WO 01/ 75474 PCT/ USO01/10174 -1 METHOD AND APPARATUS FOR DI SCRI M NATI NG
ULTRASONI C ECHOES USI NG WAVELET FUNCTI ON PROCESSI NG Background of the

| nvent i ow@he73aresent invention is directed to the ultraspar/wSoemsur ement
of liquid quantity in a tank, in general, and nore particularly to, a

met hod of and apparatus for discrimnating anong ul trasoni c echoes
reflected fromvarious objects in the tank containing liquid using 5

wavel et function processing. CGenerally,-I-n ultrasonic |iquid nmeasurenent
systens, an ultrasonic transducer is disposed at a tank containing a
liquid for meESHPT APt HE2G0 R FEY D&FCIHM&B%HTNFh‘éPTéﬁAHF’MPnECWEFr 438 ¢
transducer is excited to prodwesEnlFUR@SORi ErROgEESEE i Nto the liquid and
receive 10 echoes fromthe liquid surface and various objects that nay be
di sposed in or a part of the tank. The recei ved echoes are converted into
el ectrical signals by the trdirsHeedRdfof tHeVItvER¥®®m el ectronic  si gnal
processi ng thereofe phAep@itaknianget iQrdpiedtésd tustad hyci-5p0s edasatenant | Xxed

and predet eppined, distance fromihe ultiasoni c.tfansduser dn 40 vithin the
tank so as to conmpute t eyspeed of 't he Ul'tragoni ¢ pul se %%rougsﬁ the liquid
in the tankretBcfed] prdsinpesaspeder ddseuaratioy dicypandeapericuffiossi me, then
knowi ng t herghiistadCerb® ah€otabgfictanth thi MBnQV&SntWM GlY abqdikt #a&s@ni ¢ pul se
is generatsed athi%s echno from ,the target received, speed of the

ul trasoni ¢ PUis&" My be cBFRU°5t&4. 20 Accordingly, knowing the speed and
bei ng abl e to ne@snerelithe inguidasendicpliquid eeenreslsan sstabsr asonic pul se is

gener at ed Uﬂiﬂ;rlasjntlﬁ %QMduE@E |i@ﬁ&%o§éc@@ca§ 1Qbk €&dneald qu thefitaidesurface,
for exanple, is .recgl ved, the gl s,tané:e to the reflecte

obj. ect be
cal cul at ed. "IWFHA pFi BPRhTWCEdyE St TRES Tank el ’fargﬁné?lc’frf‘ﬁseg%lglétance
to the 25 | iguexdisad tacecdtbe UlktpAcdiquadted yinkq thheliank sl regeeive
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,bei ng refl eglgqglfﬁ%g\@ir@qtﬁge%gt \M ngj.aﬂ E%e&a@(pinlﬁ H%il!lg'uéfsrp’osé& i's
inmportant to determne the difference between an .
at a fixed and predetermined distance from the ultrasonic transducer
15 40 within the tank so as to compute the speed of the ultrasonic pulse
through the liquid in the tank. Briefly, since speed is equal to
distance per unit time, then knowing the distance to the target and
time over which an ultrasonic pulse is generated and its echo from
the target received, speed of the ultrasonic pulse may be calculated.
20 Accordingly, knowing the speed and being able to measure the round
trip time from when an ultrasonic pulse is generated until its echo
reflected from an object, like the fluid surface, for example, is
received, the distance to the reflected object may be calculated.
With a prior knowledge of the tank geometry and the distance to the
25 liquid surface, the liquld gquantity in the tank may be calculated.
This ultrasonic liquid measurement process seems
straightforward. A problem however 1s being able to discriminate
among the echoes reflected from the various objects within the tank
in response to the generated ultrasonic pulse. In othernyprds, which
30 received echo is being reflected from which object within ﬁhe tank.
In particular, it is important to determine the difference between an
echo reflected by the liquid surface and an echo reflected from an
object withﬁa different acoustic property (e.g. impedance) from that

of ths, liqﬁid surface, like the fixed target or tank sides or top,

35 forlexamble. An embodiment of a method and apparatus for



echo reflected by the liquid surface and an echo reflected froman object
with .,A different acoustic property (e.g. inpedance) fromthat of the
liquid swodaves474 i ke the fixed target or tank sides or topCT/BSofwia74exanpl e.
An enbodi nent of a nethod and apparatus for WO 01/ 75474 PCT/US01/ 10174 -2
di scrim nating anong echoes reflected fromvarious objects wthin the tank
containing liquid will now be described. Summary of the lLnvention In
accordance with one aspect of the presert- invention, a 5 nethod of

di scrim nating anpng ultrasoni c echoes refl ected from vari ous obpjects in a
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determ ni ng AN ener hl ul t rasoni ¢ echo t he wa
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means for sanpling and d|g|t|2|ng the el ectrical echo
discriminating an echo reflected from the ligquid surface from echoes

reflected from other objects based on the wavelet coefficients of the

20 echo data samples of each. In another embodiment, the method step of
discriminating includes determining an energy of each ultrasonic echo
from the wavelet coefficients thereof; and discriminating the
ultrasonic echoes based on the determined energies thereof.

In accordance with another aspect of the present invention,

25 apparatus for discriminating among ultrasonic echoes reflected from
various objects in a tank containing liquid comprises: means for
exciting the ultrasonic transducer to generate an ultrasonic signal
in the tank, the ultrasonic transducer converting the received
ultrasonic echoes into electrical echo signals representative

30 thereof; means for sampling and digitizing the electrical echo
signals in time to generate digitized data samples thereof; and means
for processing the digitized data samples of each echo using a
wavelet function to generate wavelet coefficients thereof in a
wavelet domain and to discriminate the ultrasonic echoes reflected

35 from the various objects based on the wavelet coefficients of the
echo data samples. In one embodiment, the apparatus includes a
buffer memory for storing the digitized data samples of each
reflected echo, and a programmed digital processor for processing the
digitized data samples. The programmed digital processor may include

40 a program for discriminating an echo reflected by the liguid surface



signals in tinme to generate digitized data sanples thereof; and neans for
processing the digitized data sanples of each echo using a wavel et

functi onwoogenetr ate wavel et coefficients thereof in a weePUSI/WOT¥AI N and
to discrimnate the ultrasonic echoes reflected 35 fromthe various objects
based on the wavel et coefficients of the echo data sanples. In one

enbodi nent, the apparatus includes a buffer nenory for storing the
digitized data sanples of each reflect®dd echo, and a progranmed digital
processor for processing the digitized datg sanples. The prograrmed
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surface based on the wavel et coefficients of the echo data sanples

t her eof . | n2ifeRhefuehifdaknErt the He ItithCoORRY SBRY & i ctdtt fuel tank and
the liquid conprising airceafdf dbelripGiddr befthBeseawipgs on of the Draw ngs
Figure 1is an iLIgislrati.on, of, 8N, eYeaPLar v, QOULLANNRAL i GlneneRQdYi ng the
present invention.” Flrgure iI's a cross-sectional  ilTTustration of one

enmbodi ment ®fodykrg hesErRESThvERtI8AT- 10 Figure 3 is anot her

cross-sectional wigewe0f itshe @rbodidi®ndén0f i1depiaetied o ok ibeduenki gfir es 4A
t hrough 4K %{ee géaer)@sirg}‘e @L(ennpl ary echoes received fromvarious objects
within the tank of 1iguid of the enbodinent of Figure 2. 15 Figures 5 and
6 are wavél et tiFeutreeyuenesrtgeapiresttiagsienatli Wiew PhetheeSthadingrwabel et
coef fi ci ent gefikesa anwamplet2 function processing of echoes received from
two different me{,al sl a sth accor dance 'thf t he g\[n]tr)odeicgrsent ogeilffiegure 2.
Figure 7 is a wavel8t°ti e Trequendy® gt aph” i1 St ratihg the 20°F€stl ting
wavel et coeffdrciveritoysf elairrhs watelretthe urreki oh lpaeockofi iy efboddnewckhé
received fremuactarget or netal pin in accordance with the enbodi nent of
Figure 2. Figures, 8 through 14 are vel et tj ma-frequen?1
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the resulting wavelet coefficients from a wavelet Ffunction processing

raphs .
Vv lg?tratlng

of echoes received from two different metal slabs in accordance with
the embodiment of Figure 2.
Figure 7 is a wavelet time-frequency graph illustrating the
20 resulting wavelet coefficients from a wavelet function processing of
an echo received from a target or metal pin in accordance with the
embodiment of Figure 2.
Figures 8 through 14 are wavelet time-frequency graphs
illustrating the resulting wavelet coefficients from a wavelet
25 function processing of echoes received from a liquid surface at
various angles of incidence in accordance with the embodiment of
Figure 2.
Figure 15 is a functional block diagram of an embodiment for
wavelet function processing suitable for use in the embodiment of

30 Figure 2.



25 function processing of echoes received froma liquid surface at various
angl es of incidence in accordance with the enbodi nent of Figure 2. Figure
15 is a woet/fsamal bl ock di agram of an enbodi ment for wareT/@sofwNGE i on
processing suitable for use in the enbodinent of 30 Figure 2. WO 01/ 75474
PCT/ US01/ 10174 -4 Description of the Preferred Enbodi nent An exenpl ary
environnent for the enbodinent is illustrated in Figure 1. In such an
environment, the tank 10 and notion tabke 16 are intended to nodel an
aircraft fuel tank on-board an aircraft that may 5 undergo pitch and roll
nmotion, and the |iquid iPsseyirdhgedtt haddeferrpadinbedingrtai rcraft fuel tank.
It is understoodan Reueyeky dRatodrRe: feri oed Rhesaieknt he prasephcdaygnti on
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e
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under st ood @.1{ g@ dhe desek la@tanBhé"% ?EM@LPV%anIh@eﬁlﬁ%ed St inqélf&j target may
each be made from materials or substances ot her an netal so long as the
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the |iquild asceystdcipidpéptm ésvidheopt anktd and didspaogedegrilacpl at f orm 16,
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table 16 to have one si ar al | ane o hr ee
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simulated in ¢t coupling the ta oaneectrlcal not or
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than metal so long as the acoustic properties thereof (e.g. acoustic
impedance) are not similar to the liquid acoustic properties. The
tank 10 is disposed on a platform 16, which may be a motion table,

20 for example. The tank is oriented on the table 16 to have one side
18 parallel with an Y-Z plane of a three dimensional X, Y and Z axis
Cartesian coordinate system shown at 20. Another side 22 of the tank
10 is oriented parallel to an X-Z plane of the Cartesian coordinate
system.

25 In the present model, pitch motion 24 is simulated in the X-Z
plane by coupling the table 16 to an electrical motor and
conventional gear box assembly represented in the illustration of
Figure by the block 26 via a shaft 28 that is subs;antially
perpendicular to the X-Z plane. Accordingly, the motor and

30 associated gearbox 26 may control the movement of the table and tank
through clockwise and counterclockwise pitch angles in the X-Z plane
as would normally occur during a flight of an ailrcraft. Likewise,
roll motion 30 is simulated in the Y-Z plane coupling the table 16 to
another electrical motor and conventional gear box assembly

35 represented in the illustration of Figure by the block 32 via a shaft
34 that is substantially perpendicular to the ¥-Z plane. A2And,
similarly, the motor and associated gearbox 32 may control the
movement of the table and tank through clockwise and counterclockwise
roll angles in the Y-Z plane as would normally occur during a flight

40 of an aircraft.



perpendi cular to the X-Z plane. Accordingly, the notor and 30 associ ated
gearbox 26 may control the novenent of the table and tank through

cl ockwi savand7saount er cl ockwi se pitch angles in the X-Z pl papusasionoul d
normal |y occur during a flight of an aircraft. Likewise, roll notion 30 is
sinmulated in the Y-Z plane coupling the table 16 to another electrical

not or and conventi onal gear box assenbly 35 represented in the illustration
of Figure by the block 32 via a shaft -34 that is substantially
perpendicular to the Y-Z plane. And, _simlarly, the notor and associ ated
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trandd
under st ood chat any “ut rugs%rnsl C ?r ARsdUder convent i onal 10 of o%rhervm se may

be used ilf Qm@tm@éﬁmﬂbWI{Sﬁémn #bvi erbp@renE oritbRet dsiiiningl Bemofhe he

present invgntiofesl Br tdhe prasentigabodnment, the transducer 40 i s disposed
at the bottom of tﬁe tank 10 cﬁjn%egfer%t es. ul rason nal s.r pggsent ed
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by |ines 42 upvHt P RREFG™T 15 SPHEE 1 GsShENAEa S

Fquid suTface
15 14, and hatknsifdéeke mktbpandmmes@mselﬁr@spm gesm@rlat eebrakertesiony ¢
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13, target 15 an e Si of the tan ransducer 40

Where thay Hre Pedurb et SEha toittr | 50 THPG™A Lo PRCAT =Tt Ghaf HEone
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to show by way, of ecmg@é esthat «hbesabaragt & stiGs ein@palit M8- fequency map
of echoes (which W |l becone nore apparent from the description
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20 is included to show by way of example that the characteristics of a
time-frequency map of echoes (which will become more apparent f£rom
the descripticn hereinbelow) are due to differences in substance or
material (i.e. air versus metal) and not due to difference in shapes
(line or pin versus plan). The angle of incidence of the fluid

25 surface 14 may be varied by controlling the pitch motion of the table
16 as described in connection with the environment of Figure 1. A
clockwise variation in pitch will result in the fluid surface at an
orientation or angle of incidence as shown by the dashed line 1l4a
with respect to the ultrasonic signal 42 and similarly, a

30 counterclockwise variation in pitch will result in the £luid surface
at an orientation or angle of incidence 14b. ‘

In Figure 3 is shown an illustration of the tank 10 in a cross
sectional view along an Y-%Z plane. The angle of incidence of the
fluid surface 14 may be also varied by controlling the roll motion of

35 the table 16 as described in connection with the environment of
Figure 1. A clockwise variation in roll will result in the £luid
surface at an orientation or angle of incidence as shown by the
dashed line 1l4c with respect to the ultrasonic signal 42 and
similarly, a counterclockwise variation in roll will result in the

40 fluid surface at an orientation or angle of incidence 14d.



(l'ine or pin versus plan). The angle of incidence of the fluid 25 surface
14 may be varied by controlling the pitch notion of the table 16 as
descri beavodni/ziamhecti on with the environment of Figure 1.PE&I/USIIOWKM Se
variation in pitch will result in the fluid surface at an orientation or
angl e of incidence as shown by the dashed line 14a wth respect to the
ultrasonic signal 42 and simlarly, a 30 counterclockw se variation in
pitch will result in the fluid surface -éat an orientation or angle of
incidence 14b. In Figure 3 is shown an illustration of the tank 10 in a
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within the tank 1n rfesponse to the generate
ultrasonic signal. In other words, whlch received echo is being

reflected from which object within the tank. In particular, it i1s

20 important to determine the difference between an echo reflected by
the fluid surface and an echo reflected from an object, like the
fixed target or tank sides or top, for example. An embodiment of a
method and apparatus for discriminating among echoes reflected from
various objects within the tank containing ligquid will now be

25 described.

Referring back to Figure 2, an exciter circuit shown by the

block 50 is coupled to the ultrasonic transducer 40 over signal lines
52 to cause the transducer 40 to generate an ultrasonic signal 42
within the tank 10 substantially along the dot-dashed line 54. The

30 exciter circuit 50 may be of the type described in the above
referenced U.S. patent application 08/996,747, for example. However,
it is understood that any exciter circuit conventional or otherwise
may be used without deviating from the principles of the present
invention. The ultrasonic transducer receives ultrasonic echoes from

35 various objects within the tank 10, like the slab 13, the surface of
the fluid 14, the target 15, and the top and sides of the tank, for
example, in response to the generated ultrasonic signal 42. 1In the
present embodiment, the incidence angles were varied randomly by
controlling the pitch and roll motions of the table 16 as described

40 supra.



ultrasonic signal. In other words, which received echo is being reflected
fromwhich object within the tank. In particular, it is 20 inportant to
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fluid 14, theifarerndtses apdPithe 36praidagi ¢esrratipes tAAKSCH orTheexanpl e,
i N responserdohh@genarakesy wht r@seni dsignabs 42 rehh dikerafir esedte

enbodi nment , then'£ ne%ggnce angl es_vere varied randomly cont ng the

b ol | i
pitch and rBI°ShotTORe OF ‘t he tabl e 16 a8 desari be %X’L%aﬁn& 5%081/ 75474
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within the exti@gkt %@msﬂmoi{bw&h@ﬁeasr%&&lﬁ. fxlm;e &Cg@f%li:iriddﬁié agcaldeéln ]
Figures 4A and 4B are exenpl.ary of, echoes re ct romthe tal sla
NI S T R e b s T e R S it S St T
fromthe tashetri®l ghahalheemcherstibhusheraadd iFigPrgurtd@s48Brg4K are

exenpl ary ofi;rehegs ohefdeehedibeomdbneslghguidoseddnagei Al ¥arheus incidence
angles in _pitch and roll and %Onbj nations thereof. The reasan f%r _
Simul ati g FHESBH L AeSR PO o161 S ba APT GPAF 25Ot N b GeRt"eRtbodi ment
is to show timbrapischf ahidured [4Aver irabiorst do nnotalli@acioms pdamhabéghoaf f ect
tinme-frequepsy,oRPS 8 1he.£Ehaes As:Wd br heGoREpreVidente il 1N&
followi ng description. All of the ultrasonic_echoes o
107° seconds and 2 x 10 geconds. The placement of the echo within
each graph has no absolute relevance. Rather, the echoes of the
20 graphs of Figures 4A-4K are used for comparison purposes based on
time and amplitude.
The electrical echo signals form the transducer 40 are coupled
to a sampling and digitizing circuit 56 over signal lines 58 wherein
they are sampled and digitized to generate data samples of each echo
25 signal. Conceptually, it does not matter how the signal is
digitized, i.e. in real time or off line. In addition, the circuit
56 may be constantly sampling and digitizing through the interpulse
periods or may be triggered to start sampling by a predetermined
signal level detection depending on the application. The sampling
30 frequency and computing horsepower may also vary based on the
application. What matters is that at any given time there is a
sufficient number of data samples to perform an analysis as will
become more evident from the description hereinbelow. The minimum
number of data samples depends on many factors such as the resolution
35 of discrimination, the signal to noise ratio, and the wavelet shape
to name just a few.
The digitized data samples of each echo, which may span over a
period of 20 to 40 microseconds, for example, are stored in a
conventional buffer memory 60. In the present embodiment, the

40 circuits 56 and 60 are embodied by a Tektronix oscilloscope bearing



are received by the ultrasonic transducer 40 and converted into electrical
signal representations thereof. Figures 4A-4K are illustrations of the

el ectricavosi/gaad representations of the 15 foregoi ng deseeT/su/®wehio
signals. The ordinate or Y-axis of each of the graphs of Figures 4A-4K
represent a nornelization of the echo between 1 and -1, and the abscissa
of the graphs span between -2 x 10"5 seconds and 2 x 10-5 seconds. The

pl acenent of the echo within each grapB-has no absol ute rel evance. Rather,
t he echoes of the 20 phs of Figures 4A-4K are used for conparison
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i nterpul se S y ri t

predet er m netl?f%(fép‘:"(1 a?‘gallg\?e rpdgg%ecdtglg%al% g%oée)ln ?ﬂe u§@{‘%059<9 | catl on. The
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nunber o S o.performan ana nore evi dent
fromthe degfrzr%lhf)tatl%n her giinrbqeIaow.Cr‘f‘]ﬁreocreﬁs?f%/rmrjnranrnzf‘frgl‘—’lC\Q/I lrerd b?’ f%‘?g sanpl es
depends @éA frmyrftdonorerripg rodsl thabeedobat ifon SBmpie dithe rinsradioror t he
signal to ngiise w@hgwelangnsmetmuel@{osshamle& GnNake gesinaacfam. The
digitized data sanp&zes of d CE C(; srpan over a peri gd of 20 to
40 ni cr osecondestf or ekanpTe °F ESRvENt 6Ralc st er “henmory
60. | n the prheserte aabddi Pt lntiﬂ?@ mJOES@rlt cubpeig@tantheot aewieivedi ed by a

Tektroni x oschl £0s¢oP&Beas |d}gtyppgggez§4zgveagéy801/ 10174 -8 nodel nunber

TDS460A, which operates at ar.o | i.on, sec
oo o b e SaBte 185 "t AR, et oot AS SEat FRT MEvErbttand | o

programed e adeessrargsainy peduesmmgftmfoclraitr@ $aegi esaJQ/fswathtbé t he

af or ement | onied exeAL ary -cchg-sianehs, Siks! nants WRUpLaY funathan to

generate wavel et coefficients thereof
produce a 3-D map having a time varlable in an X-axis, a scale

an Iglq%ta¥

variable in an Y-axis, and wavelet coefficients in a Z-axis. The
20 scale variable is closely related to the signal frequency, i.e. the
higher the scale, the lower the frequency. In the present
embodiment, all data samples are scaled at substantially the same
amplitude and at substantially the same time reference in order to
permit the processor 62 to obtain results that are based solely on a
25 time-scale (frequency) map of the echo data samples and not on the
time map by itself only or on the frequency map by itself only (i.e.
by using Fourier transform).
Because the exemplary echo waveforms as illustrated in Figures
4A-4K have a shape that resembles a Mexican hat in the time domain,
30 the “Mexican hat” wavelet which is a well known wavelet function, is
chosen for the present embodiment to perform the wavelet processing
in the processor 62. An analytical expression for the Mexican hat

wavelet is as follows:

W(x) = (% z J(1 ENONS

35 This choice for wavelet time-frequency analysis is considered to
minimize the (nonzero) wavelet coefficients of echoes reflected from
the liquid surface. The above expression may be substituted by any

wavelet function in the equations found hereinbelow. Hence, the



a wavel et domain, and for discrimnating the ultrasonic echoes reflected
fromthe various objects based on the wavel et coefficients of the echo
dat a sanwes1/735ine programmed digital processor 62 may be POT/USHIe101pe

i ncluding a mcroprocessor nmanufactured by Intel 10 Corporation bearing
nodel nunber 1486, for exanple, the operation of which being well known to
all those skilled in the pertinent art. However, it is understood that any
di gital processor conventional or otherw se nay be used in the present
embodi ment wi thout deviating fromthe principles of the present invention.
15 Wavel et proseesision§onflidetiaisaisbeschyks arpfdepechay etiechtlvant age over

ot her pr ocesisirBgerteebHiHI€SppePEIkOTMINGe | RGALr aRALYS iWavOfett Bomaidat a
sanples in a tlng; fregu%nclys | .an. _Thi, proper{ S us d to 1t)roduce a 3-D

le I‘f orms Yovide :Lresol Ib ana S18 -
map having a tine varrable in an X axis, a sca variabpl € 11 -an aX|s,

and wavel etdidged i ¢imiows. i nIa Zomixiagt Thetld %@erllervéﬁr&EP?enl@le@I%%ly
rel ated te #hRgushanral ofd %@La@ﬁre)a v - £-£ikbe Wliarcgh@lrndbtae weah & ttra@sﬂo@m@r t he

frequency. In the esent ata s are scal
Subetant | al 1 EREvEE BHTHLY SRR SSGHOCaR LA | PR are e,
ref erence i¥ighr depqtancypenmisithés plocessdng 62atmpwolytiadqwsy 63’h¢1t®st Rat are

based sol e'ﬁ’re%ﬁe@eyzénéiiﬁssﬁhgné st@H?JQH%)wmewa theiechee datge.saupl es
and not on the tine m itself only or, on the frequency rmap by _itself

only (i.e. Sy iy &PF ™t rERET G L UBEEE e (HEPEXEMSI atly ‘éac“?‘/?&
wavef or ngo atsralnlsfaznsrtsr atedlesels gapesendpndkhaahepa hape Wtahaletr éseribes a
Mexi can hat, +.Q the tinme.do n, .30 the M " whisch Ls a
wel I known %ﬂtgel et C1pncecgtt|uon i's cif"lostgn or ?hﬁé}fg{rne@réntﬂg%gétgl mantht 3t
per f or m t hePandve el iets wao'@ésm n¥erlien tvhwelatoceébyer GRVeRy, arval yanvcatther

expressi on fQi1thesVexican t peWAYE] ejInsl:@acﬁ%ff thtaOM@xn.c\A(’LX)’Iat_ @Dr7@hYs
(1-X2) e XX This chpice for_wavel| et tine- requenc ana

consi der ed “t’aé’e§ﬁ1f NP8 he hdighr oft vl &°EE ¥Sef i & ]é?ﬁrélcgf ot ﬁoé’gn
refl ect edsfwomlet hiukkien dnsordeacee sPiee amfpefmm:elslsan@n nehe Belbubsygit ut ed

by any wv;l/pqgnm%t Q0 i1} h@oequaéfs%l%df%dwgﬁgﬁmegmwme@ethghe WO

01/ 75474 PCT/USO01/ 10174 -9 processing for discrimnating echoes ref I ected
by ObjeCtS Qﬁ??ﬁnt embodlment and 1its mathematlcal background. In the present

embodiment, the multiresolution analysis is performed by the digital
processor 62 using a Matlab program.

20 The wavelet transform of a signal provides different details of
the signal at different levels of resolutions. Each level of
resolution defines a new vector space on which the original signal is
projected. A projection is a mathematical operator that permits the
approximation of the projected signal at the corresponding vector

25 space. As we go further in decomposing the signal, the quality of
the approximated signal becomes worse and worse. A wavelet
representation provides a simple hierarchical framework for

interpreting the signal information. The difference of information
between two projections of the original signal f(x) at the levels of

30 resolution 2! and 2’ can be evaluated by decomposing the signal
f{x) in a wavelet orthonormal basis. By translations and dilations
of a single function WY(X), the mother wavelet, one may build the

different elements of this basis. The resulting basis
((\sy(sx —t))

35 where s is the scaling factor related to the frequencies of the

netxr |} 15 used to represent any function of IL*(R),

gsignal f(x), t is the time translation, R is the set of all real
numbers, R* is the subset of R of all positive real numbers and L®(R)

is the set of finite energy functions. This decomposition of the



di fferent acoustic properties will be easier in the wavel et donain.

Wavel et transfornms provide a nultiresolution analysis with dilated w ndows.
I n contras0ot/os4the Fourier transformwhere all 5 frequeneCedsarwianal yzed
by a fixed wi dth wi ndow, Wavel et transfornms can provide an adaptive

wi ndowi ng techni que for frequency analysis. H gh frequency analysis is
done using narrow wi ndows, whereas |low frequency analysis is done using

wi de wi ndows. Unlike the properties ofl®ourier transformthat are
universal, properties of wavelet 10 transforns are closely dependent on the
shape of thelgravel &l dafrees an oybryonadomeEpraa? tuFioampreesT et | - known
wavel ets sughias tHdaubeohiesprayalatiod\bihaih wavelet gedeyBsa wavel et, or any
ot her wave] et .function, nay be used instead of the Mexican Hat for this
wavel et anaf§S8°*% fact, it is possible to construct one's own 15 wavel et
function in ordetett &\ golevehspeeidior prichl epmoxThereboticowiampl, ekxflanat i on
may hel p to understand the wavel et transformof the present enbodi nent and
i ts mat heratliecabvdiaok graawidt iohn 2t hérepe es@ht hase iboidienemdrgyt he

mul tiresolution analysis i erformed by the digital processor 62 using a
Mat | ab pr ogr &x) <28 (Rhe. avaviel Fx)F darsé br mrofuizisefnake prai dewed fsuiehent
details of the signal at dfferent levels of resolutions. Each |evel of
resol uti on defippescizahew peetader sppasestorhanicdhoving epidjichets:si gnal is
projected. A projectd ol i:§ & JRLhSIEL)GBkPPeRAl OhbhatcnRer Bl Eox)t Nene
approxi mation of the Projected signal at the correspondi ng véctor 25 space.
As we go fu%{gﬂl%gcirha&igﬁcm%)l g {he  Sian@kon tzhe, quahbt Yool £idaN€s we .

appr oxi mat ed "si gnal becones worse and worse. A wavel et representation
provi des 1a sppvpkendticetaraahticalsafis arewrdkiofho?’ : i nterpreting the signal
information. The difference of inf oyrq)t%gggetv\een two projections of the
original signal f(x) at the | evels of resolution 2'+1 and 2' can be
eval uat ed by decqnpaosing the signal f(x) in vel et_ orfhon basi s.
Byt ansl atTSHE. ARG 28 T drrose ohremaiPa | ahet TaeE et ME oy

wavel et, one may,buidd the diff.erent eLanents of ks RAsks cnlhfodiesul ting
basis ((V.S yf(SX - t¥)(s, O =R¥xR )) 1s used to Yepresent any function of
Lz (R) , 3bsihere Fuhscidhe (AGalkngcbackyranalgabed the dunerfgoeqienrci es of
the signal f(x), t is the tifre translation, Ris the set of all real
nunber s, 1R+opexatbes sub¥gt. ofierReothalpropagiivn v, r eal Vauwbebs thed L2(R)

minimum:
VB,; % Ay, B (%) = £60)) AL £() - £()
In other wordsA2j must be an orthogonal projection on sz.
3: A2j is causal: It is obvious that the approximation of a

20 signal at a resolution 2" contains all the necessary information to

compute the same signal at a smaller resolution 2j, but not

conversely. This vields an important property of the associate

vector spaces V,;: VjeZ,V,; 'V,
4: A,; is shift invariant: Suppose that the approximation
25 Azjf(x) is characterized by 23 samples per 1engt-;h unit. When f£(x) is
translated by a length proportional to 27, Azjf(x) is translated by
the same amount. Mathematically speaking, there exists an
isomorphism I: V, —>I*(z). (I’(z).is the space of square summable

300
sequences: 1°(z)= {(Oc)iez E) Zloci|2 (OO}) such that:

-0

30 I(A£(x) = (o)., < (A f(x - k) = (0, ).



is the set of finite energy functions. This deconposition of the WD

01/ 75474 PCT/USO01/ 10174 -10 signal f(x) defines an orthogonal

mul tiresoVavi/on74 epresentation called the wavel et represpar/asiioni7anhi ch

wi |l be described hereinbelow Let Ali be the operator which approximates
the signal, f(x), at 5 the level of resolution 2' where f(x) has finite
energy: (f(x) EL2 (R i. e. llntuitively, we would expect such an

approxi mati on operator to neet the fol FéWw ng conditions: 1: A2iis an
involutive operator. This nmeans that A2;f(x), the approximtion of f(x) at
the resol ution 25:, Ag Potconpdithed A s 10 mppEéxPnetwlpy at the sane
resolution 2 ectl n operator on a
particul ar %??érﬁlwloﬁ%(fﬁf a)2' % eT’Oslué_ir‘frhogo'ﬁ1 §>1"hegoperator A2; nust
provide the nost "similar" funigk) eﬁ\/(/éélf(b()xe))/;lo f (x) anong all t he

ot her possible 15 operators in V2j . "Hence t he projection A21 on V2] nust
be the nlnlnun16VBZ$M#A2aswm82¢ﬁ€%§qﬁf%yﬁrg$ﬁaj%i%*ﬂf?¥?ﬂumwmother wor ds
A2] nust ?elr?'cnreoget h%gonél tltljr a% gcgl (r)nQ O s 111al shAZ_LJd conv%ause}:lo th I's obvious
that the approxind {tion of SRS r 8ot it ron efal ns all

t he necessaeyidintbrtanilon CPWeréelﬁp@Fetltehée%@Nél@ﬂ @ﬁateaétes at°s ﬁﬁmrelthe

resol ution Zpproluha @l sie@NV@nseldt 144 Sl i RlsdSiaRrhiNRLht & cphapgesy of
the associate vector spaces V2j : Vi E Z V2j CV2j+1 4: A2j is shift

i nvariant: SUpipd%e t hat the apprOX| mat i on 25 A2if(x) is characterized by 2'

sanpl es per | ength unit. & ransl,at éd. by ayl ength proportional
to 2-i, A2if(x) is transl H’EledJ b Ww he aé‘é ur{ﬂvgl\?h@enati cal |y speaki ng,
there exists an |som)rph|sml - VL -> 12 ( ) 12 (Z). is the space of

squar e sutiimabl e Am0 veseguenees (V) Zéi)thé’els)altEifl3SYth€I @ovd Prewtiesych t hat:
00 30 I (ALlf(x)) (ai)iez I(Af(x-k)) = (ai-k). Z, WO 01/75474 PCT/US01/10174

called a multiresolution approx1matlon of I’(R). The associated set
of operators (A ), 9ive the approximation of any’(R) function at

a resolution 2°.

How to build an orthogonal basis of (V,;);,, will now be

15 explained. It is shown that for a given vector space (\Zj), there
exists a unique function §(x) €L’(R), called the scaling function,

such that (V2_%bﬂ(x-—2_hi»nez is an orthonormal basis of V,;, where,
— 2ih(0i :
¢, (x)=2"0(2'x),Vje Z
The orthogonal projection of the signal f(x) being analyzed on \Gj

20 (i.e. the approximation of the signal f(x) at the resolution 29) can

be now computed by decomposing f(x) on the orthonormal basis

(W29, (x=27n)), ., -
Vi) € Z(R), AyfG0=27 2, (B0, (w=27 1)), (x=27n) .

n=-—o

Note, that the factor n discretizes the approximation of the signal

25 f(x). Hence, the discrete approximation of £(x) at the resolution 2]
is characterized by the following set of inner products where d is an
index representing the specific data sample and f(u) represents a

measure of the signal being analyzed at the sample d :

st =((f -27m))

30 By changing variables in the inner product, it can be shown that:



-11 5: A2) is consistent: A2; has to provide a simlar approximtion of
f(x) at all resolutions. Wich yields: f(x) E V2, <* f(2x) E V2;+, 6: A2.1
i s asynptvwoboaidry convergent: As the resolution 5 increaB€pUsSa/HOD t he
appr oxi mat ed signal should converge to the original signal; conversely as
the resolution decreases to zero, the approximted signal contains |ess
and less information and converges to zero: limV2;, V2; , and limV2] =
V2; = {0 10 Any vector space (V2;)j EZ-that satisfies the above properties
is called a multiresolution approxi mation of L2(R). The associ ated set of

operators (A2. )j.Ez gixe Qgﬁi oX| i\0 f any (R function at a
resol ution 2piCG w%%?bd})&an__ﬁgfr%kgg@r@bg%‘i oflb§V2; ) j EEP ﬁ@w be 15
explained. It is_shown that for a given vector space (V2;), there exists a
uni que functiican k) iE 112( Rpuleal feadotdre of caldingrdranttiten, H (sucthathas (
2-,~2; (X-2-1i fEz is an orthonornal. basis, of . where, .. ~2; (x) =
2'~(2'x),Vj? oér retﬁ?lfsi%(%ﬁ%r?’alc}brmgffe%‘? iCSHglogfurfE%Zafdsri LA S W%‘éel)&r%. anal yzed
on V2; 20 funcgion héikpphexisvarsmmadfvaviseetsi gaalexprxie abytHe FeSelitd on 2')

can be n ted ec tHo f ol QK r i@k o IbSe (
2.1 ~2, (xg%’%ql)gﬁ%z% \\P/ny?)g). EH@(%%?Q A(2L?éf (}g)rll’:z?‘?e > %%%E)Q,f?ﬁ Pag 2 2
(x-2-' n). HYdEc NGEBONICha® FHERfCtor n di scretizes the approxi mati on of

the signal 25 f(x). Hence, the discrete a i mat\i on of f(x) at the
resolution 2' is charact eri‘%“ééE ‘ﬂﬁﬁﬂ@%ﬁﬁ&% 848t of inner products
where d is gn i ndex representigﬁ%the specific data sanple and f(u)
represents & néadred et R Srghiadic®being tifalyzed at the sanple d A f =

((f(u),2j(u_2in))) ~ 2 nez 30 afghngapyasy iables in the inner
product, it can be shown that: @8%7?&72 PYCI'/)USOU 10174
10 Accordingly, The scaling function §(X) can be defined as the

basic function such that the set (V653¢ﬂ(x__2_h1»nez forms an
orthogonal basis of'Vﬁwhich meets the above six conditions of a
multiresolution vector space. 1In practice there are some conditions
(i.e. the admissibility and the regularity conditions) put on ¢(X) to
15 be a scaling function.
Recall that our goal is to build a multiresolution

representation based on the differences of information at two

successive levels of resolutions. This representation is possible by
decomposing the signal f(x) on a wavelet orthonormal basis. The

20 difference of information, called the detail signal, at the

resolution 27 represents the lost details of the signal £(x) when

moving from a fine resolution (\QM) to the right next coarser
resolution (\Gj). The idea is to decompose the finer multiresolution
vector space V,, into a dirvect sum of V, and Oy, where O, is the

25 orthogonal complement of \@j on \QH, hence:

0,0V, =V,,.

In order to compute the orthogonal projection of £(x) on ()?,

one needs to f£ind an orthonormal basis of ()ﬂ. As the basis for \Gj
has been built by dilation and translation of the scaling function

30 ¢(X), the same strategy will be used to build a basis for ()?. The

basic function for O, denoted by W(X), is the mother wavelet. Thus

27



-12 (f(u),~2;(u-2-'"n))= h(2n-k)(f(u),~2,},(u-2-"-"k)) Equation (E) n=-,0
where h(n) is the inpulse response of a discrete filter H(co) that is a
Fouri er twansfiarsn whi ch nay be configured for a specific navebetiorfauncti on,
| i ke the Mexican hat wavelet, for exanple, by the following 5 expression Lf
(2co) = (H(o0)4(0))) . Let Hbe the discrete filter whose inpulse response
is given by: vn E Z, h(n) (u), ~(u- n)) His called the mrror filter of
Hi.e.: Vn E Z h(n) = h(-n). 10 Accordihgly, The scaling function ~(X) can
be defined as the basic function such that the set ( 2-i~2;(X-2-jn))nEz

forns an wizi'tqgoqy@.Lzbfsgynez ok g{goy\mcgllar@eﬁogsigwgfaoavgn@l X condl tions of a
mul tiresol uti on Vect or space. In practice there are’sone conditions (i.

the adm ssikjg-i \&Zy ﬁnﬂﬂhpe regykan] Lyucapdhdi 99§J)s Bet T aR)4(X) to 15 be 2
scal i ng functi Recal "4t our goal is to build a rrultl resol ution

representation based »Qﬁthh&aﬂih@ftﬂfaena&as me{hdmtvmaxat; o/miah ragObe SHECESSI Ve
| evel s of rbglasol ut |h S. Tlﬂ pr.esent at i on.,l
a ave ent mbo

osing the
signal f(x) on 3 wavel et ort on%]%er’rﬁre asi s. ﬁge %iﬁfftg%esncgggo#m
i nf or mat i Bnfunchidredre eldeeditbosihgmaln the %%uefrc‘éfséwﬂ%nohl Z represents the

| ost detail t I Vi firo ol utiqn,(Vz; +1)
to the ri ghﬁ(&e)xtaﬁwz@@vgs resorél{Jmnqu {%ﬁ %J&r'i'ﬁr ea£°|r§n %Pﬁgecoﬁrrpose t he
finer nulti®esobtttiuoa a wett orf gpabetWE wiriort éllatedrsreiote sum of V2; and 02;,
where 02; |s Ehe 25 @—t—hg%gnal conpl enent of V2; on V2;+" hence:; 0 2; O
v2: = Vv2: +: (GOVK= 6r gBE W onﬁﬁteéufY?eleBF%dao% db?cdieéét‘ijﬂﬁ Hek) on 02
one needs to find an ortHonorggl. pa 0 2p the basis for V2; has
been built by dilation and tr\gigsl at fg(gﬁ)o it3heth§P| ng function 30 ~(X) t he
sanme stravegierwi ¢ (n)bés upeddiserbue lithpaldrasespcdheoe €F2the Hidteba&Imr function

f 02,8 ele h Il c v 5
Pgr/ uso1/ 10(%;1?138& gy;f%%égl%%)‘f’ t:LI En%%%g%agligél\%ﬁg 1\@3% a%rh%étm Al >44d

example, and h({ is the discrete impulse response of the filter

H{®) described above.

Now, let I)?f be the discrete detail signal at the resolution

15 23, This coefficient can be written as:

D f= (<f(u),\112j(u—2‘jn)>)nGZ ..Thus,

(), v, (w—-27n)) = S gan- K)(E(w), 6,50 (1 -2 1)) Equation

(E")

Equations (E) and (E‘) above describe the decomposition of the

20 discrete projected signal (i.e. f&;Hf) into the approximation at a

coarser resolution (/\;f) and into the signal detail (Df) as
depicted in the embodiment of Figure 15, wherein the discrete signal

(i.e. approximation }thf is decomposed into an approximation at

coarser resolution (}\ﬂf), and into the detail signal (D f)

. 25 Referring to Figure 15, in the filter blocks of H and G, the discrete

signal A%jﬂf is convolved with the respective filter H and G and in
the functional block following each filter block, the samples output
from the respective filter block are downsampled by selecting every
one of two samples.

30 The 3-D mapping results of the wavelet signal processing of the
representative echoes of Figures 4A-4K according to the embodiment of
Figure 15 using a sliding data sample window. of a predetermined

number of samples, like one hundred (100) samples, for example, are



( 2-] W, (x - 2-; n))(nj)Ez2 is an orthonornal
worth noting that the nother wavel et, which may be the Mexican hat wavel et
for the pvessm47enbodi ment, and the scaling 5 function arRCT/@b@t®dr4 oget her
in the frequency domain (i.e W2w) = GQw ~(w)) Accordingly, the Fourier

transformfilters Hand G constitute a pair of quadrature mrror filters,
i.e. (Qw —eWH(vv+ 7i)) , or equivalently in the discrete tinme donain:

Vn E Z, g(n)=(- 1) "h(1-n), 10 where gtH-is the discrete inpulse response

basis of L2 (R) It is

of the filter G _configured for a wavelet function, |ike the Mexican hat
wavel et, fotlluakzisieln gﬁaulfﬂs A)l4's FHE df BEFEteornpii Set Pespbnss of the
filter H(moedéscienbedabbyelo NowvesketatDRe fecheed He ditsiorefeqdetai | SI gnal

at the res i 0 iiigcignt D 2; =
TIORY (Sgtzéaﬁn) )r%eféflri%g t%mlau,g@se %w 89 co%ggrgg) Whd %gﬁ & f%é&l L
(u-2-'-'k))CEghATIHhs H==qrh EepreTy %LtfllVSn%Cf(OE)l‘éﬁan(]P )ie‘é%‘i:‘i‘\}ée ¢Fh be t he
decorrp05| &1 @hoOl s tde€ 12 edi SE raehenprlqp;ei:beﬂeﬁl gialwhith e.sAzefiebied Mo t he
appr oxi mat i o) . t al detail
(D2;f ) as &%e%%ﬂgdg?%a?%e(%%%%% ﬂle dkeﬂ?ée]quﬁ \%ﬁe?% F]'igt e discrete
signal (i. @1lgﬁ|cﬂfnoﬁi3%trle8%ﬁc(tﬁdd@+ IF% 1F§u1@e€]€ﬂﬁj’6$eﬂ]‘ien‘f}be &ATEPproxi mat i on
at coarserof @3ab ufsi, ofod ARadple, @d]ﬂeb NMe@1éhadet ahk sig@nal surBed aye. 25

Ref erri ng to 'roa(ilzed |nftehe fllter bl ocks of H and G the discrete

si gnal Ad2j " T$convol'Ved Y th the respective filter Hand Gand in the
functi ondl bl ock? frokFeidatgoridenidn [ther "Bl dek 1mplrmegberliess qFPHEA™ °From t he
reSpfctl vgottuTé b%ce@sgﬁl%zaE@ di@\ﬁ@ﬁeaﬁml Q‘f@adbﬁywé‘e@ Qlféltmg ae:\é@igryent@&eecpf twof ]
sanpl es i,ng. results of the wavel et signal processi of the
r epr esent at T 7 Se%%oeg §1I§| FUreP YA B¢ S8R gg 8 THE efbod| rreqntﬂg

Figure 15 usiargyeefsicheinegnditia, stmphe weivadowdonting w%ﬁéﬁamﬁﬁ@d nunber of

sanpl es, |ikgcangedundiednédd0hs samabes ,1sf&gf1aé@raal @he 2L 8004 VB3 a4
PCT/ US01/.10174  -14 il ustrated {p Figures S Each illustration shows
t he wavel é of the shape or envelope limite v the amplltu wave

coefficients, time, and scale (i.e. frequency) in the wavelet domain

as shown in Figures 5-14, each showing the energy of a corresponding
one of the aforementioned representative echoes as the volume under

the wavelet coefficient envelope in the time-frequency plan. These

20 different energy values (excluding the energy in the main lobe) of 11
representative echoes are recorded in the first row of the follqwing
table. The second row of the table shows the energy ratio of the
energy of a selected echo, like the echo reflected by the target
(i.e, pin), for example, and the other echoes.

25

Signal Echo 1 | Echo 2 Echo 3 | Echo 4 Echo 5 Echo 6
(slab) (slab) (pin) (surface (surface (Surface
) ) )
Energy X1000 0.1161 | 0.0693 0.0868 0.0147 0.0238 0.0124
Ratio of | 0.7480 | 1.2532 1.0000 [ 5.92159 3.6537 6.9894
energies
Signal Echo 7 Echo 8 Echo 9 Echo 10 Echo 11
{surface) (Surface) (Surface) (Surface) (surface)
Energy X1000 0.0186 0.0171 | 0.0151 0.0258 0.0420
Ratio of | 4.6737 5.0664 5.7545 3.3601 2.0683
energies

It is recognized, from the above table,

that the energy of an

echo reflected by the fuel surface is at least 2 times higher than




coefficients of the 10 representative echoes in .a tinme-frequency plan.
Referring to Figures 5-14, by conparing the wavel et coefficients of each
representvadbvessecho, it can be determ ned which 5 echo i spepiUbectoets by a
non-1iquid object and which is reflected by the liquid surface (regardl ess
t he incidence angle of the tank). Unlike an echo reflected by a non-liquid
object, like the target 15 or slab 13, for exanple, echoes reflected by
the liquid surface are well localized-15r frequency. 10 A practi cal

criterion that may be inplenented in_a program of, the,grocessor 62 to
di fferenti at® BRI tFeSthib raf Greme MY dritda! IGFHEST off1EkHoed ¢ f3tonmput e
t he energy of aeatdd echopiexcl "ehdry thehecemesgyt Ginbbdignenai re pbobesami hs t he

wavel et dongi . : ' orl n Ofcan. ol
et 1 ned as Troiaof £or BHECER LPERC SEleor, 28 UM BB B AR PEEIEE by the

anpl i tude oftendielkdpd FoeFhesi BHtE™PHTIRE thmanergdre (sxcdudimgebfifency) in the
wavel et denaicitgy ag shewaihnm dbefusshd-cbdoecanh shputitg then.enet gheof a

correspondin ne_of 1he Qrenenti d.repr i echo s the
vol ume undegfr%sfeﬁte Wav iee’t t(,:%)eéfcsl ci 3%%&3’@% gﬁ?f%&%@?fn@f rgglaoﬁency pl an.
These 20 difsfeeerrd energy lvatides'fege! uding the energy in the main | obe) of

11 representatiwe eeheasnedtd veesdbdetaybd hatrédddrsked aw ofo ttheifiekl ow ng
table. The sqjﬁond rfEW of, the_ tabl e.shows_th nergyerati o] eoff th ener gy of

a sel ected Bcho, 1 Ecﬁeﬁiegxéccﬂoae?tesf R déadt%%/%f‘ﬂe TR ger (7 elfac%el%nfff f or

exanpl e, lanthet fieclohefaaschobs. 2Be SpepvalzEc RbEtErERPR P20 tBe E¥R0 4 Echo
5 Echo 6 (&laBdriedl ab)maliRi)aut W kagse-fSwdiagedjout f @aee Mrengy X100
0.1161 0.0693_.0.0868 00,0147 0.02%? g. 1%4e Otiqﬁp% 0.%§§Qﬂ1 %g?Z 1. 0000
5.9159 3. 65376, Y89~ EREF ¢T7es° S gnal* EERD FORMS 8 ECHo" 9 'EENG 10 Echo 11
(Surface) (SuchaterefSw ftheaioreSumbadecr{ iR aceet Ervdrgys X006 0Ied 86
0.0171 0. Olﬁrl tge %‘égeoca@ﬁgo 'IB@%éﬂ%r@f vfl\v@]?e?t% érep@ﬁéwétZS}gé a% 3@.1::121&@683
energies It is recogni zed, fromthe aPovg t abl e, rt.hat othe enerrlger{|1 of an
echo ref F&ct®d by CHETFHERTS FPFate PE St ST £ASF PR S RPGer  than
fuel tank. For instance, applying wavelets to differentilate between
echoes reflected by a possible residual of water in the bottom of the
tank from echoes reflected from the fuel surface or from echoes
reflected by a target is possible using similar wavelet processing
20 programs. Multiple echoes reflected by the fuel surface (regardless
their angles of incidence) and echoes reflected by other targets may
also be discriminated in accordance to the above described method.
In fact, high order level (27, 3™, etc.) echoes reflected by the
fuel surface share a common frequency property (i.e. they are ali
25 reflected by the fuel surface)which makes them differentiable from
echoes reflected by the target. Wavelet processing may also be
applied to differentiate between multiple echoes (reflected by the
fuel surface) themselves.
In general, wavelet techniques could be used to discriminate
30 between different echoes in fluids based on time-frequency
properties. This notion could be extended to higher dimension
signals. Consider for instance 2-D signals (images.).
Discrimination between images of different objects could be done
easily at the frequency-space hyper plan (after a wavelet analysis.)
35 This digcrimination might be very difficult at the frequency domain
alone (Fourier transform) or at the space domain alone. Signals with
higher dimensions (matrices) could also be addressed in this context.
While the present invention has been described hereinabove in
connection with a specific embodiment, it is wunderstood that it

40 should not be limited in any way to that embodiment or any equivalent



WO 01/ 75474 PCT/ USO01/ 10174 -15 the energy of an echo reflected by a netal
object (either in the form of a slab or a pin). Hence, in the present
enbodi mrewQ oa7arogramis provided to be executed in the PECDUSEIEONTI62 t O
differentiate between the two kind of echoes by computing the energies
(excluding the 5 energy of the main | obe) of the echoes and conparing them
In the present exanple, the echo that has the | ower energy is the echo
reflected by the liquid surface. The representative echoes may be
categorized in two famlies: echoes reflected by objects inside the tank
and echoes F®PPEWEd Rt IOtRfe FRRACTER f dRePread. e FE8BgRroRy

di ff erence debweairet i woe cabegnyd ekaiims. mai nly due to the reflecting
object (and not due to the angle of incidence or to the distance fromthe
transmtter.) as denonstrated by the foregoing described wavel et anal ysis
as recorded in the above table. Therefore, wavelets are shown to be an
efficient 15 tool to discrimnate echoes reflected fromvarious objects in
the fuel tank. For instance, applying wavelets to differentiate between
echoes reflected by a possible residual of water in the bottomof the tank
fromechoes reflected fromthe fuel surface or fromechoes reflected by a
target is possible using simlar wavel et processing 20 prograns. Miltiple
echoes reflected by the fuel surface (regardless their angles of

i nci dence) and echoes reflected by other targets nay also be discrimnated
in accordance to the above described nmethod. 1In fact, high order |evel
(2nd, 3rd, etc.) echoes reflected by the fuel surface share a common
frequency property (i.e. they are all 25 reflected by the fuel
surface)whi ch makes themdifferentiable from echoes reflected by the
target. Wavel et processing may also be applied to differentiate between
mul tiple echoes (reflected by the fuel surface) thenselves. In general,
wavel et techni ques could be used to discrimnate 30 between different
echoes in fluids based on tinme-frequency properties. This notion could be
extended to higher dinension signals. Consider for instance 2-D signals
(images.). Discrimnation between images of different objects could be
done easily at the frequency-space hyper plan (after a wavel et anal ysis.)



35 This discrimnation mght be very difficult at the frequency domain

al one (Fourier transforn) or at the space domain alone. Signals with

hi gher diwens7sans (matrices) could al so be addressed in thCHUS@rtOEXt . whil e
the present invention has been described hereinabove in connection with a
specific enbodinment, it is understood that it 40 should not be limted in
any way to that enbodi nent or any equivalent WO 01/ 75474 PCT/US01/ 10174
-16 enbodi nent, but rather construed inilbreadth and broad scope in
accordance with the appended clains. WO 01/ 75474 PCT/US01/ 10174 -17 C ains
W claim 1. A nethod of discrimnating anong ultrasonic echoes reflected
fromvarious objects in a tank contai milaged i quid, said nethod conprising

t he steps O‘f’é Qenerating an ultrasonic signal in said tank of liquid;, 5
receiving ultrasonic echoes reflected fromvarious objects in said tank

i ncl udi ng a surflace of 14| FulE A RAPBAEPD LSARFYENRTEEEd ul trasonic
si gnal ; convefltechgs tfhem recetwedbiddtsasonrl eachoesainnte lekhetd,risead echo

signal s rep&gcsneégtf_a%ri \é‘fs:ﬁr@e(: 0f ek Sa@NPl i ng said electrical echo signals in
time to generate ata sanpl es t ereof ; processing said data sanpl es of

each echo using a waveFratiifhepi vrireergeneimpe iveliettagbet feiEnt s
thereof iB a wavel et réeiming w@bBgasbhidi sebedMtaal éd@gdSatch ubticasoni ¢ echoes

reflected fromsaid _variqus .objects b n i | e i.cients of
he echo_dat oot g8 O S EhE PARSEL O BRI BN REHALEL PO
di scri m nat P 99eeqasef tdésattécsti@padbf di scrimnating an echo reflected

fromthe liquid surfagsedtorg eeborseiafd actedohi®Ompbteinobjeactiscibased on
t he wavel et _coeffi Cli ents of e_echo dafta sanpl es of each. 3. The nethod

V\ﬁcho S .1g ah r presel}\gaglve q:tplereo H
of clam 1 whereAithé step°ot “di'scrim nati ng

10 sampling said electrical echo signals in time to generate
data samples thereof;
processing said data samples of each echo using a wavelet
function to generate wavelet coefficients thereof in a wavelet
domain; and
15 discriminating said ultrasonic echoesg reflected from said
variocus objects based on said wavelet coefficients of the echo data

samples.

2. The method of claim 1 wherein the step of discriminating
20 includes the step of discriminating an echo reflected from the liquid
surface from echoes reflected from other objects based on the wavelet

coefficients of the echo data samples of each.

3. The method of clam 1 wherein the step of discriminating
25 includes the steps of:
determining an energy of each ultrasonic echo from the
wavelet coefficients thereof; and
discriminating the ultrasonic echoes based on the
determined energies thereof.
30
4. The method of claim 3 wherein the step of determining an
energy of each echo includes the steps of establishing a wavelet
coefficient envelope above a time-frequency plane in the wavelet
domain for each echo; and calculating the volume under the wavelet
35 coefficient envelope in the wavelet domain for each echo as

representative of the corresponding energy thereof.



25 includes the steps of: determ ning an energy of each ultrasonic echo
fromthe wavelet coefficients thereof; and discrimnating the ultrasonic
echoes bawedi/o74 he determ ned energies thereof. 30 4. TheTmstlhwdr4sof claim
3 wherein the step of determning an energy of each echo includes the
steps of establishing a wavel et coefficient envel ope above a

ti me-frequency plane in the wavel et domain for each echo; and cal cul ati ng
t he vol une under the wavel et 35 coeffici®ent envel ope in the wavel et domain
for each echo as representative of the corresponding energy.thereof. WO
01/ 75474 PCT/ USGt/ 1017 me88¥9%5°f gl et HBUFOf Ciarhta %%Pé%ﬁmﬂ?él%q ep of
di scri m natimgudénchedespt bt cotggriod Genpardulgtédheotalesudbtittdd amdloases of
the echoes. 6. The nethod of claim4 wherein the step of discrimnating 5
includes the steps of: selecting a volune of the cal cul ated vol unes;
calculating a ré&tio oftsedeksfortifdadr Al ed e SAFRI ofset ¥t BtParorMime; and
di scri m natimgutde teaeharpssbased on a conpari son of said 10 volune rati os.
7. The net hod of cl ai g@l%c\é\@r?g[]%i nothe ?sti gg oJalglil%ctreFr@ﬁ% Lhg includes the
step of discrimnating an echo re]T ecte from the i qui 'surface from
echoes reflected fronfdtchértighj @ciesipafedadh veheel15E conpaid §6redf t he

vol une rati gslecBea Theudrsmt hedl of claim 3 wherein the step of discrimnating

i ncl udes the step of conparing,ihe determned energies of,lhe gghogs. 20
9. The method of clai ME Wherern the step of “af serini Rati ng i hclddes the

step of dioseelivreneatiing- an echo reflected fromthe liquid surface from
echoes reflected fromother objects based on the conparison of the
energi es thereof. 25 ]}ge

. The methad,of claim1 wherein_the step of
processing incl’udes THe S5 8% chraé"ée6s§'!1%l§el§laF%e 5%?% oé‘ca?ri)sicéf%mor?a%éré%h echo

using a "Mm»dlodes Hae"stsavef atisfuindbaioimot en geher@fécvidefean cheflfipeidnt s

surface from echoes reflected from other objects based on the

15 comparison of the volume ratios.

8. The method of claim 3 wherein the step of discriminating

includes the step of comparing the determined energies of the echoes.

20 9. The method of claim 8 wherein the step of discriminating
includes the step of discriminating an echo reflected from the liquid
surface from echoes reflected from other objects based on the

comparison of the energies thereof.

25 10. The method of claim 1 wherein the step of processing
includes the step of processing said data samples of each echo using
a “Mexican Hat” wavelet function to generate wavelet coefficients

thereof in a wavelet domain.

30 11. The method of claim 1 wherein the tank includes at least
two separable liquids, each having a different liquid surface from
which to reflect the ultrasonic echo; and the step of discriminating
includes the step of discriminating the ultrasonic echoes reflected
from said different liquid surfaces based on said wavelet

35 coefficients of the echo data samples.

12. The method of claim 1 wherein the step of discriminating
includes the step of discriminating an echo reflected from the liquid

surface independent of an angle of incidence of the liquid surface



thereof in a wavel et domain. 30 11. The nmethod of claim 1l wherein the tank
includes at least two separable |Iiquids, each having a different |iquid
surface fwom/73m ch to reflect the ultrasonic echo; and tpPeT/ssep00T4
discrimnating includes the step of discrimnating the ultrasonic echoes
reflected fromsaid different liquid surfaces based on said wavel et 35
coefficients of the echo data sanples. 12. The nethod of claim 1 wherein
the step of discrimnating includes thé®step of discrimnating an echo
reflected fromthe liquid surface independent of_ an angle aof incidence of
the |iquid STA 58RO B1FPEaYy 4 PEREBRD £P°109%4 Paserh °F 1 'dif BRHOUES refl ect ed
from ot her odfgdti=rbased tba ddwe dwrwekbstplesoef keci.ents of the echo data
sanpl es of each. 13. The nethod of claim1l wherein the step of
discrimnating 5 includes the step of discrimnating an _echo reflected by
the Iiquid sur?%ce f Fonreerse st rariect ddehyirot s teb| Be fes BABE R GRIt he
wavel et coeidivaeenths ofept be @debpirdakairganpleetoafefeacted bd. thAppardtus f or

di scrim nat g&%a%g%%m%éﬁo@go MG SRO8 o8 ochl: o%gla@tcst 8d:dd B YAl Lo 8D) ect s

in a tank contalnln% sal d ar at us nprising: an ultrasonic
t ransducer 6W§§é§éﬁ1&taﬁﬁéeﬁﬁﬁ@ d%ﬁhﬁ@“ﬂ@ﬁ ¥xEPEHng said ul trasonic
transducer to generate an uItrasonlc S|gnal in said tank of liquid, said
ultrasonic 15 transduger for receivin rasonlc e ed from
Var | ove . obi ect 5T n s artrreak TEhcr el s Ll o BPUREEE CeREAET [ L onse
to saidlgeneileces direr asohres Shipmds #Ibra émépvﬁ%ﬁglwélﬂéﬁu vetd
ul trasoni c ggheesud ~bepelsegrical echo signals representative thereof; 20
means for sanpling and d| |t|2|nqh%%gg elegtrlca a%cgl S|Qnals intim to
t 0

generate digitized dafd ‘CaApTEE t HEFESI " and P Reals for Tprocessi ng said

digitized data sanpl eseafs éacwxeeh@@us¢mbuhmﬁﬁveveﬁrﬁwﬁﬁmﬁbﬁxwBﬁgéﬁéﬁate

wavel et coegﬁllﬁl@m&uct&%gpf l Bafy WaNMElgt 1 0RNBI 2R t@adbSier i M nate said
ultrasonic gc oe ect ed f{on1sa|d vari ous oqufts based on sai d

Mvel ot BoBrTRrE SobiERe GenbL Ar B arse tori2ebEF RoR 8o

objects in said tank including a surface of the liquid in response to
sald generated ultrasonic signal for converting the received
ultrasonic echoes into electrical echo signals representative
thereof;

20 means for sampling and digitizing said electrical echo
gsignals in time to generate digitized data samples thereof; and

means for processing said digitized data samples of each

echo using a wavelet function to generate wavelet coefficients
thereof in a wavelet domain and to discriminate said ultrasonic

25 echoes reflected from said various objects based on said wavelet

coefficients of the echo data samples.

15. The apparatus of claim 14 including a buffer memory for
storing the digitized data samples of each reflected echo.
30
16. The apparatus of claim 14 wherein the processing means

comprises a programmed digital processor.

17. The apparatus of claim 14 wherein the tanmk is an aircraft

35 fuel tank and the liquid comprises aircraft fuel.

is. The apparatus of claim 17 wherein the processing means
comprises a programmed digital processor including a program for

discriminating an echo reflected by the fuel surface from echoes



15. The apparatus of claim 14 including a buffer nmenory for storing the
digitized data sanples of each reflected echo. 30 16. The apparatus of
cl aim 14 wiet/zi4m t he processi ng neans conprises a progrararpgSdiyi4al
processor. 17. The apparatus of claim 14 wherein the tank is an aircraft
35 fuel tank and the liquid conprises aircraft fuel. 18. The apparatus of
claim 17 wherein the processing neans conprises a programed digital
processor including a programfor disc#?mnating an echo reflected by the
fuel surface from echoes WO 01/ 75474 PCT/US01/ 10174 -2Q refl ect etd by ot her
obj ects basEFI8AETHEY vRIPEF etPIEEET FREFSITES T YETe e teERT fFaat HisanhIe8
t hereof . 19%chbhéatappat@tedstiofrecfai m 18 wherein the digital processor 5
i ncludes a programfor discrimnating an echo reflected by the fuel
surface independent of an angle of incjidence of the fuel surface from
echoes refl ect & -by offtferPedjaétt £ Astide 18 Hderahk thastgion PRE°SSHaYel et
coeffici eat sncafidéhe pedrablata sasgliasnafingaahecHd r2BlecEhe appac atues of
claiml7 wherelpt, Lngl udes o 81 3t alfachuelorand, al.l 6ast.ane gh her
separ abl e I%Jrﬁﬁg? l&éﬁ%‘%ﬁg\r}{fn g a?ﬁ?%?er Qnt\llcllequfgd) surface fromwhich to
refl ect thecHlIoeR aSAPEtwC Ry ; othghPRiREFRiRS e Ep? dE8ESTaF§In¥asS conpri ses a
programred gHwghtalcopEorassos denchdl@dcRg catprogepass foaregbinscri m nating the
ultrasonic 15 echoes reflected fromsaid different |iquid surfaces based on
said wavelet coefficients of the echo data sanples.
10 20. The apparatus of claim 17 wherein the tank includes

aircraft fuel and at least one other separable liguid, each having a

different liquid surface from which to reflect the ultrasonic echo;

and wherein the processing means comprises a programmed digital

processor including a program for discriminating the ultrasonic
15 echoes reflected from said different liquid surfaces based on said

wavelet coefficients of the echo data samples.



