independent on
ILJ?e 60 microphone recordings to

form a virtual array of receivers eﬂec&& ng the directivity pattern recorded

along the arch opposite to the sou

1
temporal variable that enables us to combing a
e

An example of the normalise li and phase of the analytic signal recorded

t

on the receiver at 15° is sh@\jn igae 5. These data are plotted as a function

of time and indicate th Qamphtude and phase varies with time. It is

noted that amplitude varies wighin 25% from its mean value whereas phase varies

within 10% from it ne‘%me. This variation is associated with the characteristics

of the ultrasonéi};s 6r used in this experiment. In order to reconstruct the
th

rough surface/m er we selected the 1 sec average amplitude and phase values

recorded %C\Qhe 60 receiver positions.

OFF APPROXIMATION AND PSEUDO-INVERSE
ﬂ

L

1. “Kifkc
CHI\SI UE

ﬁ

order to recover the rough surface profile we used the Kirchhoff approximation?!

\W takes into account single reflection from the plane tangential to the surface.

~
13
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FIG. 5. Amplitude (a) and phase (a) of the t nsfon-jod signal recorded at 15° to the

surface \\ A

This limits the application of the Q&p‘finethod to the surface that satisfy con-
dition (3). Using this conditio a;

far field from the reflecting sdr ac:>R§ 1 with R being characteristic distance to
the surface) the acoustic g &q

integral over the mean pl;l%a\’é

q. (16) in Krynkin et al.!). Assuming that sur-
face is uniform alo t%jteral coordinate axis Oy and that the surface dimension

ming that source and receiver are in the

D space can be approximated by the double

along Oy axis i rm,llch rger than the acoustic wavelength?!, the problem can be

ace Avith the help of single integral written as

formulated i2/§D
\ ) too 4
Q i (z)

)= ) YRR

exp [ik(Rs + R,) — ig.C(2)] g.dz, (8)

-

) qz—k<ﬁ+i). 9)
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Here Ry = y/(z — z,)> + 22 and R, = \/(x — 2,)° + 22 are the distances from the

source and receiver to the specular reflection point at the mean surface z = 01,
respectively. In this model the centre of Oxz plane is aligned with the centre of the
semicircular arch as discussed in Section IIB so that the coofdimates of the source

(x5, zs) and receiver (z,,z,) can be expressed in the form ¢f r coordinates with

radial distance fixed at the radius R of the arch. This gﬂ?\

(74, 25) = R(cosw,sin_gp )""'\

(z,,2.) = R(cos x, s%

In the presence of surface roughness sdale orﬁaarable with the acoustic wave-
L

length, the number of required surfacés%c‘b or adequate reconstruction M in-

evitably becomes greater than the mh\sqr the available receivers N. In prac-

tical applications, the maximum nu mf‘receivers N is restricted by technical

(10)

limitations and by the amount wa’oa. which can be processed. Arranging the
discretised integral (8) over&}% ce Sy with the M uniform spatial elements

Ax = Tpma1 — T, m = 1,75 for all N receivers into a matrix form results in

the under-determin stem whiich can be inverted with the help of singular value
decomposition te %D)S. This gives
X
/\ / Pynyi = HywnmErxa, (11)

where Py ;s a vector containing recorded acoustic signal at the N receiver loca-

tions“Thé elentents of the matrix H yy s and vector E sy are given by

) i A(Zn)
21k Rs,mnRr,mn

exXp [lk(Rs,mn + Rr,mn)] qz,mnAx} (12)

m=1,....Mn=1,....N

(13)

15


http://dx.doi.org/10.1063/1.4974842

AllP

Publishing

| This manuscript was accepted by Rev. Sci.Instrum. Click here to see the version of record.

respectively. We note that the elements of the vector E,;«; are defined by the
receiver aligned with the specular reflection point for the source being at ¢ = 135,
i.e. with y = 45°. We also assume that ¢, in equation (8) is approximately constant
for all the receivers with the value given by the direction s ular to that of the

source, ¢S (x,,) = 2kzs/R;.

The resulting ill-conditioned matrix can be regularlse e help of Tikhonov
regularization technique'® and the surface elevation a t can be approximated
with

1Ln (em
{Cntm=1,.00 = 5 (14)

LM
where e,, is defined by equation (13). The apgilcat 1 of the SVD?? to equation (11)

gives L——

Epysa = SV >< )P N1, (15)
where operator svd™! defines 1nver81 matrix H y. s decomposed into the
product of unitary matrices U NX mxm and a diagonal matrix Sy, with
nonnegative elements arrange th descendmg order of smallness that is

svd UNxNSNxMVz\}xM7 (16)

where A stands for o% conjugate and AT denotes matrix transpose. Equation
(15) is conditionéd vyt Tikhonov regularisation parameter [ identified with the
help of gene 1sed osilf validation (GCV) technique!3. The application of the SVD
in equati rformed with a library function available in commercial software

Matlab/R a.

16
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FIG. 6. The reconstructed surface roughness (dghedwsh—dot and dotted lines) and the
actual surface roughness (solid line). (a) eceﬁi\o?féhtation A; (b) receiver orientation

B.

\\
lustrated in Figure 6. For t %@umber of receivers (N = 30 and N = 20)
re IS

the separation between the

to the directivity of the so M fixed value of the ¢} at specular point y = 45°

in the definition of v, E/+1'in equation (13), the proposed inversion technique
does not allow th re<;§§t12 ction of the surface roughness outside of the illuminated
Kvas/a

as increased to 2° and 3°, respectively. Due

patch which 1 proximately 0.2 m. Therefore, all the presented results

are restrict the tial interval —0.1 < z < 0.1 m. The total number of points

recovered, within this interval is 150 (that is M = 150) that scales in the ~ 1 mm
spati regalu' n.

The receifstruction technique was applied to the acoustic pressures, Pyy1, mea-
ssur W&Il the rough surface was oriented in two particular ways. The first set

of atyustic pressures was measured when the rough patch was installed in orienta-

Stio A (purple colored tile in the top left corner as illustrated in Figure 1(b)) with
o

17


http://dx.doi.org/10.1063/1.4974842

AllP

Publishing

| This manuscript was accepted by Rev. Sci.Instrum. Click here to see the version of record.

respect to the arch. The second set of acoustic pressures was measured when the
rough patch was installed in orientation B (purple colored tile in the bottom right
corner) with respect to the arch. Due to the asymmetric surface profile along the

faces. Figure

Oz axis with the central point in the middle of the rough surf% atch the two data
sets can be associated with acoustic scattering over two Pnicx.\

6 demonstrates that the proposed method is able to réconstruct a wide range of

roughness scales with 10 % error in roughness stand d*jew ion ¢ = 1 mm for 60
receivers (dashed line in Figure (6)). The roug _@‘&Qm@reconstructed for the
both patch orientations is shifted along the Ox ‘axis th&t can be explained by the
non-uniform distribution of the receiver pos@s a the arch. The uncertainty

in receiver positioning is estimated at iOﬁ% @t reduces the resolution of the
nt t

reconstruction technique. In this exp r’?sK
can be reconstructed is £0.5 mm Q&through the absolute root mean square

resolution with which the surface

error in the roughness wave hei

The inversion of the undgiehiﬁd system can result in the appearance of

ghost scales which are obgservedicloser'to the edge of the area of rough patch illumi-
nated by the source. Thi&q reduce the accuracy of the reconstruction tech-

nique. In particula

the*seconstructed surface contains smaller scales near x = 0.1
m which can be gbser F\iSFiguures 6. This point is near the edge of the area of the
patch illuminafe /thydirectional source. It is also noted that the decrease in the
number of xeceivers generally results in the decrease of the surface area which can

be acc ly/reconstructed. This is observed in Figures 6(a) and (b) for 30 and 20

receiviers with madequate representation of the surface scales in the spatial interval
005 zx .1 m. In this interval the error in reconstructed roughness standard
idev tior)increases from 10% for 60 receivers to 200% for 20 receivers. However in

the syorter spatial interval, namely —0.05 < z < 0.05, the error in the reconstructed

Sro ness standard deviation is below 2%. It must be noted that in the shorter
~
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spatial interval the original standard deviation ¢ = 1 mm is reduced to 0.75 mm.
In many applications it is of importance to estimate the spatial spectrum of the
roughness to understand the range of roughness scales and their relative amplitude?3.
In order to estimate how accurate the reconstruction is, it W&S({Q(;id to compare
the normalised power spectrum of the two roughness profil mjons cted with the

proposed inversion technique over the spatial interval of T = 0.2. The spatial

power spectrum was calculated as ‘)
T

'K“fdg)v : (17)

where K is the spatial wavenumber. Figur &&se‘ﬁ} the original and reconstructed
power spectra of the two surface realisatigns p t(‘eﬁ' against the spatial wavenumber.
These spectra were normalised against*theiramaximum values. The results shown
in Figures 7(a) and (b) suggest t%versmn technique is able to estimate
accurately a broad range of the @nngss scales for K1 < K < K5, where K; and
K5 indicate the cut-on and cu scales in the inversion. These are shown with the

vertical solid lines in Figu Wamd (b). The accuracy of the proposed method

was then estimated 1 < K5 < K35, where K,, = 27/l,, n = 1.5, and the two
spatial scales in eguation 1%were I; = 0.115 m and I5 = 0.0256 m (see Table I). The

mean relative r avas then calculated as
\ 5 [Fe(K) — Fe(Ko)] 1)
- - 7
) St Fe(Ko)
wheré N/ = 54s total number of the power spectrum points in [K, K5 interval,

F{EK,) a I{C(Kn) are the power spectrum (17) of reconstructed surface profile and
sact al rotighness, respectively. In the K; < K < Kj interval the reconstruction

errox&with 60 receivers is € = 13% in the case of orientation A. The reconstruction

\err with 60 receivers is 18% in the case of orientation B. The reconstruction error

~
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FIG. 7. The normalised power spectrum Of% fl-S}ucted surface (dashed, dash-dot
L
al su

10*

and dotted lines) and spectra of the ori ce (solid line). K; = 54.6 1/m and

K5 =245.9 1/m. (a) Surface orientati nN) face orientation B.
&\

<

improves for smaller Surﬂace\&ﬂ

es as the number of receivers reduces. This can
be explained by t resefice of the ’ghost’ scales. The above errors became 5%
(orientation A)4nd A47% (orientation B) when the number of receivers was reduced

to 30. For 2 LQ fﬁese errors were 3% and 8%, respectively.

~

[t4s algd visible in Figures 7 that The reconstruction error increases for larger sur-
fate scale s/the number of receivers reduces This can be explained by the decrease
An ab)ity of the algorithm with fewer receivers to reconstruct the surface rough-

nessﬁxlong the whole length of the illuminated patch as it is illustrated in Figures

S
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V. CONCLUSION

In this paper the matrix based inverse technique has been applied to reconstruct
a static rough surface profile. The proposed technique is basefl on the discretised
Kirchhoff approximation integrals formulated at the multip Jécéb\‘positions over

a flat surface. The resultant system of linear equations has solved with the help

of the singular value decomposition method.

The acoustic pressures measured with the singl%@phone sliding along the
circular arch have been post-processed to remov t}:‘c: pksi,s offset and to determine
their amplitude and phase. With the aim to @;}Ver -centimetre roughness scales
the required number of points on the surf&s @r than the number of available
receivers. This has led to the under-determined, problem that has been regularised
with Tikhonov regularisation techn'quexbilise the matrix solution. It has been
shown that the proposed inversion teclmique can result in the 'ghost’ scales observed
at the edges of the reconstrueted h’&f roughness. This can be explained by the

u&%@ roughness is reconstructed had to be in the
proximity of an acoustic smaecular point. This specular reflection point is
is.of the source directivity pattern.
m:lcussed in this paper has been able to recover the sur-
face roughnes ’i,n We 4+0.1 m area illuminated by the adopted piezo-ceramic
transducer {:1 construction technique has been tested for 20, 30 and 60 synchro-

fact that a point at which th

defined by the main

The inverse te€hni

nised receiyers. The recovery of the spatial scales has been analysed with the power

spectfal density, In case of 60 receivers all scales present on the surface have been

({ with mean error of up to 18%. This error decreases with the reduction

‘1{1 e nénber of receivers to less than 10% for 20 receivers. The error decrease in

the ﬁsconstructed power spectrum can be explained by the effect of 'ghost’ scales.

\ rther improvements of the proposed technique may require the use of differ-
o
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ent source/receivers combinations, simultaneous use of multiple receivers and less

directional sources of sound.
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