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Field of the Invention

The present invention relates to a portable easily deployed and recovered

multi-transducer hydro-acoustic detection system that can detect the presence and

15 location of sources of hydro-acoustic emissions produced by an intruder (e.g., diver,
surface swimmer, unmanned underwater vehicle (“UUV”), surface vessels, etc.) or other
man-made sounds (e.g., a pump discharging, a generator running on a pier), or natural
causes (e.g., fish, mammals, etc.), and can characterize the type of source causing the
emissions, the bearing to the source and the direction the source is moving and its

20 location. The claimed subject matter may be used for security against illegal activities,

intruders, and terrorism.



WD 2011/ 056830PCT/ US2010/ 055230 Background of the Invention

Si nce the bonmbing of the USS Cole in Cctober 2000 and the attacks of 9/11,
border amwlotzommsps3nt ati on security have becone a priori rgTfuseomhss2blavy and
the 5 Departnent of Honmel and Security, especially for the U S. Coast Guard.
One of the nost chal l engi ng aspects of port security is providing the nmeans
to protect against threats fromunder the surface of the water as well as
surface threats, such as vessels of all sizes, including snmall, fast boats.
In particular, it is felt that a significant terrorist threat m ght be
posed to donestic harbors in the formof an expl osive device delivered 10
under waBackdrpouaddfithe loeemtiomn under wat er br eat hi ng apparatus, such as
SCUBA gear. Exi sting hydro-acoustic detection systens may use

ei ther active or gSmesitHe bd ofthe USS Coke innOawber 20004AR thedcdttadks af hi gh
| evel of false alarnms produced by scattering fromfish and mari ne manmal s,

or the Q%t H?dep a?naat}+ o\‘@*n@r‘i seblifty % i méiul%do'rﬁé’ aoérl&ﬁy?&mgtﬁé\hﬁﬁn@%hém

i ntruder, e possi bi bei ng to marine manmal s, 15 and

poss g;@% éjﬁgg Sqf%orh@l%ﬂg S%'&ﬂm?gé%{ﬁecgglggg %SU o RANERA: ‘br% ofthé Gdd ve

Slorre S nay - utl Sensors rn an array, an
t b t ff t I
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interest is known a priori, and, may cover er achln reas
smal | erf rqnéagieréu%ﬁuaaceaoﬁél?%wat%ra%ws&maw%%ﬁ %r’fas&}?g% ohs @
nooring, a renote beach bei ng defended or nonitored, etc

2011/ 05%830 icivding crwllo 652 doatsy tnpeticslar: iids felt, that agsignificant terrorlst threp e

presently disclosed subject matter relates to a portable easily depl oyed
and r ecroight deb pobeéd -tor doraestive hatbods dn dbeuformcoti@neexplosive ydsivige drbivereéin
detect the presence and | ocation of sources of hydro-acoustic em ssions
pr oguceghd@ywater by a diver using an underwater breathing apparatus, such as SCUBA gear.
Existing hydro-acoustic detection systems may use either active or passive
SONAR. Limitations on active SONAR include a high level of false alarms produced by
scattering from fish and marine mammals, or-the bottom in shallow water, the possibility
of being detected by an intruder, the possibility of being harmful to marine mammals,
15 and a possible need to be large and heavy (hundreds of pounds) to be effective. Some
passive systems may utilize hundreds of sensors in an array, and may also need to be
large and heavy to work effectively, or may need to be deployed more or less
permanently over a widespread area where the area of interest is known a priori, and

may cover wide reaching areas, but not smaller areas, such as a harbor or breakwater

20  entry, a ship berth or mooring, a remote beach being defended or monitored, etc.



5 an intruder (e.g., diver, surface swimrer, UUV, etc.). The disclosed
subject matter utilizes passive acoustics, where no sound energy iIs

em tted, wotpiwmssser, only sound energy is detected. Thectitsedosstieubj ect
matter uses acoustic detection, |ocalization, and classification

t echni ques, through disclosed signal processing techniques to greatly
sinplify the structure and increase effectiveness and capabilities of such
underwat er 10 detection systens. In an enbodi nent, the

di scl os®ummanyafithednventiotan neet the US Navy's | ntegrated Swi mrer

Det ection Programrequirenents, which require that, in addition to being
effective, it be oy tprbbentlyi désclosednpabjectamiatteérgdlaeisgid ,a pmrtableeyeasdy i t s
purpose as a mlitary and honel and security system |In particular, the US

Navy redepis\RiERhE @caldred SmiuhipfraidtRicey Hyar-atsustivedstepticly abstenbthatwoampeopl e
in a small ‘boat, and be redepl oyable within one hour. The discl osed subject

matter 4j i } i I d}icSé f ters
déte@?tﬁ%&?%?&‘ﬁeﬁﬁ% g{ﬁ%\ggg ? Rhurdes GFatydYélatolsticSéraRsiongPradhce

and up I n 2 feet in diameter when transported), and
26$§emﬁ%§@f%®gg (gﬁd]egg?p%tg? érv_{(’a'ﬁ]aﬁt‘\%g ov’:';t%tcgﬁgﬁ\é/va Sear:laséécogag%)@ E::t et egf |) on
e veles bepsiyd agopfifs, FHerS g seiBRE b oy dnrisaneiniri, AL LSBERT ce
clusters, although one_ WO 2011/ 056830PCT/ US2010/ 05 23(? or,. tw? Wil l. work in
many erfnergnfedetecied. | TheAisslosed gubiegt Matiet 4aes RPLRIC daistlions IR e to

that of other techni ques, which nmay require hundreds of sensors in an array
or requandeclassification teetvvifieesy dhrough idiscinsed @ignsh psecassivg teahnifees togrgally nore
or | ess permanent positioning of the detecting sensors. None of these are
requi r esimplify e sthetdrdi and imeehseubffectiveness and capabilities of suchihndgrwateosed
subj ect matter has enhanced detection capabilities as a result of

per foor nddiect®rdysteri@r y anal ysis of the acoustic characterization of what a
potential target nmay be doing or using, etc., e.g., an underwater breathing

g?pgait gts,herCh ap a-RbodRRént, tHeediSH eSS B CtARLREL cAdri et B UISCNaV@g@at ur e

Integrated Swimmer Detection Program requirements, which require that, in addition to
being effective, it be portable, i.e., compact and lightweight, both key to its purpose as a
military and homeland security system. In particular, the US Navy requirements state

15 that the system must be deployable by two people in a small boat, and be redeployable
within one hour. The disclosed subject matter is compact (in an embodiment, it can
vary in size from a few meters and up in diameter when deployed, 2 feet in diameter
when transported), and lightweight (in an embodiment, its weight is measured in 10’s of
pounds).

20 The disclosed subject matter relates to an underwater acoustic detection

system that utilizes four acoustic sensors, e.g., under-water hydrophones, in a very

small area cluster. The whole system can include at least three clusters, although one

3



10 threat(s), as an exanple, an unmanned underwater vehicle ("UUW") or

di ver propul sion vehicle ("DPV'), enploying, e.g., enpirically gathered
data, acowmetnci/wssgnal anal ysis, or anal ytic nodeling etecThspewiosesi s have
been conducted to determ ne acoustical detection characteristics and
requirenents, e.g., within a real, conplex, urban estuarine environnent

whi ch cannot be adequately nodel ed by anal ytic or nodeling nmethods 15

al one. The results of such experinments have contributed to the signal

anal ysiar e il suogls ivigaanyi enviranmends rof dntergstecThensysiem gaa anbigyestesatted t he
effectiveness of the clained subject matter. The cl ai ned

subj ectcd?érablewbl that bh other ttecHriguesp Whiicrerhayregagehtindreds gfosegisbreiruare f or
t he net hods and apparatus of the clained subject matter, such as, 20

det ect i fayobr rsydire Lo kﬁ@wlbage@f {HRNJSBERsBEEY of iRtareiendior mbe 6oess of a
di ver uti I izing a currently avail abl e SCUBA underwat er breat hi ng -appar at us.

SCUBA Jdohste fs'mé ow
freque es topqmﬁgﬁgﬁﬁbge\}gbﬂ%& géﬁg ﬁC)ZeT/ Uszo'%é?@%}gggg

Fur ther por.e Kk es range vary w deI y anong SCUBA types, hence

det ect |Cg0 lﬂ%‘?ﬁ%‘%’é ﬁu’ﬁ?@eﬂe agnostl c to SCUBA types In addition, the SCUBA

The correlati on i THAERSE ”%"L'wieéaa”‘éé?r Eé’%feé péed ARGt ApapliEE A oce

characteristics can_be key to the hig erfor mance oper.atj on ?f t he
syst emrespit g eﬁrfwwn&mlm'ﬁa@/ngnalwg %ret*@c@p% i SharAetesization of yhat a
probability of false detection. Accordingly, the disclosed

subj ectpatential targeh maykee siginghernyeings efchee. gh@iﬁaum@wvgtercbrse@m ARRAaBss, t he
cross-correlation function of the SCUBA signal, according to aspects of an
enbodi narch ad SCGigBAI gadrosEhle sybieat mayatetact tha aceusiiweignamreiongyspther
recei ved by a hydrophone cluster, along with nore or |ess unique

tingy dqmm(szw an eRaMpld, &H, unmameﬂeund@wafevdfeml@nhmwedr dier ptoptision
detection ar act erl zation, directionality, and |localization outputs.

The pr%fewﬁlégets ﬁl@yﬁgg gc rﬂ?h&ﬁ @Atﬁ@reaaaaf%n%teb@strceg@ﬁatdr@rys@ or

multiple t earl ng angl & between sensor and

target. arga?\glgfwotdgﬁrﬁ%téége E%@r’irﬂ r?thhaveSB Vvﬂo%?%g?' fc{ Eiee?frﬂuﬁé"'aat%ﬁsﬁ get

char acter I on I'scrim |on suc arget s a hunman
or sorrethln else andfo raI|t

o RIS e RURADRAR. £ Bk oL cBrifie b oflahg 9ot >

environment which cannot be adequately modeled by analytic or modeling methods
15 alone. The results of such experiments have contributed to the signal analysis
techniques used in the claimed subject matter and demonstrated the effectiveness of
the claimed subject matter.
The claimed subject matter will, in part, be explained in regard to a
possible use for the methods and apparatus of the claimed subject matter, such as,
20 detection of and identification of an underwater intruder in the form of a diver utilizing a
currently available SCUBA underwater breathing apparatus. SCUBA emits wideband

acoustic signals with spectra that extends from low frequencies to 100kHz and above.
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The di scl osed subject matter also can utilize a high accuracy sensor
position 20 system (SPS) to determ ne the precise position of the

i ndi vi duavohydrospdsones in the cluster of hydrophones. TireTdissebos®do subj ect
matter, therefore, does not require precise placenent of the sensors
vis-a-vis the particular environment or each other, as W)

2011/ 056830PCT/ US2010/ 055230 ot her detection systens do. This is critical
to the rapid and accurate placenent of sensors in nmarine environnments,

wher e pugthessore, peabranepdies camge vary widelyeamong B¢ PBAutypes, Thencergetegtiarem may
al so nmeasure sensor sensitivity for changes over time that will occur due

t 0 noVen@hbd® muse becagnaitie to SGUBAGypes.r émtaddition, theb8QUIBAysignat has wetyer 5
bottom or fouling by marine substances or underwater |ife forns. The

syst emiowipie d6RbRYSsmple-tBsahigk @ofrblasibe! meafing-thal theecdrilgtorclunsti®T of
arrangenment, can provi de even nore accurate 36 degree "target |ocation”

det er mtﬁ@%b&ﬁ'stucasﬁ MQ'\MH%% fﬁ&dkea fhefs CiHaPActeAstis R B&Tksyltéqﬁé Biyh (Le.,

a determ nati on o the t tar get 10 Brief Description of Figures

acc rd§§§§%aﬁ%eo%§%la{ op° BFWE%\ %’%%?Prgﬁkdhvﬁ eﬁh%dggsél ogghg ﬁ? ¥érrﬁacﬁnelr A
E: g 2d?s gr\ll\cl:sesng nc?v([l Ipl(':o%alb}ilt Pfalse cibete(ﬁl}(()ndI agram formthe system shown in
Accordingly, the disclosed subject matter can take advantage of the
characteristic peakedness of the cross-correlation function of the SCUBA signal,
according to aspects of an embodiment of the disclosed subject matter, on received

10  signals, received by a hydrophone cluster, along with more or less unique time-domain
characteristics, in order to produce enhanced real time detection, characterization,
directionality, and localization outputs.

The presently disclosed subject matter also can enable separation of
multiple targets on the basis of the bearing angle between sensor and target.

15 Further time domain and - spectral analysis can enable target
characterization and discrimination, such as whether the target is a human, a marine
mammal, a boat, or something else, and for a plurality of targets, which one is located
where and moving in which direction.

The disclosed subject matter also can utilize a high accuracy sensor position

20 system (SPS) to determine the precise position of the individual hydrophones in the

cluster of hydrophones. The disclosed subject matter, therefore, does not require

precise placement of the sensors vis-a-vis the particular environment or each other, as

5



1; 15FIG 3 is an illustration of a target bearing finding based on
cross-correl ation nethods useful in aspects of enbodi nents of the disclosed
subj ect MRD2@11/056830 FIG 4 in the upper panel shows apcorusedianszo
functi on between signals comng to two hydrophones (cross-correl aton graph)
di splaying a cross-correlation tinme difference used in aspects of

enbodi nents of the disclosed subject matter, and in the | ower panel 20
shows a cross-correl ogram depicting the path bearing of a target as a

f unct i @thest defeption systemsi do. t Dhiadpexiticalofo the eapid@indeaccusatet placemnsnl eted
subject matter; WD 2011/ 056830PCT/ US2010/ 055230 FIG 5 shows

s chenatsensbisyin anatineneivimokneahits grizare fprecise iaguridr placeraest is gextepiety diffidult.
aspects of enbodi ments of the disclosed subject matter; FIG 6 shows

a spectTHRISRE thag alsd MmeBsGleSsaisof EBASHIWBNc? chanhBe olfes nestkdt wilbj ect
matter; 5FIG shows a cross-correl ogrann according to aspects of

embodi 1ake 4Bt bMofrehosedory Bk BB UBTa AN N &RRBAIG AR 166 yhahS of

different targets; G 8 shows scthematic and In ock di agram

form Sib%gl% %Wéé{ﬁﬁgg)pggéﬁéé S ARt REE YrdinBE8nk e AirBGGMTs Of  embodiment's of the

di sCl osed subj e
The system, when deployed in multiple clusters, e.g., in a three cluster

arrangement, can provide even more accurate 360 degree “target location”
determination, as well as detection, direction, and characterization, (i.e., a determination
of the type of target).

10  Brief Description of Figures

FIG. 1 shows a partly schematic perspective view of a detection system in
accordance with aspects of an embodiment of the disclosed subject matter;

FIG. 2 shows schematically and in block diagram form the system shown in FIG.

15 FIG. 3 is an illustration of a target bearing finding based on cross-correlation
methods useful in aspects of embodiments of the disclosed subject matter;

FIG. 4 in the upper panel shows a correlation function between signals coming to
two hydrophones (cross-correlaton graph) displaying a cross-correlation time difference
used in aspects of embodiments of the disclosed subject matter, and in the lower panel

20 shows a cross-correlogram depicting the path bearing of a target as a function of time,

according to aspects of an embodiment of the disclosed subject matter;



FIG 9 is an illustration of a pair of polar displays; and 10FIG 10 shows
a signal envel ope of a SCUBA signal useful in enbodinents of the disclosed
subj ect mmodterosBsvai | ed Description Turning now to Fl @TAis2étlo@sszader wat er
passi ve acoustic threat detection 15 system 20 according to aspects of
enbodi ments of the disclosed subject matter may include a cluster 22 of
sensors. The cluster 22 may include a center pod 24, which may be bottom
nount ed using a bottom nooring which may include a weight, such as a cenent
bl ock 26 anffléGednshbws dehematicadlyt ard danbleck pdidgean f foom slgnabgiroceasingor i ng,
such as explosive bolts (not shown). The center pod 24 may be kept upright
on t he ediblbysd inrashpgctd gflemibddirmgnisfof shpgisclioséd aalijetismatterext endi ng out war dl y
fromthe center pod 24. The center pod 24 may contain a portion of the

system 20, §ych eaghbWe @laé grurﬁlédc@Pd.ﬁgStbeasﬁébts séfoumbdainess i sfatHey i n
FIG 2. WD 2011/056830PC1/ US2010/ 055230 Data may be acquired

by a pldl'%f’gd WA . four hydrophones 40, shown as part of the sensor
cI ust er ,éelhnsugl:nera a rectangul ar configuration around the center pod

. Acquire at.a,can be transn ver hl od 24
Co & dry-| afiey S Bt PP ok ¥erafiayp Hebedt ot SHRORSFR bE I on
of the 5 da processi station 60 (" ter’ 60.in FIG 1). Some
port i oﬁ"s&f SQSISUMG H@“@?@W&W'nﬂrﬁpaéﬁté’ FS’Ir? @?ﬁqnﬂ?f?‘%@%‘éw% det ermi ne
required outputs of the system 20, such as the display ., 1.s also
shown in FI EIG48 shows schematlca"vr@dmoré@%ﬂ@gr%6%@ ﬁ@nﬁyemsﬁ%n@émh@%y be
i ncl ude a hydrophone housi ng 42, which may be attached to a hydrophone
st anchiasaodiing tataspRcisenf elmodiments of the disclosed subject matter;

FIG. 9 is an illustration of a pair of polar displays; and

10 FIG. 10 shows a signal envelope of a SCUBA signal useful in embodiments of

the disclosed subject matter.

Detailed Description

Turning now to FIG. 1, the underwater passive acoustic threat detection

15 system 20 according to aspects of embodiments of the disclosed subject matter may
include a cluster 22 of sensors. The cluster 22 may include a center pod 24, which may

be bottom mounted using a bottom mooring which may include a weight, such as a
cement block 26 and means for detaching the center pod 24 from the bottom mooring,

such as explosive bolts (not shown). The center pod 24 may be kept upright on the

20 bottom by a plurality of support brackets 28 extending outwardly from the center pod 24.
The center pod 24 may contain a portion of the system 20, such as the data acquisition

system 30, shown schematically in FIG. 2.



10 nmounted on a hydrophone stanchi on base 46, e.g. fornmed of two crossed
base | egs 48. The base | egs 48 and stanchi on 44 provi de.a hydrophone 44

pl acementwet2oa/dses3ght of about 60 cm above the bottom secfraseowfsibe body
of water in which the hydrophone 40 is placed. The underwater acoustic

hydr ophones 40 may be electrically connected to and in signal conmmrunication
with the center pod 24 through suitable connection, which 15 may be borne
within a cable 52. The cable 52 may be a plurality of cables contained
within a single pataeoay be agndiredhbya gumiify ofgequtfour bydepbones 40, sHdsvymg t he
know edge of sensor placenent, every point in the |ag domain of

Cross- eRr part aff ithe seasob elustp 2] ih genepdllyt 4 Tetianglilav copfig@atohistend ess i ng
towards the target for every pair of acoustic sensors for which the

Cr 0SS- GRhfe?! ¥l B4 V\%q@i‘?éH)Hht%dcar?Qe %sﬁﬁttéd Bbers® eﬁmessoofrem #8Scentér epsi bl e
bearings based on a single value of one is a true earlng, t he ot her

?Pieu'sf 24 1 8151 CapidiCatidd§ ﬁ*”%@“é'm\%" U0 g HRRIER! 8550
olop E‘%"%BH’%%TQ ‘At Es (ool @E“%p' %B“QF%“F)%‘%{’G%%?@ 38‘” B Bt O
i f ¥§f%?q” ) g et RSy, Reeded 10 ktemting SEadted Bulnsfs SERE SyIEM207e o

beari ng can be deternmined. In an errbodl nment, an 5 autonated tracker

funct i 68ckas the displayd2, g:gelsalsmehawn i FH&: @- anbi guous bear i ngs. By

cal cul ating all possible conbinations of cross-correlation pairs (six in
this exanpl e), t Hdesysdeswatssiracoustic Hydrepbonksy#@ agay be doduda@ehydrophena i ng
estimation with approximately uniformresolution. In some applications the
si te ghogsiaghy2, Whichemaypbe attashed dola hydraphone estamehiamyd4 nihighi gy ibe
target location. In the general case, nultiple clusters 22, 10 depl oyed at

sensr atnesliriéd 8A a HRTtoFRONESGENERoRbaYe 48, &gl FIMBIEaSTItAB dPESTckl KHYeNgdYs.
intersecting lines of bearing with known Of i gi ns, and thus provide range

and begiHaNhsel lefs 4804 étQHcIIiISn %%rﬁ@ﬂeté‘hgﬁvbﬁm ﬁ@ 4&'&%%%r£Whel ﬁ!r)]f

di rections ic bl'o dlagramo

under vag 81 &6 OHSLdiel tnyb%ﬂsrn SRR 30 BYS B0y lhich SR Ese e

mul ti pl'é "acousti C Sensors, ones
22 in the water. Acc s C f an ,enbodi nent of he dis
subj ectS Ry ThFh'éncfﬁ}W?@gtﬂ‘fﬁ@ ‘QEYSE{QQRB%e%é@'B@%he'GHSQF 'ﬁ%!tyt %qwegqugconvex
pol ygon, such as a quadrilateral, such as a square, when the Iurall y of
hydr opR9HdB signaj §omwmlqwéncywﬂb%@scemr Pask24 §hifPegh SHIabIE oRagCt ct ed
t hr ough power/comuni cation cables 52 to a center pod 24, whi ch is also 20
depboy Ry be tiognawwitbin a cable 52. The cable 52 may be a plurality of cables contained

within a single protective and water proofing outer sleeve.

Using the knowledge of sensor placement, every point in the lag domain of
cross-correlation can be mapped to a particular true geographical bearing towards the
target for every pair of acoustic sensors for which the cross-correlation is computed.

20  One pair of sensors provides two possible bearings based on a single value of lag: one

is a true bearing; the other one is mirrored across the line connecting the two

hydrophones, as illustrated in FIG. 5. at 62a1 and 62a2.
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The central pod 40 nmay be connected through a comrunication |Iink, such as
the cable 50, to the central data processing station 60 based on | and, the
central w0 2BDlb6$356830PCT/ US2010/ 055230 dat a processi ngcstskoonsa6y whi ch
may, in turn, be in data comuni cation with one or nore displays 62. The
center pod 24 can contain electrical connections and electronic circuitry,
I ncl udi ng perhaps data processing logic or circuitry, necessary to coll ect
signal s received by acoustic sensor hydrophones 40 and the neans to
transmt datla ancerbbadimantt thgl useatis pmmé&g with twioapolahcess-correlation plots, | n
an enbodi ment, by way of exanple only, the acoustic sensor hydrophones 40
can be egnb2al addiG2allie RiGnber 170d abd 1ilh iarfdGo§ corgsponding te bvd Pairs of an
enbodi ment, the hydrophones 40 may be depl oyed in a rectangul ar

confi geRbb®N, B? RiRPRYirROMEt sensop pRIrS 4t Wiferent SHentatuned shyait eendéjrego b 24,
when there are four 10 hydrophones 40. In an enbodi nent, the hydrophones 40

may be gl ?ﬁrhgﬁ] E}ﬁee?ruéeb@éliﬂ@ﬂ Yedf tcan Eéa@&tﬁrmi%e&- in %n Wﬁhgﬁ%gﬂ?’ five

(5) meters cent ine axis of ‘the center pod 24. In an ment ,

S BB AR PRl LB RS SRl TSRS SRR BGES, ,

POl s B OBS0 e S50 PO SR B o
[ I diti , | og-t o-di gital ] ter, and, ti

R ST A e

i s anal og data, convert it into digital data. The center pod 24 may al so do
some otunEprradeselptien: dB oMy appligatians the site geagraphy tor Axenpig) a $IERdiINEzi ng
or the like and transmt it via the conmunications link cable 50 to the
cent r alcadaemqyecrysambiguily in targetdcatidrovin the geh&ak case, mulbipleclusien®d2nent |
t he acoustic sensor hydrophones 40 can each contain a hydrophone WO
20110/ OePRYBETAUS2PAMED 188, can be used to provide triangulation positioning by
intersecting lines of bearing with known origins, and thus provide range and bearing, i.e.
location to a given target with high accuracy in all directions.
FIG. 2 shows a schematic block diagram of an underwater acoustic
intruder detection system 20, which may include the multiple acoustic sensors, such as
15 hydrophones 40, deployed in a cluster 22 in the water. According to aspects of an
embodiment of the disclosed subject matter, the hydrophones 40 may be deployed in a
pattern of a convex polygon, such as a quadrilateral, such as a square, when the
plurality of hydrophones 40 is four hydrophones 40. The hydrophones 40 may be
connected through power/communication cables 52 to a center pod 24, which is also
20  deployed in the water.

The central pod 40 may be connected through a communication link, such

as the cable 50, to the central data processing station 60 based on land, the central

9



transducer (not shown), a signal conditioner (not shown), an

anal og-to-digital converter (not shown), and neans for digital

comuni cavoansl/0sss0t he cables 50 to the center pod 24, ekirruspabior3s he need
for sone or all of these elenents in the center pod 24. In an enbodi nent,

t he communi cation |ink between the hydrophones 40 5 and the center pod 24
may be either wred, e.g., through the respective cable 50, or wireless, in
whi ch event, the wired comunication |ine housed in the cable 50 may be

el i m natatal processingestaiiah G8nwhichhaay.cimmturn,deg inodatai commbsigatipn with engotabl e
50 may be conprised of copper wires or fiber optics, etc. A power
connectrmore displsysitRg Thevesntémpod 24 ear repntaim électricah cbomdctions anbeelectranic pod
24 may be included within the cable 50, 10 and for distribution to the

hy dr ophgregitry4 indIlidiRg ggbbrhass CdHth Sprodessihg abdiat v elryuitrie neesssakry ROdcdllkchay

include a battery or other power source for the hydrophones 40 and ot her

equi p élﬁ@e%d' BY é&nggg'%Eﬁéo réphored ?"amh@%& to IrBRsPRIRNtFat i on

i nk fro e center to the central data processing station 60 may

be \gn rq%gggng?m {'Br[btc%%mﬂggtﬁ (r]gb\é t hen 15 cont ain a w re! ess communi cati on

device transmtter for communi cati on fromthe

center pod 24 to,the ce roces a radi

transcei ver, for BafQ Emﬁﬁ?ﬁu éﬁ qu N l‘?é'@ceﬂ'ler Qcoﬂﬁtfca S&n88%55| ng
station 60. The transmtter/transcel ver may be f|loated on the water

sur f acdYIERPNGS A0RANRS FRNNACERLEP the aentesiPod 2w anRRg siaBRkaIes Brer BY t o

the center pod 24. In an 20 enbodi nent, the central data processing station
60 can amembgadiment aitiechydrophansis\&q mayr be deployed in a rectangular configuration,

spaced apart by approximately 90° around the center pod 24, when there are four
10  hydrophones 40. In an embodiment, the hydrophones 40 may be deployed at a

relatively short distance, e.g., of approximately five (5) meters from the centerline axis of

the center pod 24. In an embodiment, the hydrophones 40 may be International

Transducer Corporation’s model ITC-6050C hydrophones. They are sensitive in the

band of up to 100 kHz and provide -157 dB re 1V/1uPa midband open circuit receiving
15 response.

In an embodiment, as shown in FIGS. 1 and 2, the center pod 24 may
contain a signal conditioner, an analog-to-digital converter, and a computing device with
means to acquire the data from the hydrophones 40, and when it is analog data, convert
it into digital data. The center pod 24 may also do some other data processing, such as

20 encoding, formatting, packetizing or the like and transmit it via the communications link
cable 50 to the central data processing station 60, shown in FIG 2. In another

embodiment, the acoustic sensor hydrophones 40 can each contain a hydrophone

10



Wi rel ess communication directly with the el enents of the system 10 depl oyed
in the WD 2011/056830PCT/ US2010/ 055230 wat er, other than the center pod
24, i.e.,woOioeqtskssot o t he hydrophones 44, in which eventceasboross2do have a
buoy or the cluster 22 would have a buoy. In an enbodi nent, a
conputing device (not shown) in the center pod 24 can perform data
pre-processi ng and data .conpression or other functions, as noted 5 above,
before transmtting the data to the central data processing station 60. The
cent r altrajaducesr(oobshiwiy, atsignad gosditioner, (nohehewn), an ansleg-teedigitalezanvertel gi t al
representations of signals acquired by the acoustic sensor hydrophones 40
and col(hetcshmvi)yandencamistfer digitdl cehmuaicatienscaiarthaicables dtstd thekeenbatpoeen t he
hydr ophones 40 and the center pod 24, wired or wireless. The central data

pr oces Dngliminating theResdforisbriz i McstiRedd dlefing ihGhé ebater E@dm. t he
vi brations due to acoustic em ssions sensed by the hydrophones 40 and

produce appropri q,t,%wdé;ﬁ%&}‘&nﬂr‘thb%nﬂﬂﬁgigé%p lifk HERRienY, e\l,\{/{r?d}éplﬁ)%es 40

I n an enbodi nent , e acousti c sensor ones 40, sho in FIGS. 1 and

t
520 o8 A6 A5t o U i1, S0, Sl bl sl b 11

the co proper¥operafi on o

determ nation, an.accurate 15 asurenent. of. the posi.ti.oni t he

v opiBraessyin PRdCEHET Be Wik SR HGAoR doe dpuBed ibuit sla 20 188 bs e

| ar ge spaci ng between the hydrophones 40 (ten of neters, or re), unting

t hem ofligingtagdeIn an gatbodineityhiescPnyndpicatiomling whgn M@mt&?éagrea@mt ®f the

hydrophones 40, and neasurenent of the placenents, vis-a-vis each other
nmust beompisad iafteppaet wiies. or2iilvasr opticanplce, Adpewebcemredioni RFAVigNaBWar and
currents, as the hydrophones 40 and center pod 24 are depl oyed, e.g.,
dr oppedrano thehdrydand ¢on a bbat) do tie temtet ped 2dsinay beiingudéd withirhtheraabieoh@s 40
froman ideal desired positioning, vis-a-vis
10  and for distribution to the hydrophones 40 through the cable 52. Alternatively the center
pod 24 may include a battery or other power source for the hydrophones 40 and other
equipment located in the center pod 24.
In an embodiment, the communication link from the center pod 24 to the
central data processing station 60 may be wireless. The center pod 24 may then
15 contain a wireless communication device (not shown) such as a radio transmitter for
communication from the center pod 24 to the central data processing station 60 or a
radio transceiver, for data communication to and from the central data processing
station 60. The transmitter/transceiver may be floated on the water surface, such as, by
being placed in or on a buoy (not shown) tethered to the center pod 24. In an

20 embodiment, the central data processing station 60 can include a radio transceiver for

wireless communication directly with the elements of the system 10 deployed in the

11



12 WD 2011/ 056830PCT/ US2010/ 055230 each other. Al so the hydrophones 40
coul d be subsequently noved, such as also by the action of tides or
current s,wonogfdsessd di storting the nmeasurenents. For thesg/useasossand for
findi ng geographi cal coordinates of the cluster 22, an acousti cal
positioning of the hydrophones 40 can be required. Such positional

rel ati onships may be determned, 5 e.g., by an acoustic calibration
procedure according to aspects of an enbodi nent of the disclosed subject
mat t er .water, atherrthanithee oentes poth 24ni.a.c directlyctodhe ihydeaphonep ddc dwhish gyent
consi st of processing the signals received while towi ng a source of

br oadbasadhaemuld hace arbiusg ion theaclasted 22 lneoultk haveyaboby si t e of the cluster 22 of
hydr ophones 40 in the system 20, e.g., initially after the setup. In doing

S0, one can posi tih&h éMBogifiEntca EBmpefiRY akvicé (At $hviH|inthe ceRter plod 24
hydr ophones 40 at a wi de variety of bearings, and preferably at all

possi blgnbessdio datfp-prod¥sdihg dnd. @dtal &itfpreS8itn Grosther i@iohs 288 inotéd ound

the cluster 22 o?aacoustlc sensor hydrophones 40. By using

Cross-cQrrel aLion,. e o .. ¥ 7o) | dr ones
30, 3 V8. Bolof? reefhinipd E MRt NG frePberttd BES HRbGRInG SIh €U TR
based on th utput signals fromthe respective 15 trapsducers i .he
hydropﬁ@ﬂhgleﬁ%a(pzﬂcq?@rg’eﬁ%@ﬁ% ﬁ@&?m ﬁeﬁo'%wﬁ%ﬁ'%%'{?d@ﬁﬁg'%6%@??%%@%950e can
have a GPS receiver, so the position of the source with ti i's kno at
any gi VisigRgieatayiredihbeAreustc sepRar DVdkePhopes ABAM ?Ql@&tﬁbxﬁ@e Bt al
data processing station 60, where it can be used for calculating a true
geogr aeidc24 visethei gagnraunicati@nsolinksrketwaen dee hydignheass A8and ibg eentermpod
acoustical sensor hydrophones 40. 20Since all possible bearings are covered
by t he 24; wiredareviraldss. sThmeentrad slataoprocessing station®i camthpo psodese the slatence
along the line connecting any two sensor hydrophones 40 at | east once, and
t hgodelreiting a@ihemibtatioas Riuentordcoastid einissidng sbnskdbyethe \Wpdrophones 40 and

2011/ 056830PCT/ US2010/ 055230
produce appropriate displays on the one or more displays units 62.
In an embodiment, the acoustic sensor hydrophones 40, shown in FIGS.
1 and 2, can be positioned freely around the center pod 24, though generally in the
configuration noted above. For proper operation of bearing determination, an accurate
15 measurement of the positioning of the hydrophones 40 vis-a-vis adjacent hydrophones
40 is needed. Because of the large spacing between the hydrophones 40 (ten of
meters or more), mounting them on a frame is not considered practicable and accurate
placement of the hydrophones 40, and measurement of the placements, vis-a-vis each
other must be taken into account.
20 For example, due to the action of waves and currents, as the

hydrophones 40 and center pod 24 are deployed, e.g., dropped to the bottom, it can

alter the positioning of the hydrophones 40 from an ideal desired positioning, vis-a-vis

12



bet ween t he hydrophones 40. This delay is used for finding of distance

bet ween the hydrophones. To determne the relative positions of the

hydr ophorwe 2401/05883p0l ygon i s constructed, with the vert ipceasb@iongs2the
acoustic sensor hydrophones 40 and edges being the di stances between the
pairs, so all the angles of intersection can be 5 conputed.

Fromthe collection of this data during a source transit around the cluster
22, each pair of hydrophones 40 can be positioned vis-a-vis its partner in
t he paiegchi otbedAtsy thednysivbprhanes 4D oould e slibsggonanty ofovetesudhuas atso by an
enbodi nment, the acoustic source has a GPS receiver, so the position of the

sour ce tharmactien bfitides at camantd dngiffeendistorting thenmeastreaesits. [For diaése fegaisons
transmtted to the station 60 and can be used for true geographical bearing

est | matdrRnforMiadingCgRNa5Iaeal drdiRRRs dfRe lustdie22ca adsticalSEokidning of
hydr ophones 40, vis-a-vis each other. A simlar technique

b i L 40,
0. L oh s RO IR e R pRaor sttt R RIS
o) artal <& 8 PRATPASRISF ko ARSEHE BRI B B PR BlrboRlm@iatihe

i ncl ude,.arbi t r digital filterinpg,. tral | ysi d ..

cr oss- disiereed fulelomalPin, it ahcunBokBREs et meelste paltiration empadure

hydr ophones, acoustical source separation, and 20 determ nation of bearing
and rarf@® sQIsist of E’P&ﬁ%s'ﬂ&‘rtﬁ%tségﬁalﬁ deseived whilgcowdng arsiree 1 roadband 22 or

alternatively the center pod 24; where the center pod 24 is geographically
acoustic emission around the deployment site of the cluster 22 of hydrophones 40 in the

system 20, e.g., initially after the setup. In doing so, one can position the source

10 remotely from the cluster 22 of hydrophones 40 at a wide variety of bearings, and
preferably at all possible bearings, e.g., by making at least one closed loop transit
around the cluster 22 of acoustic sensor hydrophones 40. By using cross-correlation,
e.g., on each pair of the acoustical sensor hydrophones 40, the time difference between
the arrivals of the acoustic emission, based on the output signals from the respective

15 transducers in the hydrophones 40 can be determined. In an embodiment, the acoustic
source can have a GPS receiver, so the position of the source with time is known at any
given moment in time and this data can be transmitted to the central data processing
station 60, where it can be used for calculating a true geographical bearing estimation
and the geographical position of the acoustical sensor hydrophones 40.

20 Since all possible bearings are covered by the procedure, the signal has
to travel the maximum possible distance along the line connecting any two sensor

hydrophones 40 at least once, and the delay (lag) will be proportional to the distance

13



WO 2011/ 056830PCT/ US2010/ 055230 positioned, as di scussed above. The system
20 al so records and stores the conplete raw acoustical data set, enabling
further rweearwfisgnd anal ysis of the acoustic signals. PCT/US200005828¢ NOW t O
FIG 3, there is illustrated a nmethod for acoustic source detection and
bearing determ nation, e.g., that is based on the calculation of the
cross-correlation 5 of acoustic signals recorded by one or nore of the
various pairs of hydrophones 40. Measurenents of cross-correlation can be
used f detwaen the hydrophonesadOngrhis delayoiaruseddbr fivdingt ¢ofcdistance ibetwesththe

el ectrical signal may be generated by each of two hydrophones 40 separated
by a dilytiesphenks.aFo determirsaitie rflatiiecpabitionst ofdhe diydeophonesstd, @ polygen @én i nto
the water by the hydrophone 40 transducers of each of the paired

hydr oph@Rssuded, Witk the Vercddyssing the efcoliSti@lsensorhjdioplierss 20 emhdsegyey

processi ng and transm ssion equi prent, noted in this application, can be

used t gl phel Jlg't%n@é?Lb%tt\lvéer? és ans §@daillailﬂaéj dYled %@%fé@séﬂ@ign%%e

di rection nmakes an angeavvl e normal 102 t0 the line L between the
hydr, opr&%gﬁ)% 4(% as illustrated |n FIG 3. The distance 104 between the
sou?ce 5 t he hydrophones 40 nmay be nuch | arger than the hydrophone 40

15 separation d| anc acoustic em.ssion radiate he_s urce
100 reaches the t\KBmh Sr%ﬁ&%‘s ﬁg ‘T(iﬂ iﬁr'ﬂgl%W%?eH@Pﬁﬂgﬁoqrﬁeﬁﬁ %I‘Pg AT=
(L sine a) / c(1) c bei t he speed of soundlnthe ter envirgnment of
the | od& iegehdtait pé hygl@tpgﬁn@@ Ozea&mmﬂ igneg MlﬁraéV'§m%r £8"980 M iNIREEs t he
acoustic field (acoustic emssion in the vvater? the signals hi(t) and h2(t)

r ecor dencluging Hydrephanedr 4 leonthe diagonalseelether elustes) alre@nvembpdiments thene

sane signal. Then:
acoustic source has a GPS receiver, so the position of the source can be known at any

10  given moment in time and the data is transmitted to the station 60 and can be used for
true geographical bearing estimation and the. geographical position of the acoustical
sensor hydrophones 40, vis-a-vis each other.

A similar technigue can be employed to position the center pod 24 vis-a-
vis each hydrophone 40, e.g., by installing a hydrophone (not shown) on the center pod

15 24.

The system 20 can provide simultaneous acquisition and analysis of
acoustical signals using four of the hydrophones 40. The analysis functions can include
arbitrary digital filtering, spectral analysis and cross-correlation for simultaneous
processing of signals from several hydrophones, acoustical source separation, and

20 determination of bearing and range for different targets relative to the center of the

cluster 22 or alternatively the center pod 24, where the center pod 24 is geographically

14



WD 2011/ 056830PCT/ US2010/ 055230 h2(t) =-LIT)(2) with AT equal to the del ay
In equation (1). The cross-correlation R12 (T) of the signals hi(t) and
h2(t) carwbeodafssssed R, (7)=1: hi(oh, (r(3) For two del aped/isc@owabe3of the
form(2): R12 (T) = R11 (T - AT)(4) The cross-correlation R12 (7) of the
signals fromthe two hydrophones 40 10 is the sane as the autocorrelation
R11 (r) of the signal fromone of the hydrophones 40 but shifted to the
time AT. Because the autocorrelation of a signal is naxinumat 0 =t, the
cr oss- dwsitiongdi as discessed abgverakhensystem 20ralsot recyisisr aridh siores e eomplete

| ocation of the maxi num of the cross-correlation can be used to estimate

t he di rrastaconstical data sstpecablibgdurtidraesearsb andranalyais afitheratbusticcagndie
generalized to include pre-filtering or 15 frequency wei ghting, etc. Since

cross- cor r elTainhifg noANtoRIGM3, tHerd igilubirgted v Rictifodor htélisticr suusdeddateofiorer 0ss
spectrum power spectral density (5) where Gl2 (t) is the cross spectrum
pover dgjispdaring! detéifingtich@.§, fHa@ ih&sed on the calculation of the cross-correlation
5  of acoustic signals recorded by one or m0|;e of the various pairs of hydrophones 40.
Measurements of cross-correlation can be used for estimation of bearing to a source of
acoustic emission. An electricalsignal may be generated by each of two hydrophones
40 separated by a distance L as the result of the detection of an acoustic emission into
the water by the hydrophone 40 transducers of each of the paired hydrophones 40. The
10 two hydrophones 40 along with associated signal processing and transmission
equipment, noted in this application, can be used to record the acoustic emissions
radiated by a source 100 whose direction makes an angle a with the normal 102 to the
line L between the hydrophones 40, as illustrated in FIG. 3. The distance 104 between
the source 100 and the hydrophones 40 may be much larger than the hydrophone 40
15 separation distance L. The acoustic emissio’n radiated from the source 100 reaches the
two hydrophones 40 with a delay AT between them, where:
AT=(Lsinea)/c (1)
¢ being the speed of sound in the water environment of the location of the system
20.
20 Assuming a single source 100 produces the acoustic field (acoustic emission in

the water) the signals hy(f) and ho(t) recorded by the two hydrophones are, therefore,

delayed versions of the same signal. Then:

15



filtered, then the cross-correlation can be witten as: WO

2011/ 056830PCT/ US2010/ 055230 where: H WH, (f) (6b) is the
gener al fwequansysswei ghting, with H (t) and H2(t) bei ngprchrasc@spsszse of
filters applied to the input signals. Using fast Fourier Transfornmns
("FFTs") 5 the cross-correlation can be conputed efficiently and the

wei ghting can be added to the signals after conputing the cross spectrum by
sinple multiplication, applicants have found t hat Phase Transform ("PHAT")
is efficient wherh6bibhifedAW t h additional filtering to(del ectively
attenuate narrow band interference or highlight signal 6Vg(f) H(f)/1GL20(7)
10A filtering furwith A ddual © tbadelny inlegsatiorbf1)t he system 20 operator to
enphasi ze the target signal and to suppress interfering signals.

The system 20 di SfHeayro8g-cohrelation Ry, qrjasisthe sligreliogy@rafthat) damebes defindd f or
any hydrophone 40 pair and in the formof a floating chart representing the
cross-c@rrelation 64 as a function of tinme, such as is shown in the top
panel of FIG 4. The 15 time variations of the cross-correlation function
are presented in the formgqf a floated chart 68 simlar to a spectrogram a
graph with two geonet f+8—d hgi s {(7Lbhe' Yoyt | zontal axis representing tine,
thesvertical axis %ng'Ze q@ﬁﬁéﬁg bet ween tyg) hydrophone 40 signals;
a third dinension indicates the anplitude of the cross-correlation

function, which ; i color (hot shownin FI G
4) . A snapshot o?@ﬁ@ed&'a@%@ﬁlﬁfmafb%m-

R12 (1) = R11 (1- AT) 4)
The cross-correlation Ry, (1) of the signals from the two hydrophones 40
10 is the same as the autocorrelation Ry; (1) of the signal from one of the hydrophones 40
but shifted to the time AT. Because the autocorrelation of a signal is maximum at0=t,
the cross-correlation Ry (1) is maximum at AT = t. Therefore, the time location of the
maximum of the cross-correlation can be used to estimate the direction to the source
100. The cross-correlation method can be generalized to include pre-filtering or
15 frequency weighting, etc. Since cross-correlation can be written as the inverse Fourier

transform of cross spectrum power spectral density

Ru(2)= " G e’ df

e , (5)

where G2 (f) is the cross spectrum power density. If the signals are pre-

filtered, then the cross-correlation can be written as:

Ry (1) = jmm v (N)Gu(f e df ,
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20 system 20 cross correlation display 62 is presented in FIG 4, showi ng a
di splay 66 of a cross-correlogramof the signal for a pair of hydrophone 40
and t he swomoowssse WO 2011/ 056830PCT/ US2010/ 055230 corcelusgeidmssi2zo a col or
map form with the time dinension 68, respectively in the top and bottom

panels of FIG 4. The tine delays in the cross correlation
function can be recalculated to the source bearing angle using the Eq. (1).
5cii = arcsin (cL1T/L)(8a) a2 = IT-arcsin (cAT/L)(8b) It can be seen that

the sane tinme delwleraT takes place for two possible 10 angl es which
produces anbiguities in the process of the source 100 bearing neasurenent
by a single pair I s anbiguity can be sol ved using

si gnal processi ngo%/ﬁ%'%era{)’r(?%s§(grrel ation signals, (8b)e., from
differing pairs of hydrophones 40, as is explained in nore detail bel ow.
The schema of si ggajhepigenersi figquseyr dieitihtihg, aGeH £ chndnHENDodingete 15

of the disclosed subject matter is 1llustrated schematically and in bl ock
di agr arfefeiigel PEShEW s¢hdl ”U’s‘?r??efa%t BoaREY .%J fores (MRS ace
t hat can %‘?ow es se\?érr) i spla |§nc l'udi ng two po nsi ntensi ty j

di spl ayhe SRAL AL GRA- aonfvw%eg&e'ngyﬁe%cetmagw?ﬁqmgg@@g bt BESEaigRd 19

rel ative't he" cen uster
together rovi de unj que bearing. The di 62.can_al so ] nclude a
2071 s Fraatepepufiod dhd o ag?ﬁﬂmf Ve HERIF %Ee'@at'aam aPPitgols Bald .
al so shown in the bottom panel of FIG 4, and also display 72, which is a
spect r dgvaehitet Ehape dransieny (G Woﬁfﬁgﬁ%tﬁ@h%cempw W'ﬂ‘h%%t'm% Alteg can
allow for nonitoring of the hydro-acoustic

to selectively attenuate narrow-band interference or highlight signal

v ()= H (NG, 7
10 A filtering function Hc (f) can be chosen by the system 20 operator to
emphasize the target signal and to suppress interfering signals.

The system 20 display 62 shows the cross-correlogram 64 of the signal
for any hydrophone 40 pair and in the form of a floating chart representing the cross-
correlation 64 as a function of time, such as is shown in the top panel of FIG. 4. The

15 time variations of the cross-correlation function are presented in the form of a floated
chart 68 similar to a spectrogram, a graph with two geometric dimensions: the horizontal
axis representing time, the vertical axis representing the delay between two hydrophone
40 signals; a third dimension indicates the amplitude of the cross-correlation function,
which can be displayed as variation in color (not shown in FIG. 4). A snapshot of the

20 system 20 cross correlation display 62 is presented in FIG. 4, showing a display 66 of a

cross-correlogram of the signal for a pair of hydrophone 40 and the same cross-
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WD 2011/ 056830PCT/ US2010/ 055230 signal s received fromthe hydrophones 40
and for estimation of a bearing towards any one of a possible multiple
nunber ofweiouldsesseous targets (sources 100). PCT/USRON0NE280W t O
FIG 5, electrical signals com ng fromthe hydrophones 40 can be
pre-anplified, e.g., within the hydrophone 40 itself, in a pre-anplifier
(not shown) 5 and transferred as a digital signal output of

anal og-to-digital converters 120, e.g., using a National Instrunment Data
Acqui sicormefogsgstin @ calerengp foram véith thedimemdimension eitrespedively in dag topr arve:
hydr ophone 40 to the central data processing station 60 can be sanpl ed,
e.g., dottdfDpadls obFIGW.ng anal ysis of acoustical signals in a w de
frequency band up 100 kHz. FIG 5 is discussed in nore detail below 10The

spectra of the renql titRd deiayadh mecaras@eoﬁe@ﬁb@ﬂménbﬂcbnbefr@cmmétea to
spectrogram 110 that all ows vi sual observation of the tinme varying

frequeqﬁgﬁsmgq;gang ah pell%d,g%ﬂ,{es}zq sw:h as, isillustrated in FIG 6. The x

axis of the spectrogra is"tinme, and is updated continuously, in

ting, although the_ wer e about two m nutes ap or so. That is
g N L0 -REAUR (RPR) . &),

because that is iver’was breathing. Hence, the peaks are a
function of the signal in the water, which in this case are two m nutes
apart, and are being recorded by the continuously evol ving spectrogram
with the earlier times nmpv o the left of the spectrogra 0 as newer
signal inputs apﬁéér"'éf"s{m@&/é’nt of the spectrogram 110. As own the
spectrogram 110 is evidencing the receipt of very broad band acoustic

em ssion, e.g., froma passing boat, which has a high anplitude, 20

evi denced by the darker color (shade of grey in the FIG 6) and which fades
in anplitude at lhlventbe sean UGt IRe sameOtimadeddodd takes péace- fax itwo giossivke
spectrogram 110. The spectrogram 110 al so shows a nore or less periodically

repgeat ianglesi gvrith agrodases embiguitied 1ir0 38 3prIcEE$/SB0 tAé 05636 30eCheagigam 110
at about 50 kHz (shown by the darker dashes 112, which is nore visible in

the Sp‘?ﬁéé&@érﬁéhtlﬂypa@mdfé galrQ)foyHﬂpro'h@s Woghrmma'm&g{@l &4H B isBvebafffy

toward the right-hand end of the time varying spectrogram 110). This nay be
s al o8 aE B SRS BICRAeRS! Bibceboriefartin® Sinale, oy Hepl AaRY 2REs 0 !
hydrophones 40, as is explained in more detail below.
The schema of signal processing according to aspects of an embodiment
15 of the disclosed subject matter is illustrated schematically and in block diagram form in
FIG. 5. The system 20 can have a graphical user interface that can provides several
displays 62, including two polar intensity displays 62a1 and 62a2, wherein each shows
two possible lines of bearing relative to the center of the cluster 22 of to the center pod
24, which together can provide a unique bearing. The displays 62 can also include a
20 display 68, which is a correlogram of the processed data, such as is also shown in the
bottom panel of FIG. 4, and also display 72, which is a spectrogram 110 of an individual

hydrophone 40 output. These displays can allow for monitoring of the hydro-acoustic
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active sonar systens and depth-sounders, and the frequency band of the
interfering noise, allowing for activation of appropriate filtering in the
next stepwofoihsesmognal processing. The cross-correl ati eoTaspobpseput ed
using a frequency domain Fast 10 Fourier Transformalgorithmby first
taking the cross spectrum power density (block 202 in FIG 5) and then on a
conmputing device wei ghting the signals (block 204). An additional custom
wei ght can be added whi ch can be used to account for the relative spectral
pr oper tSignaldreceireddireni the inydephooas ¢aranslifor estimedisn obadiarpgapwamseanyy st em
20 operator can choose the frequency band(s)and thus provide for, e.g.,
bet t er ahstafct passibld fultipdle sepdeadf simulthneaus augets ésgetss WA di fferent
spectral content. Renoval of the |ow frequencies can, e.g., reduce the
interference dueTumirghhew té MBS, seLwiCalsighals iconting foirDtheciHytdroplidres 40
relatively slow RPM propeller). Filtering can also allow the isolation of

acoust ican@E srelanplified, gig f\ﬁi‘ﬂﬁﬁ‘thé hﬁ‘(‘%ﬁﬁ&ﬂe hawdsif, |ﬁa€bre»%%ﬁﬁefj ﬁfﬁ"sﬁown)
Unmanned Underwat er Vehicles, D ver Propul sion Vehicles, and surface

SW r i Se 40 ses a
o m S her § o S AR sHEURBHAP U AT 126°6 40 IS
with the ssib] e. subs e S nee resul t

el ay rorRBRRY loSIrEeRf Do A RIS et R B iR
associgted with ever bro ban ou a dj ver ship or a
snal | 3&’%@ peRert 'VGP ey he cﬁ?ﬂ"gfﬁ‘! %F"? lﬁ’ﬁ%‘iﬁéﬁ'"gc%‘gg“ FaVAS on
peaks get nodul at ed by hi gh frequency The representation of the

cor r el &aMmped b at 290 iz Rlieyindb apalysia Pfiacoustisab sighalsuin ayvide fegrHans i c
signal associated with the cross-correlation. This operation 5can be nade
at |it thandagpstObkHI.NEIGId isgliscussed i mioce detajd bebow.on of cross-correl ati on.

As the analytic signal is obtained by renoving the negative frequencies of

t hgosi gnal , t heskhd spgctean ©f ehe aeoeived rsignale dadube iispldede inotse darnm ef at i on
conputation while in the frequency domain, such as, during the generalized

Cross- fs?é&l%@‘ahp*lﬂ@'ﬁfa@%ﬂb\ﬁ@ﬂllsgal &Bé&@&ﬁ)n?mhé rt‘iﬂW‘vérShnﬁ'f@ql.:'énc kenteBsef ut e
val ue of the obtained 10 conplex cross-correlation is then taken to Obtain

the enygl 9@ﬂals':9{|cr?§§hs%ﬂ]%ﬁ’af%{@q:@a@ was%hﬂgﬁgeé@%%h?ﬂo hart is

Cr 0Sss- COI’I’ l'att on pI‘OCESSI ng can resu In an | SUC as 1 s

oss. PP P L 0 A SO
O e R PR il egBo8 T € otk b Bl EBodting MRS, B
15 peaks are a function of the signal in the water, which in this case are two minutes apart,
and are being recorded by the continuously evolving spectrogram, with the earlier times
moving to the left of the spectrogram 110 as newer signal inputs appear at the right of
the spectrogram 110. As shown the spectrogram 110 is evidencing the receipt of very
broad band acoustic emission, e.g., from a passing boat, which has a high amplitude,
20 evidenced by the darker color (shade of grey in the FIG. 6) and which fades in
amplitude at about time 00:12:18:00, as shown on the x-axis of the spectrogram 110.

The spectrogram 110 also shows a more or less periodically repeating signal across the
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The cross-correl ograminmage 150 shows the signals fromthree vessels and a
diver. Only one noving vessel is visible evidenced on the cross-correl ogram
i mge 150woben/o36s3hhe vessels are indicated to not be NMPCI3010/0558%i ng
with respect to the cluster 22 of hydrophones 40 with a very slowy
changing a (FIG 3). This could be because the 20 target is at a relatively
great range away or at a bearing that naturally would tend to vary little,
such as in a river environment where in a straight run of the river sone

t ar get spacirogiae ddfiatgahaOdkiadskewr dy theudarker dashes AdRi whichwisympreom t he
sensor cluster 22 with WD 2011/ 056830PCT/ US2010/ 055230 a rel atively

const antisibledn it spddticgrarm 110dofdeiCe @ dfter the high driplitatie 2miSsion fadestoward
mlliseconds and for track 162 at a AT of about -4.3 mlliseconds, which

turns QqHé rigAt-Rend BAd OF &@(ﬁmé@aﬁ/iﬁg&dpé&ﬂi@rm 110)] Tieit esly Pe doe toar SONaEeNt
time period of the correlogram 150 of FIG 7. Al so shown on the

correl ;%rs%{)ﬁgo&é,gﬁﬁ iﬂl’\%vic?iﬂiit)?oﬁﬂemﬁfoph%nbé gpk 164 indicating another

appare t target, which s changing bearing relatively quickly, i.e.,

froma AT of abolﬁﬁ'%?cglgﬁ%%iu;sgqc?dyﬁi%\%g%%toff z}cI ;:ngiﬁFe?féPéin%e, such. as

The “correl ogram SO S a perio y appearing signal
ong. petite sonat sleme nd dBpiTroer At e TERF IR BL 8 1y IpRbE Y
SCUBA Srio?sréélélloevri]rgig ifgr %lctei\?artilo% of appropriate filtering in the next step of the signal
processing.
The cross-correlation can be computed using a frequency domain Fast
10  Fourier Transform algorithm by first taking the cross spectrum power density (block 202
in FIG. 5) and then on a computing device weighting the signals (block 204). An
additional custom weight can be added which can be used to account for the relative
spectral properties of sound emissions from various sources (block 206). The system 20
operator can choose the frequency band(s)and thus provide for, e.g., better detection
15 and separation of various targets with different spectral content. Removal of the low
frequencies can, e.g., reduce the interference due to ships (whose major acoustic
emission comes from a relatively slow RPM propeller). Filtering can also allow the
isolation of acoustic emissions in different frequency bands, e.g. SCUBA divers,
Unmanned Underwater Vehicles, Diver Propulsion Vehicles, and surface swimmers.
20 Finally, as the distance between the hydrophones 40 imposes a maximum

possible delay between signals, only the information associated with the possible

subset of delays need be kept. As a result, a peak at a delay related to its direction is
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10 distinct fromthe boat signals. Thesystem 20, according to aspects of an
enbodi nent of the disclosed subject matter, is al so based on frequency

anal ysi s,wohermisessphe SCUBA signal is found to be a w debang:2siogs2B0
extending from |l ow frequencies upwards to approxi mately 100kHz. This can be
interpreted as the acoustic em ssion comng fromthe underwater breathing
apparatus, such as a SCUBA diver's breathing regulator, 15 which emts
sound vi brations due to the rush of conpressed air fromthe SCUBA air tank
t hr ouglassheiateswith teverye brsiadbang sohecedi Q@ (e.gniaativer or @sshipion@ smalkindetband
frequency vibrations. The detected diver acoustic em ssion signal and

det ect dgbabjo Htthafreqaéncy eonterstiio nneveyn arossreormlation peaisyet atahilated by high
detection and characterization much nore reliable. 20Turning Nowto FIG 8,
a scherfrdguenby.oChhel résresdntiatiéVopfthé corr@RAlonPEAT B8 SinipBiowdd B AIMmBItingSis | S
illustrated according to aspects of an enbodi nent of the disclosed subject

matter. . SY e . c _ . : O
2011/ 05SSR TREBIECT R BN sobBc Rith 1S cRig8briehtiont This xRt

pi ckup fr Jaor ' e ' i . 22 and
v\/naig evecran;l{rgeﬁgggéggtﬁgéggﬁ%y @‘.@g’ﬁgrgd@@%ﬁﬁ %Onrﬁ%gb{r?r%@oﬁgégg'ﬁ&erg@ gf} t he i nput
of the time domajn i nput signal, 6 at bl.ock 252 such as, in the hydrophpnes
20 themsel ves. ThS dibatalus FBARLE anipiRRE Y dRmobiTGlnS Ttpasive AealbiGeRAr e
processj ng. portjons of the central data praocessing stati ?n,, 60, of which
the si JRaFIgNAHBRsS fgawencarerrRe remgved durig the ﬁ&fswr@ R COMRUBIRN: Kk
254, the tinme donmain signal is subjected to a Fourier transform such as a
di scr etwhilgoir itee frequencyr demaibFsuchops.a dussg theupeaeralizetharesseqrretation |
where speed and conservation of conmputing power and nmenory dictates, in

or der tdeterarinatian phocess200 shgwal ini FtG. &. r dhecabsulatei valuenoft e dbtdimeshuency
domai n. The signal is then input into a signal conditioning

unily 2G@mpibetmssidoridlion igthen itikanstos obafr tredetvelepd10iFee ebkch@oneileradht i on,
such as, by anbient environnental background noise and | ocation specific

char actgid &f hfdropRistids 26, fHRYcri8sLufrelatibn Prac8sthd 200 Mt Risult if &nTRRAge’! ant

in order to reshape the anbient spectrumto reduce the 15 effects of such

fact 0r5]z50?gﬁ%ligs %gﬁé\gﬁﬁ?f@rﬁ T E@Q{J% 1§§ti§gghﬁﬁhtéé‘%§bai hﬂo&&co?r@%giré"lﬂ.u'[

signal in SO provi ptive weighting process which
al so utd lizes the output.of t noise flo stimation.in . block 264, such
2s: by SHehAPRHETSRRE ihact 180 R0 e &Rl i ineRul &8 E6rameRyat) T
then further roc_es%d in bl B/Ck 268 by anal yzing external tinme domain

(t enpors&MY® ?%gtt’@ﬁ@,o ray®15t i ng ambi ent sonar

15 FIG. 7 shows an example of a recorded cross-correlogram image 150.
The cross-correlogram image 150 shows the signals from three vessels and a diver.
Only one moving vessel is visible evidenced on the cross-correlogram image 150. Two
of the vessels are indicated to not be moving, or moving with respect to the cluster 22 of
hydrophones 40 with a very slowly changing a (FIG. 3). This could be because the

20 targetis at a relatively great range away or at a bearing that naturally would tend to vary
little, such as in a river environment where in a straight run of the river some targets will

be coming toward the sensor cluster 22 or moving away from the sensor cluster 22 with
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20 systens or sounds made by marine life, in order to suppress these and
renove them as possible interferences in the detection process. WO

2011/ 056880RCI/0963010/ 055230 Thereafter, thecsiuspab/os=R36 nput
into a target signal detection unit 280, where, in block 282, the signal is
subj ected to adaptive threshol ding, by determ ning when a received signal,
whi ch may be a target, exceeds the background noise floor by a

predet ermi ned anmount. Since the noise floor and received signal |evel can
vary, farelatiestprgoinetanadenlingt afhjistisgadisatedofosrtrank 160 tdiea 4T ofmablost Schsor s,
this can be done adaptively. In block 284 transient excursions, such as,
acoust imillsegordsane forrtedokd 82yatea AT Aabuy e4.3milistbomds, avhicreturnsiotieid, besuch
as, by envel ope detection mechanisns, as illustrated and discussed in nore

det ai | tiot krabRs PRI taAdFh62h 185 '|ﬁd|@él‘é§r it dhélenerdTiregemhaireipelibe sr e ved
si gnal which exceeds the noise floor by a predeterm ned anmount 10

repr esedbtrr%v@réﬂ% of’i:ld;.”??rﬁ?lé{J -shb{if &h #kotrélo PPa‘?ﬂ 1%3?%9?‘%3 hy ‘il“EH fhef ver

| at e erein, as an exanple, the characteristics e si gna are

?é‘;’} eseﬂa K o4 G thg Ry e e?rﬁio é‘ﬁ%g@@fv%@f’sh%@#ﬁd ggéﬁn hF e&‘sgort
d h

that oglHigks dfr dBHA LoF aabe et BnbReaEs PrpbRusBATSRREM ng  ogul at or 15
bei ng used, and for the non-exi stence of properties which could indicate
the signal does A&e qosislagsam: 190 ef K& 7 @'ﬁ@ﬁhﬁwstqq@ewdé%ﬁllé‘rﬁﬂ?eéf'"g §9ngl gnal |

arelatively long duration of the S|gnal i.e., non-periodic nature of the
si gnal ,168t eccuping atisdenvals &fi apaut evaar 6& sedondscoverr 2 relatively deng pesiodof he
signal being a diver, i.e., the signal successfully passes through the

di ver ttimg! iad. £ aboutbdme land Séhe-halé nspstes MTBEOist thenSEKWEA sigaal, remdsisgeledrly o see
if it 20persists for sonme threshold period of tinme in block 292 in a

cl agsi fdistiict ﬂBr’rﬂhbtbo%%bgnél%dThésyf‘dt?eth(Deacé@rﬂmmrdsp@f:tsl dfdincéthbodimemtioh as
an intruder alarm is initiated in block 300,

2011/ 0378 3ifobeh 3Bt Armes (s PRISe Based Bﬁ gfé@@%@@% ?@glygﬁt fAERMN H¥ESCUBA

probability that there is a diver and t I's persisting to

remain s'lgﬂ]atl ﬁ@ f@lﬁrﬁf‘t&fbeaa %lHélB:?ﬂd g%nal extending from low frequencies upwards to

approximately 100kHz. This can be interpreted as the acoustic emission coming from
the underwater breathing apparatus, such as a SCUBA diver's breathing regulator,

15  which emits sound vibrations due to the rush of compressed air from the SCUBA air
tank through the regulator each time the diver inhales, resulting in wideband frequency
vibrations. The detected diver acoustic emission signal and detected boat acoustic
emission signal are clearly separated, making detection and characterization much
more reliable.

20 Turning Now to FIG. 8, a schematic block diagram view of a signal
processing arrangement 250 is illustrated according to aspects of an embodiment of the

disclosed subject matter. A time domain input signal is input at block 252, which can be
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Turning nowto FIG 9 there is illustrated a pair of polar intensity

di splays 170a, 170b, which show respective cross-correlation intensity
plots 172m0 20143630 5 intensity display 170a and 172c, ptTA%201005528¢ ensi ty
di splay 170b, napped to an estimated bearing derived fromsignals fromtwo
different pairs of hydrophones 44. The anplitude of the cross-correl ation
function can be displayed using color, while its angle can be recal cul ated
over tine, ., fromthe tinme delays using Egq. (8a) and Eq. §]8b) The nost
recent Idaiumtaégpeaa@ istthe esyief thetnigkupffram @npsiranorernfdhe hygrophepesigd in 70a,
10 170b and noves towards the center with tinme. The tracks 172a and 172c
over | appigingere akistert A2 rande nihaéevien eprapiuicgssing and [ségmal rapndhbipnimgc mayahavef
hydr ophones 40 of the two different pairs, the signals fromwhich are

di spl aysdceded e iingutnsi the dmepday@inl Tiput sigitdl, ati bidick a252)gsudhe as ) ire thear i ng
track. In an enbodi nent, the polar cross-correlation history plot displays

170a, %ré&%e’suwifﬁérﬁéélﬁeé rln"_th@elgctﬁﬂﬂcé i ke @e At G Dit CorGHI iiSsireafiP! or ed
according to a color nmap representing the power of cross-correlation, wth

thes a”girgcr:]%ﬁfsg?gv gb)’tl g ?‘ti tH! chnﬁalcﬂéﬁl Ero@k%ﬁﬁ#léfaﬁ&{ r pQI”th t lslghal " ue

Gt onlgpes 40 ei%%iéﬁg@%”%& EH%”%@%L% avﬁgniéé}%cz@fs& [

circle can 20 re nt| st dat | der dat j]

t owar SS9 1§ ﬁ%g ﬁﬁelae et trahs orm, ISHC ﬁ‘s 'aareﬁ%ﬁ urig,fga %@Z 9 of
the signals includes spectral analysis and generalized cross-correlation
pr oces Aryfastheurigrsiiansform (‘Ehdck wiieresaegd pad goasemgtion of computing power
2011/ 056830PCT/ US2010/ 055230 di spl ayed as spectrograns, one of which is

i |1 ust randeshemoryid@tates, Beorsdedltd xodvent dba input reigri iinto representationfn degnal s
is provided for a full set of possible acoustic sensors pairs. as

i | 110st rfeggeenby domar0 of FIG 5. In an enbodinent, in the case of four
hydr ophones 40, this would equal six pairs. Before cross-correl ation

processing, 5 sim@bgnar@, tRE R PR HR6 Sesigidltdonditiohg- GHHNBEM WheraUpnslyck i | t er
bank and deci nat ed he result is displayed as cross- correlation hi story

plot, &gl lif pﬁ%ﬁ BEERdY §hoisOWebr e mht.ﬂﬁe SR a8, ggdarﬁb@nt Envik &rgnéﬁraw ts

of cross-correlation processing are urt r analyz wth a tra

al gori td&'&g%ﬁg& 'nﬁgen&ot Bgallidr{%éc?fﬂ: é"Hcaré%t %’t‘csaéu hVn 3 a& midy Bl @J@fc‘?@(a

hydr ophone one persis ous Rttt usi ng
20201145 & Wi Bhslite S 7 Sl ASBBAETEA Skt S5hEbn IS Tkl i
15 effects of such factors, and to provide a more reliable detection capability. The input
signal in block 262 is also provided to an adaptive weighting process which also utilizes
the output of the noise floor estimation in block 264, such as, by variations over time of
external acoustic influences. The signal is then further processed in block 268 by
analyzing external time domain (temporal) factors, such as existing ambient sonar
20 systems or sounds made by marine life, in order to suppress these and remove them as

possible interferences in the detection process.
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Al so devel oped is an automated diver detection aspect of the disclosed
subject matter, e.g., based on detection of the breathing rate and spectrum
of the diwenro11lisesspr oposed Di ver Indicator ("DI") can bectwspubesssn a
cumul ati ve manner, e.g., from 15 a previously conputed envel ope signal 180.
The envel ope signal 180, an exanple of which is illustrated in FIG 10, may
have a | ow sanpling rate (e.g. between around 8 and 20 Hz) and can present
hi gh val ues during a certain phase(s) of the diver breathing and | ow val ues
ot herwi se. The ehkesesfier, $hejpighaliginmiintp @ targetisignabdetection upib280,pvberéssi ng
of the data displayed in a cross-correlogram such as cross-correl ogram 150
i n Fl Ginhlod0282, the sigiyallie stbjectedetd adaptivei thgesholdingrettyh ddtewh@impwhehea | ow
frequency envel ope of the wi deband signal is tracked, presenting a

squar e-rbbéi@e@&ii%lﬂl,nwhﬁbrgma be #@ahigetNekdeddsdtheVBhckground noise floor by a

2011/ 056830PCT/ US2010/ 055230

predetermined amount. Since the noise floor and received signal level can vary, for

5 example, as the target gets closer or farther from the sensors, this can be done
adaptively. In block 284 transient excursions, such as, acoustic signals generated by a
SCUBA diver breathing are extracted, such as, by envelope detection mechanisms, as
illustrated and discussed in more detail with respect to FIG. 10 in order to determine
whether the received signal which exceeds the noise floor by a predetermined amount

10 represents a target of interest. The signalﬂ is then passed through a diver template,
wherein, as an example, the characteristics of the signal are examined for the existence

of properties which could indicate the signal represents a diver, such as the frequency

of the signal, a relatively short duration of the signal and repetitive nature of the signal

with a period that could represent breathing, such as with a SCUBA breathing regulator

15  being used, and for the non-existence of properties which could indicate the signal does
not represent a diver, such as the frequency of the signal, a relatively long duration of

the signal, i.e., non-periodic nature of the signal, etc. Provided the signal characteristics

are consistent with the signal being a diver, i.e., the signal successfully passes through

the diver template in block 286, the system 250 then examines the signal to see if it

20 persists for some threshold period of time in block 292 in a classification unit 290, and if

so, then some sort of indication, such as an intruder alarm, is initiated in block 300,
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10, which as shown in FIG 7, can correspond to acoustic em ssion

i ndicating a diver(s) breathing. The DI may be used to this
squar e- | iwe patdsessn 180, as shown in FIG 10, and deter mcmas2odo@s3zee its
rate is consistent with it indicating a diver(s) breathing. The 5 first
step may be to |l abel the various sanples of the envel ope as | ow and high
val ues, resulting in a binary signal. As the envel ope 180 can cone from
various sources (i.e. different processing and/or different sensors), it is
advi sabpesause dke systemchas detecteddhe prokabilith ¢hattheldedpa diger and thaft thendiver t her
advantage of this approach is that it allows coping with slow variation in
t he back gemistihgrtoiremainlindhe ared ofonclosten@2n t he switching 10 of the binary
signal can then be analyzed in order to assess whether it is consistent

with a physi ol ogTg@ing/ nOR6iMGe 9dthery issllustiRed i puir bRpSlar intensity displays
According to aspects of an enbodi nent of the disclosed subject matter,

there 6017, %lé’ﬂ RPIowP FEHRIBEES dé&ﬁt\/&"ﬁ%@w ﬁé’ﬁél@“?%‘tﬁgﬁgeﬁiﬁt&{“ 20

of the present application, €.g., a may p ce various types

of  COURTIGitd Wi ;ﬁsfﬂfés &hﬁ%‘:aﬁé?:e &?tﬁfe}mgﬂb cfdsepﬁ%6 Theg%p dcgu§§,C

spectrogram” an al yze fe neine?" descr

em ssi o ncl.ud acou ons from t or _and

pr opel |ees? r%%%bg?m@ g%ﬁ"éeﬁgrﬁq{"fsl'%satﬁo@qw&‘ﬂf H{)B@Fﬁg ‘Ir)mtm Z{‘j"'ou.gﬂ':'f c

em ssions [ enting the UYV sonar. A suitable correl ogram may be

pr oduc gl HB&?P @%?rsﬁ%rperrﬁla&m@whap eRdesgisplayed ysing Galapwhdle TisAngifese
acoustic 20 em ssions, according to aspects of an enbodi nent of the

di scl os8® keppaaiculated taver timeae.@afror thelimedellaysnusing &at (83 anhEqt K@)t ar get
is a UUWV and to produce bearing determnations relating to the UUV over

tinme. The oOsLrec88 IR BpPEatlatl (Hespaimeter of the polaiintemsityydisplafsiri@®apn can
include arbitrary digital filtering, spectral analysis and

Cr ags- CITObedrit mones towaridsithé aaated wilhr imes Sihedtradkss1 Zpzacdrd fiT2¢rosenapping
hydr ophones 40, acoustical source separation and determ nation of bearing

for di fdRh&fher RirtREINE %'n?di%tﬁﬁl ihbeahifig! @Pbﬁéh Bﬁlrbhﬁy&ﬂoﬂﬁbﬁés 48 o’f’ihé’fwd he

center pod 24. The system 20 al so can record store sone or al

the ra"&:ﬁechHtsg%ﬁé" th@aéugn@%tfr?rﬁr\ﬁ%h Yo' HEpBGL r‘%u @tﬂ?rﬂﬂ? mﬁi'a%éH%Qf the

acoustic sign nber " of
P SR eanis TR PERRR K 2 “Tow cost. Séhi’iﬁﬂt cd and casily
bl b < (on s o) ngerigte o o S
system such p cross-correiation history p play
15 170D illustrated in FIG. 9 can include concentric curves, colored according to a color
map representing the power of cross-correlation, with the angle of every point on the
circle directly corresponding to its true bearing angle derived from the time lag AT of
arrival at different hydrophones 40. The radius of the circles can represent the actual
time at which a specific cross-correlation sample was acquired, with the outer circle can
20 representing the newest data and the older data moving towards the inner circle.

In an embodiment, the processing of the signals includes spectral analysis

and generalized cross-correlation processing. The results of spectral analysis are
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10 as is currently unavail able. The di sclosed subject matter can be a

val uabl e capability for detecting, characterizing, and | ocalizing intruders
and ot herwbhoaatsessobn mari ne situations, and can provi depPcowse@sinss2Bow

mai nt enance, |ow probability of error and increased interdiction tinme. By
replicating and depl oying an additional installation of the four- 15

hydr ophone 40 cluster 22, as described above target position |localization
can be achieved in addition to bearing determ nation and target

char actdisplayed aa.spactiagranis, emet ofewbichtis diustriataccby FlGa . beepenslizgd grass-
conjunction with acoustic sensors (receivers), e.g., on the center pod 24
or on tdwrdigtitmopriocessing @f signalseisrprovidet Sortd fulhset ebpodsitde scoustio Jéhswasn be
capabl e of self-calibrating. The system 20 in such a 20 configuration can

sel f capaifer aiseilluepsicaprbloek | Zovalof MGO5.t e By BraB6diRRSt, 49 thHe thse dfupuer 22,
the center of the cluster 22, and the |ocation of the hydrophones vis-a-vis

SoCh ARl 0 o 201 1B, OSBRSS

5 signals are pre-processed with a time-domain frequency filter bank and decimated. The

result is displayed as cross-correlation history plot, as illustrated by the lower panel of

FIG. 4 and FIG. 7. The results of cross-correlation processing are further analyzed with

a tracking algorithm identifying the time lag of signal arrival at different hydrophones 40.

This is done for persistent wideband acoustic sources using adaptive thresholding, non-

10  peak suppression, to detect peaks in the cross-correlogram and tracking the ones which
exist for some time.

Also developed is an automated diver detection aspect of the disclosed

subject matter, e.g., based on detection of the breathing rate and spectrum of the diver.

The proposed Diver Indicator (“‘DI”) can be computed in a cumulative manner, e.g., from

15 a previously computed envelope signal 180. The envelope signal 180, an example of

which is illustrated in FIG 10, may have a low sampling rate (e.g. between around 8 and

20 Hz) and can present high values during a certain phase(s) of the diver breathing and

low values otherwise. The envelope signal 180 can be the is result of post processing

of the data displayed in a cross-correlogram, such as cross-correlogram 150 in FIG. 7,

20 which may be computed according to a method whereby the low frequency envelope of

the wideband signal is tracked, presenting a square-like pattern, e.g., the pattern in Fig
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| ocation for the center pod 24, such as by placing a GPS unit on the center
pod 24, or a previous geographic |location calibration as noted above, the

| ocat i on wb 20hskgsdr ophones 40 in the cluster 22 geogr aphbirasbkéiy/ossrdo
vis-a-vis the center pod 24 nmay be determ ned using an active acoustic
emtter, such as a small power SONAR unit on the 5 center pod 24.

In addition, sensor variation, in addition to change in geographic and/or
cluster 22 co-location, can be detected. Such changes could relate to

r esponsiOsaviécisas shewn i FlG. drranstasrespand imaequsticl emigsion tindieatirior  diver(shl | y
rel ated changes, such as barnacle growh, or electrical or electronic

det er i doradthing. such as due to deterioration of 10 a water tight seal) or
change in perfornmance due to tenperature or salinity of the environnent,
etc. can be peripgé alnhay PENsb@tE this square-like pattdtli 188t wershowd il RISt @0s 22

t oget her via undersea cables, w de areas of surveillance can be achieved,
such asadiettings SHemdiftl ArdisariRRteiwil § Huitliflo-a BlveRSPBRAMIRGaRJ | e
etc. Further sinplicity and new security applicatiOns can be achiéved 15
usi ng e OpTHN|.C. LS. . y
i s PGB, B R Hoef ufe (Rl bR R n a5 o8 low amsnigh yals®)
between cl usters 22 and the need for bas tations can be. m nimzed. This
onabl edeSulRgEh 8 g Sanala AR Bireerdipiats 1o 630,s8m EaMARTAR S0l feed.

and elip natjon of sone single points of failure in cabled and stand-al one
oper at | EreRy, PEOGEESING ﬁw&foﬁﬁ?rﬁnbﬁﬁwfé}, dtissagvizplie te deteyming 1 thyesholdr ni ne
and transmt only alarminformation), and various power saving nodes

( pover -ferputhersawelopeci® itaglf. ofk dprithervgivaniagey 56 $19 REPreggoiBOIhas H2alpws
operation) and powering options (batteries, solar panels) renotely

depl oyexbpirigomith Bioievarisdiod-iatienbadkgeowid poise CHre deratiohibetween the switching

10  of the binary signal can then be analyzed in order to assess whether it is consistent with
a physiologically possible diver(s) breathing rate.

According to aspects of an embodiment of the disclosed subject matter,
there may other be other presences in the water surrounding the system 20 of the
present application, e.g., a UUV. The UUV may produce various types of acoustic

15 emissions, that can be detected, recorded, e.g., in a spectrogram, and analyzed in the
manner described above. These acoustic emissions may include, e.g., acoustic
emissions from the motor and propeller, acoustic emission from an acoustic modem
signal and acoustic emissions representing the UUV sonar. A suitable correlogram may
be produced from the signals produced by the system 20 in response to these acoustic

20  emissions, according to aspects of an embodiment of the disclosed subject matter, that
can allow for identification that the target is a UUV and to produce bearing

determinations relating to the UUV over time.
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By use of acoustic release, or galvanic rel ease, exploding bolts or other
neans to detach the center pod 24 fromits nooring and with the

i ncor por avoanefsessel f- 5 activated buoyancy capability, perasdeidlosszeo syst ens
can be made to self-surface at required times or intervals for collection
or nmai nt enance. By utilizing the inherent ability to track

mul tiple sources unmanned underwat er vehicles (UUVs) can be directed to

cl ose surveillance of suspected targets. By equi pping UUVs or other diver
propul si on assi sAamanalysishfuottien can irtudedarbitkary wigital fikeling |speetialaanalysi®f t he
system of the disclosed subject matter, navigation in denied or otherw se
danger cirgl gratscorrelatioh foragimuitansbussprogessing bf signalsdfearh severall hgdnopheses That
is, the reverse of the system 20 herein described can be nmade nobile, by

| ncor pofat adlistiéal OSburee Ssepardtion 8RE deieimiHhlion of bdring % Odiffbieht GFigetd On
detection and direction determ nation capabilities of the system 20 as

descri hedbete iy cgrglef‘?{ et QlustdP 2P o %@gofevgérﬁtekgaa aq! Th@%&tiefﬂ Qgtalsfeﬁc d

di scrimnation cap les as noted a system can be used for

under p LV d- avi i C k b SS| rces
W TR, KBapracaliF aiofe SRR G0aE SF R IR 2batoal AR v BHAIG RS el b,
a nobile jnplenentation of the syste 0 of the present application and be
used fcﬂndrﬁg%lﬁéﬁ P{)ﬁaa%@%ﬂgnﬁm\é@ qua%ﬁr"gei nformation i s detected.
Detection 20 of several such known sound beacons can enabl e navi gati onal
triangul ation to [ ta thedawdruaharof|sepseisandothetqempagt deployment afga, fiyes in
t he underwater environnment. WD 2011/ 056830PCT/ US2010/ 055230

It wil dissdosaddsbiech onnttey cahdildhe keed éaof @ highlyesensitivehlew eospaadometed and

hydr o- acoustic i ntruder detection system has been di scl osed, such as for

pr ot ecteasily Heployatsle {and seteibvabie) urederwaten sistaider onshreat detestiolosysdeémcsaetr i ti me
security applications. The system uses passive techni ques, neaning no

si goal sasaikcuprently emabxildone Tyetdistlosert HEbjectmatiélycatbeia/ ealubbleedtipadilitys
enpl oyed. The systemuses a few, snmall, |'ightweight, and easily depl oyable

hydr ophgnQiebiing! ThbPitErviig, Vahd 1BcARTRAGhtruddrd AVEIARdr WeaRdifdharine

acqui sition conputer system The acquired data is transmtted over a marine

cabl e gidle! ARTBA Hroud IbAGA" iy BlhentEs SoRr BRERIP o lor and

processing techniques 'are enp ese techni'ques’ | nc e- seri es

anal ys'ir?dreggee itnEearliiction time.

By replicating and deploying an additional installation of the four-

15 hydrophone 40 cluster 22, as described above target position localization can be
achieved ih addition to bearing determination and target characterization. Acoustic
emitters (transmitters) may be employed in conjunction with acoustic sensors
(receivers), e.g., on the center pod 24 or on the hydrophones 40 or their mounts 44,
whereby the system 20 can be capable of self-calibrating. The system 20 in such a

20  configuration can self calibrate geographic location of the hydrophones 40 in the cluster
22, the center of the cluster 22, and the location of the hydrophones vis-a-vis each other

and the center pod 22 and the geographic center of the cluster 22. Given a known
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10 anal ysis, and cross-correlation of the acquired data, and enable
di splays to the system operator of the presence of intruders at |ong
di st anceswb200@3¥s30t he | ocation of the intruder in geoplrysiusadiooss2sai nat es,
and the characterization of the intruder in terns of whether it is a SCUBA
di ver, boat, unmanned underwater vehicle, or diver propul sion system etc.
It wll be understood that the enbodi nents of the invention described 15
herein are nerely exenplary and that a person skilled in the art may make
many vdec¢ationdaetheneenterdvdd 24tsushasiyt placingdeGRS uniyon thencenter ped 24sia i t
and the scope of the enbodi nent described herein. Accordingly, all such
vari at ipregioasdgeogriaphicatiocationarcalibrationdes hotdae aboveydihe vibtdtiom tdie tiscope
of the present invention. WD 2011/056830PCT/US2010/ 055230 Clainms W
G ai m RydrdbHunes Al iR thé ERBler 22t RBgrAhicHMy Andt Vis-a- i IR ¢dhitédpod 24 may béd
plurality of acoustic em ssion sensors arranged in a cluster, the cluster
for M NGyeterniRGl YRR diPhdienfbolbid fiter! YRLNAILS sHfalbd I BONARCINEEA the
respective palrs of acoustic em ssion sensors wthin the cluster;
conput id%ﬂte&%‘éid% in cooperation with a non-transitory conputer readable
storage nedirum'conpri si ng conputer readable instructions for performng via
the conputi ng devli ce, a. et hod co rt.i Si Eg: C3;8retfei %i n@ a first 3] gnac#/
produced by a fi {39 SERSUYAFUGR. Leaddiog;te gnande i, g5aatarhlc 4ad/Pr of
acoustic em ssion sensors, in response {o the first acoustic em ssion
sensor Ci‘é’i‘%rcff relecatian e e d@r’i‘i"égq?-oﬁqc dti3Rges GPEg, rehg 1o ERSNOPSYENESS econd
signal produced by a second acoustic em ssion sensor within the respective
pai r ofto@asoustic emissians(asran exaople dueto esyitenseentally ralated ahanges ozkchi as
em ssion sensor detecting the 15 acoustic em ssion fromthe source;

barnacle growth, or electrical or electronic deterioration, such as due to deterioration of

10 a water tight seal) or change in performance due to temperature or salinity of the
environment, etc. can be periodically monitored.

By networking clusters 22 together via undersea cables, wide areas of
surveillance can be achieved, such as various areas within a harbor or breakwater, or
along a coastline, etc. Further simplicity and new security applications can be achieved

15  using underwater acoustic communications among sensors.

By distributed processing, communication requirements among clusters
22 and between clusters 22 and the need for base stations can be minimized. This
enables surface radio stand-alone operations where bandwidth is limited, and
elimination of some single points of failure in cabled and stand-alone operation. By

20 utilizing distributed processing (e.g. to locally determine and transmit only alarm

information), and various power saving modes (power-down mode or cycling On/Off
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determning a cross-correlation factor between the first signal and the
second signal; and, determning a bearing to the source based on the cross
correl at iwo 2bmats6830 202. The portabl e threat detecti on appasaiwss2Bo Cl ai m
1, further conprising: the nethod further conprising: anal yzi ng one of
the first signal produced by the first acoustic em ssion sensor and the
second signal produced by the second acoustic em ssion sensor, together
with at | east one other signal representative of the detecting of at |east
one ot haperaiion) saridcp@wering optiars {halterichesalaupanels) cerdetely deployed, loagHifof t he
one of the first signal and the second signal and the at |east one other

si gnal stamd-alometapegations eah-deypehiévapl ate. 3. The portabl e threat detection
apparatus of Claim?2, further conprising: W 2011/ 056830PCT/ US2010/ 055230

the nmethod furthemy aeamwfiagbligtic release, @flgaVanR fededdeeeRplodingebsiReY otheee of
the each of the one of the first signal and the second signal and the at

Lot JHEa LGB NS ot Bl il REolAThA PRk Es BoRch o s
sub %eq%%%ated buoyancy capability, stand-alone systems can be made to self-surface at
required times or intervals for collection or maintenance.

By utilizing the inherent ability to track multiple sources unmanned

underwater vehicles (UUVs) can be directed to close surveillance of suspected targets.
By equipping UUVs or other diver propulsion assistance vehicles or the
10 like with an implementation of the system of the disclosed subject matter, navigation in
denied or otherwise dangerous waters can be achieved using existing, local sound
sources. That is, the reverse of the system 20 herein described can be made mobile,
by incorporating it on to a craft, and then utilizing the acoustic emission detection and
direction determination capabilities of the system 20 as described herein, along with,
15 perhaps also target identification and discrimination capabilities as noted above, the
system 20 can be used for underwater passive sound-based navigation. Known
acoustic emission sources with known characteristics and known geographic location
can be detected by a mobile implementation of the system 20 of the present application
and be used for navigational beacons once bearing information is detected. Detection
20  of several such known sound beacons can enable navigational triangulation to obtain

geographic location of the system 20 as it moves in the underwater environment.
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50t her signal, for sone threshold period of tinme. 4. The portable threat
detection apparatus of Claim 11, further conprising: the apparatus being

depl oyed wo 20hesbg3ot om of a body of water. 5 PCThs200532B0 e
threat detection apparatus of Claim4, further conprising: 10the plurality
of acoustic em ssion sensors each conprising a hydrophone. 6. The

portable threat detection apparatus of Claim1, further conprising: the
plurality of acoustic em ssion devices each conprising a hydrophone,

wher ei n t he hydr olpivdlhere tinderstapd: by thoses skillediiie thetarbthed a passive, bydrer. 15
7. The portable threat detection apparatus of Caim®6, further conprising:

t he hydacmpistic édruder detegtiom systémsiasrbernadiselodet, adch as darchroteckiag high valgh a
center pod. 8. The portable threat detection apparatus of Caim

7, furtheval ceriDmatingGassell, has RNt 8¢ dopsbstie MARLEMB dsecril appRioR®.C hpRé s
and, a bottom nooring mechani sm and,
system uses passive techniques, meaning no signals are emitted by the system, rather
5 only passive listening is employed. The system uses a few, small, lightweight, and
easily deployable hydrophone sensors togéther with a compact, lightweight moored
data acquisition computer system. The acquired data is transmitted over a marine
cable to a dry computer, on land or a boat, where advanced signal processing
techniques are employed. These techniques include time-series analysis, spectral
10  analysis, and cross-correlation of the acquired data, and enable displays to the system
operator of the presence of intruders at long distances (1000m), the location of the
intruder in geophysical coordinates, and the characterization of the intruder in terms of
whether it is a SCUBA diver, boat, unmanned underwater vehicle, or diver propulsion
system, etc. It will be understood that the embodiments of the invention described
15 herein are merely exemplary and that a person skilled in the art may make many
variations and modifications without departing from the full spirit and the scope of the

embodiment described herein. Accordingly, all such variations and modifications are

intended to be included within the scope of the present invention.
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a nmechanismfor releasing the center pod fromthe bottom nooring nechani sm
wher eby the center pod and the hydrophones are recoverable at a surface of
a body ofwd2owatseszoon the bottom of which the center pogcand2érgadsephones
had been deployed. 9. A nethod for threat detection conprising:

receiving, via a conmputing device, a first signal produced by a first
acoustic em ssion sensor in response to the first acoustic em ssion sensor
detecting_an acoustic WD 2011/ 056830PCT/ US2010/ 055230 emi ssion from a

sour ceﬁ!%ﬂE second signal produced by a second acoustic em ssion sensor in
response to the second acoustic em ssion sensor detecting the acoustic

em ssi diVefClaim:t he source; determ ning, via a conputing device, a
cross-correlation factor between the first 5signal and the second signal;

det er mi ni ng,1. W portabl® treat diecton apparftudecomprising t he source based on the
cross correl atlon factor. 10. The nmethod of claim9, further conprising

anal yzi ng, A RUERIIBAHRGQUSHC gEVsSien seprors Amanged in 3clusteynie 9”5@0&'&1"&/ t he
f t e
secand ‘hRIGEUIT Weinhl LA (16 1S o dlahinent BEARENTRIBE NG RIS R acUSOT,

represe&mlaSIpmsenisonsrmtrtIlaetfmlustgr of at |east one other acoustlc em ssi on
fromthe so ermne if th f _the nal and t(i] second

signal and t gogpu?g%sciequ?e ”'bﬁ?@Pe@ 'ﬁﬂawltﬁo?uf’bq 1 r%%s@ é'%ﬂu ?ryﬁ%a | at e.

storage medium comprising computer readable instructions for performing via the

computing device a method comprising:

10 receiving a first signal produced by a first acoustic emission sensor within a
respective pair of acoustic emission sensors, in response to the first acoustic emission
sensor detecting an acoustic emission from a source, and receiving a second signal
produced by a second acoustic emission sensor within the respective pair of acoustic
emission sensors, in response to the second acoustic emission sensor detecting the

15  acoustic emission from the source;

determining a cross-correlation factor between the first signal and the second

1

signal; and,

determining a bearing to the source based on the cross correlation factor.

20 2. The portable threat detection apparatus of Claim 1, further comprising:
the method further comprising:

analyzing one of the first signal produced by the first acoustic emission sensor

and the second signal produced by the second acoustic emission sensor, together with

at least one other signal representative of the detecting of at least one other acoustic

25 emission from the source, to determine if each of the one of the first signal and the
second signal and the at least one other signal conform to a threat-type template.

3. The portable threat detection apparatus of Claim 2, further comprising:
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1511. The nmethod of C aim 10, further conprising: det erm ni ng whet her
the conpliance of the one of the first signal and the second signal and the
at | east woeontdses3osi gnal to the threat-type tenpl ate pecsivstel0ass2BO
subsequent one of a first signal and a second signal and at | east one other
subsequent signal for sonme threshold period of tine. 2012. A non-transitory
conput er readabl e storage nedi um conprising instructions for performng a
met hod of threat detection, the conputer readable storage medi um conpri sing
i nstruct i onghé orethaad durthes cotmpriaingonput i ng devi ce to performthe nethod, the
met hod conprising: receiving a first signal produced by a first acoustic
em ssi on serdetermining egpEinercth2 compliahee bf thet eanbhoafdhe onerof the Grst sgmaband

det ect i t ] 1 SS| d second  si | produced
by & sdDBRAeaRb AL SBfTas AbRast Bt otheh Sk sndie fuSeiupe sonHate. Bt o

eni ssi ods BAUDREqUAEHtSFHes 1 atfitst Fnd%G §88onal sighd| A at kast BHE GBbsedifent

2011/ 056830PCT/ US2010/ 055230 determ ning a cross-correl ation factor between

t he 5 i rafhesignall fos samertbresbelshperigdpfdime.det er ni ning a bearing to the source
based on the cross correlation factor. _ 13. The conputer readable
st orage nedidimhefpadiakierthieat detestion @ppheatusotGlaim 1, further comprising:

the apparatus being deployed on the bottom of a body of water.

5. The portable threat detection apparatus of Claim 4, further comprising:

10 the plurality of acoustic emission sensors each comprising a hydrophone.

6. The portable threat detection apparatus of Claim 1, further comprising:
the plurality of acoustic emission devices each comprising a hydrophone,
wherein the hydrophones forming the cluster are tethered to each other.

15
7. The portable threat detection apparatus of Claim 6, further comprising:
the hydrophones forming the cluster are tethered to each other through a center
pod.
8. The portable threat detection apparatus of Claim 7, further comprising:
20 the center pod comprising:

a buoyancy mechanism; and,

a bottom mooring mechanism; and,

a mechanism for releasing the center pod from the bottom mooring mechanism,
whereby the center pod and the hydrophones are recoverable at a surface of a body of

25 water on the bottom of which the center pod and hydrophones had been deployed.

9. A method for threat detection comprising:
receiving, via a computing device, a first signal produced by a first acoustic
emission sensor in response to the first acoustic emission sensor detecting an acoustic
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5further conprises: anal yzing one of the first signal produced by the
first acoustic sensor and the second signal produced by the second acoustic
em ssi on wensnroses3oget her with at | east one ot her signalpcrape@s®ess2adi ve of
the detecting of at |east one other acoustic em ssion fromthe source, to
determne if the one of the first signal and the second signal and the 10
at | east one other signal conformto a threat-type tenpl ate. 14. The
conput er readabl e storage nmediumof C aim 12, wherein the nethod further
conpr i semission from @eseirae @ndQ seeantesignaleproduesd by @esegondracopistic eMmissien f i r st

v oot Eype! 0L RRETES Bl B peBto iy 8le bR RS iRt The Lol a

and t heeraigsiondrom fHeadomesl subsequent at | east one other signal for sone
t hreshol d period of tine. 15. A nethod for determning the

posi ti oni ng detertniihg whid ¥ompuiPUevics, £ ersssicviretdtitiomasiopibetheahtte ekt abl e
threat detection system.is conprised and which are 20 arranged in a pol ygon
shaped S9N @Bd the pagand $i9ndr eat det ecti on apparatus, conpri sing:
stinmulating the acoustic em ssion sensors within the cluster with acoustic
emi ssi ons f AGHRTENNIAG 0Yi8 (& eorapwting: dnviess @ hearing\tedhe souicerbasedparther @oshe

cl ust e.rco?r'%gati?)ﬂ‘fé&gr.a known geographic |ocation with tine; detecting, via a
conmputing device, a maxi mumcross correlation signal for a 25 respective

CSensor and 40 1fis R4 BEeRETERECERBORBNEBE: “ui [gned ol ang an axis of
o 9nTent € o eh Bl AR dele AU R 2SS oRNR By bR M
10  acoustic emission sensor and the second signal produced by the second acoustic
emission sensor, together with at least one other signal representative of the detecting
of at least one other acoustic emission from the source, to determine if the one of the
first signal and the second signal and the at least one other signal conform to a threat-

type template.
15 11. The method of Claim 10, further comprising:

determining whether the compliance of the one of the first signal and the second
signal and the at least one other signal to the threat-type template persists as to
subsequent one of a first signal and a second signal and at least one other subsequent

signal for some threshold period of time.

20 12. A non-transitory computer readable storage medium comprising instructions
for performing a method of threat detection, the computer readable storage medium
comprising instructions for execution by a computing device to perform the method, the

method comprising:

receiving a first signal produced by a first acoustic emission sensor in response
25 to the first acoustic emission sensor detecting an acoustic emission from a source and a
second signal produced by a second acoustic emission sensor in response to the

second acoustic emission sensor detecting the acoustic emission from the source;
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WO 2011/ 056830PCT/ US2010/ 055230 determ ni ng, based on the geographic

| ocation of the source at the known tinme of the occurrence of the maxi num
t he beariwg 20fi/dsbssof i rst acoustic em ssion sensor to thecsasendosewstic
em ssion sensor. 516. The nethod of O aim 15, further conprising:

determ ni ng, based on a value of the maxi num cross correlation signal the
separation of the first acoustic em ssion sensor fromthe second acoustic
em ssion sensor. 1017. A nethod of determ ning the positioning of acoustic
eni ssi on senetermining vehicodssecoprelationl factdirkedwedr ttbe tfirsinsignalt and ithhe seapnd sed
and whi ch are arranged in a cluster forned about a center pod, at |east two
of the$ stic em ssion sensors having a known position with relation to

each other in the .cluster, conprising; detectipg, viag a conputin
devi ce, a sidSHRIMINAG A Reahade tiesouee based on fhe §10SH GaTeRtaR AR ¢ ent ssi on
Sensors in response to an acoustic en ssign generated at the center d;
measuring, \}%Q% ecmwtﬁh@eﬁ? storage "ﬂq’qﬂémg‘Pff ELQ"Bn?d:% WherRdL e MetReA ssi on

of &he faRRAIdonfpriR@sssi on at the center pod and the detection of the
acoustic em ssion by each respective acoustic enm ssion sensor in the at

| east two Ofankfe‘/gi,n@g&ffo'\‘ theé 'ﬁ}%?i%ér??@%g@c%%gw the first aré?)%ﬁé TbRsEand ik 2

conputi ng devi st ance t the at Teast two acoustic
en ssi secenthsignal producéd by dhe secotiabaisstid emissibe senser, thddtherawitie af astach

respective .acoustic em ssiQn s or,..2518. ‘A nethod of, determ.nin

manur OBroBEr HabR(TeRRsElAtl B 458 HetetlRl or 2t FESL8fe Bingt A pUEe Rtkn

em ssi Grons Bt SoLicdftowWaitartnine Fané ahk of tHy Mt sigAbledrid e sticehe ’ignal and the
10  at least one other signal conform to a threat-type template.

14. The computer readable storage medium of Claim 12, wherein the method

further comprises:

determining whether the compliance of the one of the first signal and the second
signal and the at least one other signal to the threat-type template persists as to
15 subsequent one of the first signal and the second signal and subsequent at least one

other signal for some threshold period of time.

15. A method for determining the positioning of a plurality of acoustic emission
sensors of which a portable threat detection system is comprised and which are
20 arranged in a polygon shaped cluster forming a threat detection apparatus, comprising:
stimulating the acoustic emission sensors within the cluster with acoustic
emissions from an acoustic emission source moveable with respect to the cluster and
having a known geographic location with time;
detecting, via a computing device, a maximum cross correlation signal for a
25 respective pair of acoustic emission sensors consisting of a first acoustic emission
sensor and a second acoustic emission sensor, aligned along an axis of alignment for
the respective pair of acoustic emission sensors, the maximum cross-correlation signal

occurring at a known time;
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conprised and which are arranged in a cluster fornmed about a center pod

having a WD 2011/ 056830PCT/ US2010/ 055230 known separation fromthe
respect i weoana/m36sshhe acousti c em ssions detectors, CONPCTAISB@0/055230
detecting, via a conputing device, a signal fromthe respective one of the

acoustic em ssions sensors responsive to an acoustic em ssion fromthe

center

10

15

20

25

pod of a 5 known strength; conparing, via a conputing device,
a detected level of the signal fromthe respective one of the acoustic
eni ssi ons seetmining, kasedsa theegeographic location ofihe spiwecerat thedknewndinae ef 18,

further

Si'anal P SRPvrE R IR GRE Y BeaIELL B8 SRhsl shistionbehBri o
siml arseecmxatousterémss;onsénwnthe center pod. 20. The method of claim 18
further conprising: 15at | east one of the detected |evel of the signal

the baseline |evel being adjusted for any change in separation of the

resgective QBeTRE Mdifod6PERIh5e firfer @BmpREAGr S and the center pod.

determining, based on a value of the maximum cross correlation signal the
separation of the first acoustic emission sensor from the second acoustic emission

sensor.

17. A method of determining the positioning of acoustic emission sensors of
which a portable threat detection system is comprised and which are arranged in a
cluster formed about a center pod, at least two of the acoustic emission sensors having

a known position with relation to each other in the cluster, comprising:

detecting, via a computing device, a signal from each of the at least two of the
acoustic emission sensors in response to an acoustic emission generated at the center

pod;

measuring, via a computing device, the time difference between the emission of
the acoustic emission at the center pod and the detection of the acoustic emission by
each respective acoustic emission sensor in the at least two of the acoustic emission

Sensors;

determining, via a computing device, a distance between each of the at least two
acoustic emission sensors and the center pod based on the time difference for each

respective acoustic emission sensor.

18. A method of determining a measure of effectiveness of a respective one of a
plurality of acoustic emission sensors of which a portable threat detection system is

comprised and which are arranged in a cluster formed about a center pod having a
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21. The threat detection apparatus of Claiml1, further conprising:

determ ning a range to the source based on the cross correlation factor.
further conprising: determ nipog/&26@ngR34 0 t he
23. The conputer

further conprising: 25 determning a range to

22. The mebhot/w@és3el ai m 9,
source based on the cross correlation factor.
readabl e nediumof Caim1l2,

t he source based on the cross correlation factor. 37

10

15

20

25

known separation from the respective one of the acoustic emissions detectors,

comprising:

detecting, via a computing device, a signal from the respective one of the
acoustic emissions sensors responsive to an acoustic emission from the center pod of a

known strength;

comparing, via a computing device, a detected level of the signal from the

respective one of the acoustic emissions sensors to a baseline level.

19. The method of claim 18, further comprising:

the baseline level being set by a prior level of the signal from the respective one
of the acoustic emissions sensors to a prior similar acoustic emission from the center

pod.

20. The method of claim 18 further comprising:

at least one of the detected level of the signal and the baseline level being
adjusted for any change in separation of the respective one of the acoustic emission

sensors and the center pod.
21. The threat detection apparatus of Claim 1, further comprising:

determining a range to the source based on the cross correlation factor.

22. The method of Claim 9, further comprising:

determining a range to the source based on the cross correlation factor.

23. The computer readable medium of Claim 12, further comprising:
determining a range to the source based on the cross correlation factor.
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