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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
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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 e betvveen sensor and

target. aéaﬁggfwotdgﬁ@%té&m SO RoAS I SREBRER| odHRhIY T GRfbrAD Bobéhdp!

char acter I on I'scrim | on, suc arget 1s a
or sorrethln el se,.,and fo raI|t
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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 WO

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 id?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



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 MmeBsaleSsdisof EBASHIWBNg? chanhBe olfes estdt wilbj ect
matter; 5FIG shows a cross-correl ogram according to aspects of

embodi 1ake 4Bt bMofrehosedoryd Bk, BB UBTal AN, N &RRBAG AR 166 yhALhS of

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

di ffer - _ dn Bl ram
i 51 o 2o, B BT Dbl s Rty R U e PR ae 7 ST OF polar

di spl ays; aq‘f]\e 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;



10FI G 10 shows a signal envel ope of a SCUBA signal useful in enbodinents
of the disclosed subject matter. Detail ed Description Turning nowto FIG
1, the umnwlerneatsssspassi ve acoustic threat detection 15 systsmid@dsaeeor di ng
to aspects of enbodi nents 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 nounted using a bottom nooring which may include a weight,
such as a cenent bl ock 26 and neans for detaching the center pod 24 from
t he bottom MBr iShghowsc kckamatigallpsand: iboblogk (diagrashofonn. siginal qeocassingod 24
may be kept upright on the 20 bottomby a plurality of support brackets 28
ext endiengployddiaradpgclsraimmiduelimentsof tiodiselésed babjeetvhatteppod 24 nay contain a
portion of the system 20, such as the data acquisition system 30, shown

schemati cal IFyGi Eh&VSZa sbé@tr%@ﬂalfﬁ OR&3adIR th§§|§E&é 5r58modiments of the Data

may be ach|red by a plurality of, e.g., hydr ophones 40, shown as part
of the S&MRR (fi'l l%f& att%? in general ly a rect angul ar configuration around
t he center po E gui'red data can be transmitted over a cable 50 from

t he _center 4toadr [rie ich
my S orm a E&Pe T GioBE 2 ks %a%éé%mci%sorﬁﬁg PR ChBRITBHE S

in FIG 1 rtion or all of the ta processing needed to
determ%@@ﬁtﬁ%ﬁﬂlﬁ“ﬁﬂﬁgo‘ﬁpgtﬁ?@aww gflgﬂf?ergg Fieﬁl splay 62, e.g.,
is also shown in FIG 4. he underwat er acoustic hydrophones
40 may be |E&Gu&éhawwsher@ﬁt;%lymmr@omdlaamrerﬁom,ﬂgﬁél pfocgesiag utitized

hydr ophone stanchi on 44, which may be 10 nounted on a hydrophone stanchi on
base 4@ccerding tomaspedtsaff emtpdimestsed thendiscloagd sulgjectmnetiease | egs 48 and
stanchi on 44 provide.a hydrophone 44 placenment at a hei ght of about 60 cm
above t he b@lGIrissan flasteatitn dfleepdiodiypalér displays;iandwhi ch t he hydrophone 40 is
pl aced. The underwater acoustic hydrophones 40 may be electrically

conpect ed t g1@Nn4io Ishomwlaignepammop@bf anS@UBA sihralcesufalr insmbadimehtsooth

sui tabl e connection, which

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.



15 may be borne within a cable 52. The cable 52 nmay be a plurality of
cables contained within a single protective and water proofing outer

sl eeve. wo0 2011486839 t he know edge of sensor placenent, ecgns2@oiori230n the
| ag domai n of cross-correlation can be mapped to a particular true
geographi cal bearing towards the target for every pair of acoustic sensors
for which the cross-correlation is conputed. 20 One pair of sensors

provi des two possi bl e bearings based on a single value of lag: one is a
true bearing; thdatahmeay beacisired by arpdralityr afs .¢. heul hydropbonesc 40,nghawre t wo
hydr ophones, as illustrated in FIG 5. at 62al and 62a2. W)

2011/ O=38p4PGT/thiS22h860bRIBRY 22, in %dn@r.ﬂn |recdngeat cohfigurdtien arsundl ésent ed
with two polar cross-correlation plots, e.g., 62al and 62a2 in FIG 5 or

170a angnief Yod M. Fiequited 8afLE40BE itBsiittdd\Bvdad E8blef 56 fRBMOthe- cdRterdsdd oyi ng
the sensor pairs at different orientations, say at 90 degrees to each

other, Jahg érdgg-leéﬂﬂ%& Mat—%%ﬂféd?g:lomﬁﬁg FRAG WHad Hqéglnfo‘?t‘?\ S'H%?ﬁ’drgBmhe an 5

automated tra nction can tar gét S an I'm nat'e anbl guous

bear.i n cul at.i |.d SS| O nat i ons ross-C | .at.jon
pai ? S s!te}< g?/%%?%'ﬁg s_ié‘!a?ﬂlg‘f@)( ,Sh&%eéés@éﬁtgfnoég‘r{] gt%w deé)éfgé R _(i,tgornegééﬁpﬂﬂc?ver age
ol o MITBhETRr G RIBOERE ABRGET 10 BeLsmes deallishbPLibihal s a et any
anbiguity in target location. In the general case, nmultiple clusters 22, 10
depl oy S§chesdepdisplay Pz eidsis AsmsMEIG: 4 provi de triangul ation
positioning by intersecting |ines of bearing with known origins, and thus
provi de range and heecendengater acoustic hydrophoresa4gimayn bedngude wi hydrophgne
accuracy in all directions. FIG 2 shows a schematic bl ock

di agr amoosingnd2inehichaimay e atiached itota hydrophehecstanchisy 44 nwiioh mbay de may
include the multiple acoustic sensors, such as 15 hydrophones 40, depl oyed

in18 Clurtéd 8R d Rydresholt Stancti6R BaSE B8, & 9. RsTRREST tRb crdsseatsitieTegs 48f the

di scl osed subject matter, the hydrophones 40 nay be deployed in a pattern

f , : j h
of a cqipg s%ﬂbgg% armlétangﬁoﬁ &%wﬁ% Egﬁ%ﬁgéhﬁgﬁﬁﬂ%ﬁ%%% héAnof he

plurality o ydr ophones 40 is four rophones 40 may

o, <5 ABBLF SR LI AR AEYERORPARL S0 Bob Bl Gt Whih SETNBRo et
Do o ! ey S PSR bbbt 3 e Bel el e declsl i
and in signal communication 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 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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WO 2011/ 056830PCT/ US2010/ 055230 data processing station 60, which may, in
turn, be in data communi cation with one or nore displays 62. The center pod
24 can combann/eksotri cal connections and el ectroni c ci Pcwiusey0/0535286 udi ng
per haps data processing logic or circuitry, necessary to collect signals
recei ved by acoustic sensor hydrophones 40 and the neans to transmt data
to Sthe central data processing station 60. I n an enbodi nent,
by way of exanple only, the acoustic sensor hydrophones 40 can be connected
to the cent dn asoempadiment.athel uagrds presentecbwitb te@. polar arpseraoogiationtplotshe
hydr ophones 40 may be deployed in a rectangul ar configuration, spaced apart
by appreng. BRatlandB2ario ri@. 6loe 170atand 17 iB4F|GwBaortespording ¢o twal paitd of
hydrophones 40. In an embodi ment, the hydrophones 40 may be depl oyed at a

rel ati wingoshoBy dépRiyirChe sorgor pafrs P pifferenedredritationée sap Jat 190t gdgreéds e t he
centerline axis of the center pod 24. In an embodi ment, the hydrophones 40

may be daihepihaf, tHeAkrud! ﬁﬁ@g“&@be&ﬁ%c&ﬁt b&"d eFfﬁﬂ%g ul (éir{5 ghOPdpNes.

They are sensitive int and o to 100 Hz and provide -157 Bre

v %pPani;%qufzﬁqr%%Pfﬁc‘i@ﬁég rfﬁ\%ethé tg%e}%éﬁégﬂ ﬁ%te ambiguous beari o8, aé&/

enbodi as s e cen e nay contain
si gnal c |t|o analo -to-diqgital erter ut i gdewce
o mearpoc CpssBle ABRRIRLORS S dss o ARt GB indnk SHRLIPFY 11
anal og data, conve into digital dat The center po al s
some ot%xéte"aswpm\&eeééﬁ Hgoress gy coverags fgﬁé@ﬁ""ﬁﬂgeswﬁﬁ'&l Mtﬁéppﬁé@ﬁéﬁ?&u ng
or the like and transmt it via the comunications |ink cable 50 to the
cent r alunifgtma reselutiarsilngomenapplicaions heodite igrograghy. farexanie@rshareddenent
t he acoustic sensor hydrophones 40 can each contain a hydrophone WO
2011/ 05683erOTE UBR0LIDbREEY 30 targehiodatian. IGribe geherahcase, miuliptd closieds LRoner
(not shown), an analog-to-digital converter (not shown), and neans for
di gt aldepipyednat deparsted isitesheanabé egseaD td Oprokidec trizinguiatiod pdsitieiingri mat i ng
the need for sone or all of these elenments in the center pod 24.
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



In an enbodi ment, the communication |ink between the hydrophones 40 5 and
the center pod 24 may be either wired, e.g., through the respective cable
50, or wiwel2esiss6830 Whi ch event, the wired conmuni cati orclriuseotoossed in the
cable 50 may be elimnated. In an enbodi ment, the comrunication |ink when
wi thin the cable 50 may be conprised of copper wres or fiber optics, etc.
A power connection providing power fromthe dry land (or a boat) to the
center pod 24 nmay be included within the cable 50, 10 and for distribution
t 0 t he dajalpopdessing statiorh60uwhichhpay.ainl turrs he i datarcommunigatione witbreng opod 24
may include a battery or other power source for the hydrophones 40 and

ot her enorepdisplhyd 62atTi@ dentémpsod 2hican qoathi? lectricahoormdntidhsant, elédtmonic
comuni cation link fromthe center pod 24 to the central data processing

stat i oniRQitifNindIGding  Frigps delg ;ﬁ@&é@é‘ ng? 6gig dormeirciiitt N ndBessany abNcdllect

wi rel ess conmmuni catron device (not shown) such as a radio transmtter for

Commn's@fd d«pnecfem% ScAiRiE En?ﬂ?ﬁoﬁ%ﬁe@%@&ﬁﬁ frid mdahd t&fr@ﬁ@rﬁﬁ'd&@a g ation

60 or Il 0 transcel ver, t'a communi cation to and fromthe central

dat 3 pn R&S@ﬁl’r'ﬁﬂ @Zé Béol?%ﬁs'ﬁg Stayaﬂédansm tter/transceiver nmay be floated on

t he“wat'er “sur y belng pl aced in or on a buoy (not shown)

teth dto th t 20 enbodi th t dat
p(raocgggi ngostat(:ai gﬁnaﬁrgﬁﬁopmq}rﬁdg)y:r@y%ydi Fg%{hg eR/Lyr’ Ceq%opgtfcessfen%or

comruni cation directly with the elements of the system 10 dep I?yed in the
hydrophones 40 can”be connected to the center pod 24 via analog signal cables 52. In

an embodiment, the hydrophones 40 may 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



WO 2011/ 056830PCT/ US2010/ 055230 wat er, other than the center pod 24, i.e.,
directly to the hydrophones 44, in which event each woul d have a buoy or

t he cl ustwo 2821/056830d have a buoy. I n an ewrbodiso®i0055230
conmputing device (not shown) in the center pod 24 can perform data
pre-processing and data .conpression or other functions, as noted 5 above,
before transmtting the data to the central data processing station 60. The
central data processing station 60 can, therefore, receive directly digital
r epr esdranaducarnof skawmahsignal gonditonsr (bt shewn)s ahanséagsto-digifarenpveries 40
and collected by the center pod 24 via the conmmunications |inks between the
hydr opl{poteshoih) aand hieansdot digitplocbradhunicatiens via the cablkes S0 fEhtheczmtergpoddat a
processing station 60 can then process the data 10 relating to the

vi br at izgnglifitatihg R AGS fot sBieSsr ANNSF thestsslementd ikah8eneppodes. 40 and
produce appropriate displays on the one or nore displays units 62.

In an enbodi ment ’Inta'f‘ne?rﬂﬁ&?iﬁ{énﬁ tﬁ@&:%?ﬁmﬂﬂi%ﬁﬁ?h%]@ﬁeﬁ%en g dirébﬂan@§l-4|01 and

2, can be positioned freely aroun he center pod 24, though dgenerally in

t he co_ry;qi ?tﬁ%ﬁééngé} &9& 52 rﬁ%?% eiFh%rr MF&Dﬁe{.gg?ﬁr{oﬁémﬂe? s&beci’ibé%% Iet ﬁ% or

detgrm n ‘accura neasur eneg posi ti'oning ©
hydr ophanes 40 vi s-a-vi dj acept hydrophones 40 is needed., Because of the
I ge SRSt M BRDEs A Ry rShFOELNAGIOD JRe JTouRR i 375 FabiS a0 eyt | ng
themon a frane is not considered prac_ticab{yﬁ%and accurate EI enment of the
hydr opi@§firated, In:ag embedimentetie commHaication iHehen Within the\radle-a Mayihiter
must be taken into account. 20For exanple, due to the action of waves and
cur r entcompsised d qopged wiesee flgeraenticseatcer Appeweu canreciiopl RIPeidingepgwer
dropped to the bottom it can alter the positioning of the hydrophones 40
f r om arfrondée drydand ok @ bsat)itotiergenter pod-24i may de included within the cable 50,
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



WO 2011/ 056830PCT/ US2010/ 055230 each other. Al so the hydrophones 40 could
be subsequently noved, such as also by the action of tides or currents, in
ef f ect diwoantiisgssnhe neasurenents. For these reasons amdTtfuseomiorsng
geogr aphi cal coordi nates of the cluster 22, an acoustical positioning of

t he hydrophones 40 can be required. Such positional relationships my be
determ ned, 5 e.g., by an acoustic calibration procedure according to
aspects of an enbodi ment of the disclosed subject matter. In an enbodi nent,
such amwatenwtheérdhanthe centeopop2dc beludisecthrtodbea diydrophongs ddeisswhightavent
signals received while towi ng a source of broadband acoustic em ssion

ar ound daeh winid hgveatbusl toe the clusier 22 wedutd hae abubydr ophones 40 in the
system 20, e.g., initially after the setup. In doing so, one can position

the source 10 renptl ¥mbo@imentca ebmpuiing davieé (AyUdsiuwntiahd Cepter podi Zie
vari ety of bearings, and pref erably at all possible bearings, e.g., by

maki ng c% dﬁ%gﬁl;n a4& g}éggy@e%?ﬁ@ atnﬁaﬂ‘aﬁhtc&ﬁ&r@%oh"tﬁ Sthep F@ictidRs Oés Hoppti C

sensor ones usi ng Cross- correlation, e. g., on each palr of
arr P 32?49%8% Phic AL PR nel i Tnd b 0r bl U1

respective transducer hy. hones 40

erbbal refiTal daie PG stetioh B Cafl e Rare, Fegedvt 'eee?t@&g'?aéaeefﬁge%aﬁ?@ﬁ on of
the source with tine is known at any en nonent in ti his data can
be trar?émquaéﬂaw'ﬁeﬁéovc@ﬁta%usmﬁanﬁﬂrg'wswh?@%A&?%C@@%@Y G ¢engh be
used for calculating a true geographical bearing estimtion and the

geogr apedc24 visabptgommuynicetiensalinksiatwaen dee bydroppanepremng the. cepbasipre al |
possi bl e bearings are covered by the procedure, the signal has to travel

t he maddmminedas svitdlessdi meacmﬁramhatagpnobessihgnetation iGdtanthenmpyocass the datar

hydr ophones 40 at | east once, and the delay (lag) wll be proportional to
t hgodi stiating to e ibialtionb @RiBABGEToUSED&MiseidndXenset \Wwyethe thyerdphdines Monarsd 40.
This delay 1s used for finding of distance between the hydrophones. To

det er mighgdidaCagbaidtd AispRRjstdrohe e drifolVEISMaPP IR €2, a pol ygon is

constructed, wth the vertices being the acoustic sensor hydrophones 40 and

edges being the qua%aé}ﬁﬁédlhf‘eTn‘ﬂﬁﬁa dcBEisREsrisor $9drIpghohBS 48N8hé&wn M FIGS.

i ntersecti on can

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



5 conput ed. Fromthe collection of this data during a source
transit around the cluster 22, each pair of hydrophones 40 can be

posi ti oneslovheB688DS its partner in the pair, includi ngproydsepbosaso40 on

t he di agonals of the cluster. In an enbodi nent, the acoustic source has a
GPS receiver, so the position of the source can be known at any 10 given
nmonent in tinme and the data is transmtted to the station 60 and can be
used for true geographical bearing estimation and the geographical position
of t he easbusthér aAlsoethedrydngrhanescieould bevsubsequestiemoieds $igch as also by

A simlar technique can be enployed to position the center pod 24 vis-a-vis
each hythe eetiomef ifles or currerity, inresfeat distugting thedmephurements tF of tiosee) reasonde
center pod 15 24. The system 20 can provi de simultaneous acquisition and

anal ysigndofor aiggingt §ecraghiedldodrdifated dfané cfstére2, il henkgiesspdsitioning of

anal ysis functions can include arbitrary digital filtering, spectra

anal ys itﬁﬁ%}rgr hoRas %8/ dah 'éCEia?lxlir{e&r Sﬁ&ﬁ%béiﬁ&%?@laﬁ&% Q-%@dﬁegt déteplitles, from

sever al ophones, acoust| source separati on, erm nati on of

e 1 40y A BAC ApA PReh A BNl Y S SR S,
geogr apcﬂéc(fgslel sugf\g:tzg% éro S?ns %%ngﬁgcﬁ%oe% ,/ guSc Zgl‘(l) acoustic calibration procedure
can consist of processing the signals received while towing a source of broadband
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
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positioned, as di scussed above. The system 20 al so records and stores the
conpl ete raw acoustical data set, enabling further research and anal ysis of
t he acouswDQoBI/GBhS. Turning now to FIG 3, thereciraskélomosieat ed a
met hod for acoustic source detection and bearing determ nation, e.g., that
i s 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 for estimation of bearing to
a sour tetwéern theubydropbanes #0n. This delaycisrusedl for dindingnefydistange hetweenithey each
of two hydrophones 40 separated by a distance L as the result of the
det ect inydrapfhones.aTo determimetiesratatiienpasitions ofatherhyldyophomel A, @ppalpgort
transducers of each of the paired hydrophones 40. The 10 two hydrophones 40
al ong Wohbtragte@Civith &He Sictiicts BéiNg GRe | atdustic! sbhedrShydiopRshead0 Fnenédgeot ed
in this application, can be used to record the acoustic em ssions radi ated
by a s : | i d n it st aRl o the
e © A UHaRRes HORRECH g TPARS 8 I g, O e RAER o e Nee
104 _bet n e source 100 and the hydrophones 40 nay be nuch | arger than
sHEd

theshy ne 40 15 separation distance L. The acoustic em ssion radiated

fromthe source 0 reaches the hyvdr ophones 40 with., a del A et ween
t hem where: AT:JF?rEmst?'ﬁé;C’ﬁ?Ctlonc?ftlt}qgcd%@i‘ﬁ@ng ﬁes%‘é%yaaf't ?ERH{H’a%ﬁ é[%sge(/\/at er
environnment of the |ocation of the system, 20. 20Assunin ?i si ngl.e source
100 pr ddu@ashiiair gE Hydigpbonee |49 car H8sPrYtinads ¥isHvisnity %@ D&k 8t fhe pair;

signals hi@é_t) and h2(t) recorded by the two hydrophones are, therefore,
del ayedncleding dnsiregihones 4&uee Hiegdigigonaiseef thengjusteri/ s @gzembediosndithen55230

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
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h2(t) =-LIT)(2) with AT equal to the delay in equation (1). The
cross-correlation R12 (T) of the signals hi(t) and h2(t) can be defined R
(7)=1: hiwohp(wis8830For two del ayed signals of the form @&ruskiud/o§bpo = R11
(T - AT)(4) The cross-correlation R12 (7) of the signals fromthe two
hydr ophones 40 10 is the sane as the autocorrelation R11 (r) of the signal
fromone of the hydrophones 40 but shifted to the tinme AT. Because the
autocorrelation of a signal is maximumat 0 =t, the cross-correlation R12
(T) is pastiomesh as distussed alpes.cfhe systeme2Q alge regekslsi and gfores theresnplgte of
the cross-correlation can be used to estimate the direction to the source
100. Thewacnssticaddatd sdt| emabliag Hodheraesémrcly andranlalysisdofitbe anciistidesignals.
pre-filtering or 15 frequency weighting, etc. Since cross-correlation can

be witten Furifg nower EIG. Botidrelis fllusingtedraimethod fos acoustictsoungcaaetettion
spectral density (5) where GlL2 (t) is the cross spectrum power density. If
;2? Si i Sedting dHt&mihatidreesd; tﬁah%nbéélf;l St HEScAIAEORbS PR FE85-E8rdktidd en
5 of acoustic signals recorded by one or more 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:
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WD 2011/ 056830PCT/ US2010/ 055230 where: H WH, (f) (6b) is the
general frequency weighting, with H (t) and H2(t) being the response of
filters appl2oadhstgzot he i nput signals. Using fast Fouri epCTnapeihos3280
("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 that Phase Transform (" PHAT")
is efficient when conbined with additional filtering to selectively
attenuat e narr ow'ehd hifteATkrence or highlight signal @Yg(f) H(f)/1GL20(7)
10A filtering function Hc (0O can be chosen by the system 20 operator to
enphasi ze t he t arwitt AZiegual todhed detaysneouatien ()t er f eri ng si gnal s.

The system 20 di splay 62 shows the cross-correl ogram 64 of the signal for
any hydrophone 40Thgatrose-edrrefatioher L ¢rnefahe asigratahioamhast) cepbedefihédg t he
cross-correlation 64 as a function of tinme, such as is shown in the top
panel qfs:FIG 4. The 15 tinme variations of the cross-correlation function
are presented in the formof a floated chart 68 simlar to a spectrogram a
graph with two georretrl C ,gen5| ons: the horizontal axis representing tine,
the vertical axis e.L (yﬁﬁ; ({Qni_a y' ween two hydrophone 40 signals;
a thkird di nmension |ﬂ e d nmplti t ude of the c(®ss-correlation
function, which can be d| spl ayed as variation in color (not shown in FIG

4). A snapshot Oderhﬁo%@lail)éats‘?grﬁﬁé’oﬂhefférn‘f yelation display 62 is

presented in FIG 4, show'ng a display 66 a cross-correl ogramof the
signal for a pai ngf(T)tyﬁﬂo(phg\Pﬁ 40 and the sane cross- (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

RZE {f) == G;: {‘f )Ef jm

- , ©)

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

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

R'(T)= jmm ¥, ()G (f }ef?*’ff 4 ,
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WD 2011/ 056830PCT/ US2010/ 055230 correlogramin a color map form wth the
time dinmension 68, respectively in the top and bottom panels of FIG 4.

The time wel2aysss30t he cross correl ation function can becrasalomwsased to
the source bearing angle using the Eq. (1). 5cii = arcsin (cL1T/L)(8a) a2 =
| T-arcsin (cAT/L)(8b) It can be seen that the sane tinme delay AT takes

pl ace for two possible 10 angles which produces anbiguities in the process
of the source 100 bearing nmeasurenment by a single pair of hydrophones 40.
Thi s anbi guity cashdre: sol ved usi ng signal processing of severa
cross-correlation signals, i.e., fromdiffering pairs of hydrophones 40, as

Is explained in £ ¢ ally w.* /The schema of signal processing
according to aspec §'@S an}&mWﬁe(xf 15 of the disclo@h subject matter
is illustrated schematically and in block diagramformin FIG 5. The

system 20 can hav§ theQiganbiatafreqlishicy| WeRjhtinge withatH {Anaiid OMi(fjebeingy dieal
di splays 62, including two polar intensity displays 62al and 62a2, wherein

eRoN, oeySoristoriterd Bbfiied BheGhpliociindle, LI take FoBnéM Prafitis (HFHP

cluste to the center er can provide a uni que

e e ENS SRR 57, 680000 LA o BB o o

cor rel ogram of se sSuc is a

panel of FIG _4, and al sq display 7 ich is a ctrogram 110 of an
o vi e b sABRutng T s bt vepmele TfiFiEEhEN ASicABI baf ng o
t he hydro-acoustic i . i : . .

found that Phase Transform (“PHAT”) is efficient when combined with additional filtering

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 sicormetogsgstinm calaremgp doram ivéth hertiman diseension oitrespedively in daptap and
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 reppl tifid deidy8dh thecarbsd BoelafdRiaRtibN chh ®efrecaitdihted to
spectrogram 110 that all ows vi sual observation of the tinme varying

fr?q“e'}ﬁé!ﬁS%E%étariﬂ ah peligd ﬂ,{aef%q__s(q):_h as, isillustrated in FIG 6. The x

axis of the spectrogram1 is"tinme, and is updated continuously, in

ting, although the_ were about two mnutes ap or so. That is
be(r:rguse that is ﬁbwp‘ﬁ%l’éﬁcﬁ?ggjp)\/\/as br eat hi ng. Hence, the&{a§5 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 timnes mavi%;’_ o the left of the spectrogranzb 0 as newer
signal inputs apfedrTafcS{hE4ght of the spectrogram 110. As®hown 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&@érﬁéhtlﬂypaégindfé gair%fﬁfykiﬂfpﬁo'h@s Riog hTRSRINBIYGE &H B8 sBebafffy

toward the right-hand end of the tine varying spectrogram 110). This my be
due to

s al oS SEL O BPEES BICRAeRG! Bebcetboriefartin’ Snale, ey Hopl SR 2RRs S '
ot er r ORREnOBYE 86 %s R HIM i BHR R bR npropriate filtering in the
next step of t heI'hsei g&aelmg %?%%%%I S%cessing 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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The cross-correl ation can be conputed using a frequency domai n Fast 10
Fourier Transformalgorithmby first taking the cross spectrum power
density (Wbaock/@6oin FIG 5) and then on a conputing decras2ewiogi?te ng t he
signals (block 204). An additional custom weight can be added which can be
used to account for the relative spectral properties of sound em ssions
fromvarious sources (block 206). The system 20 operator can choose the
frequency band(s)and thus provide for, e.g., better detection 15 and
separ atSignale receinedoiiemtthe dwdeophionas ¢0fdnst %ﬁtesbiﬁ@ti@lﬁ of aderariegttowRedeoaay  of
the | ow frequencies can, e.g., reduce the interference due to ships (whose
maj or aneusfta possitils siultiple omedef pbsimaltapéans tagyets $$amuwcePLOQr opel | er) .
Filtering can also allow the isolation of acoustic em ssions in different
frequency bands, Témihg FSWIEARIGY 8/ slectdearsigrsls dodtngionaT théetydrbsisonesi 4T
Propul si on Vehicles, and surface swmers. 20 Finally, as the distance

bet weergghhs ;B'rﬁédérﬁﬁl!if@a‘?§.g4,qutﬂTﬁ@$@ﬁytﬁ'oFﬁdﬁéwthé’lﬁﬁﬁ il fre HphEificP BoMBABWN)
signals, only the information associated with the possible subset of del ays

need b , Sl rel. ' i Lecti is
Vo o1 P bEsREed ek o efe Bk Bl of s Bitoiefidh Elnleiert 128 S8 100
(e.qg., a.diver, or.a shi r soal | notor baat). Jf the frequen cont ent
o OnevbhatERE.Bsfmeat Rt MsbiRion, SVotRhg. Fibbchgl e PORGa e
representation of .the correlation can be inproved by conputing its envel ope
usi ng ffFPé“ a?hé‘f"%cﬁ"%ﬁyﬁéqp"é’%o‘&(? (4 égevﬁqrwam@?aup -Sémpg‘iagl?'i‘ ) CqRj
operation 5can be nmade at little cost by including it into the conputation
of crosamided.«.a+ iab200 kHz, allowing apalysip of acausticat signglain a yvide frgaHercy
removi ng the negative frequencies of the signal, these frequencies can be

r enovedaddripntPQ kidz.cFli3. 5 isatisaisaed onmomngetad betow.whi |l e i n t he frequency
domai n, such as, during the generalized cross-correlation determ nation
pragess 200 shovirhe Bpétia of.théhrecaibed!sigraaly ahnebefdispiayenbimihee forid of apl ex
cross-correlation is then taken to Obtain the envel ope. For each considered
pai r ofspBiFbSRRPIES tHH alloNS vRUBFSbseVAtRIncdf thS tiﬁ{m?mgrfgeq%%cygant@ﬁsuft in
an i mage 150, such as is shown in FIG 7. The inmage 150 is dom nated as a

Cross- GR& Ef’g'nggf gg&nl%?ﬁglg 1ilﬁfsﬂ%§e’ocﬁrﬁlél. %gr@{a!@sk TRRCorRE s&é@tr@ﬁaﬁi@fbs T:R%]g sual

i nspecti on, or serve as a I's of further ana G 7

o1 oss- T cAtRE o cSEAHNERGR Hhad B AP RR et ekl Fbout o,

diver. minutes apart or so. That is because that is how the diver was breathing. Hence, the

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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Only one noving vessel is visible evidenced on the cross-correl ogram i nmage
150. Two of the vessels are indicated to not be noving, or noving with
respect twotoge/skssst er 22 of hydrophones 40 with a verypsiraskyioobegi ng 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 environnent where in a straight run of the river sone targets
will be comng toward the sensor cluster 22 or noving away fromthe sensor
cl ust erspeetrogram 10D atoabidud S8 RIGPAShayw2 dyothesdaBer daskesatl il dewhichoigsmarg
bearing. This is indicated for track 160 at a AT of about 6.3 mlliseconds
and f orvigibledk tHes 8pedtrograah 100 eftfi@. 6-afted the highsaraplitdde emtission fadesstowatd t 0 be
two tracks 162a and 162b as indicated in the nore recent tine period of the

cor r el qaé AghLhahPEnd bBthe’timélvasyind sp&ctasyramel 10)! Tisik agayahe dleQo af SENGR 7 i s
another 5 track 164 indicating another apparent boat target, which is

changi ngsRARbpEAIRG iftHeWALiHitfIb thElnydrdphBnes Bbom a AT of about -2.8
0 about -1 ml gs.

mlliseconds | secon The correl ogram 150 of

FI Gs 7 al so showg ;a periadiignl |y i RRRAPELOGS GNaoublif iREHFEAdRI fkh a
- seconas, re ac% H O%

I nt érval s of about every OVer a rvel'y Tong pério

time, i.e., about qne and,agne;hal f m nute This is the A si.gnal. and
5ol edicfiye SORR SysiATS R ARPESaHETS Ariaine Mefuiiyl BRRSET T PR o
aspects of an enbodi ment of the disclosed subject matter, is so based on
f r equerfioyseariioydngs forRekvationt ot aeraRAiata diftating 4n g e oS8R o %l]edél%ﬁﬁ
signal extending fromlow frequencies upwards to approxi mately 100kHz. This
can be pregessiidet ed as the acoustic em ssion comng fromthe underwater

br eat hi ng apparatus, such as a SCUBA diver's breathing regulator,
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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15 which emts sound vibrations due to the rush of conpressed air fromthe
SCUBA air tank through the regul ator each tinme the diver inhales, resulting
in w debamd 2h1@gessocy vi brations. The detected di ver ac®egstisco®ms®sé on
signal and detected boat acoustic em ssion signal are clearly separated,
maki ng detection and characterization nmuch nore reliable. 20Turning Now to
FIG 8, a schematic bl ock diagramview of a signal processing arrangenent
250 is illustrated according to aspects of an enbodi nent of the disclosed
subj ectassaciatad with tevety broadband isputcesiGhég.gi. < tivpuor atship ocla small mgidbeEh can
be WD 2011/ 056830PCT/ US2010/ 055230 in digital formand is the result of

t he pi doap). ifrtbenfregeency cantentd$é uhéeeer) coosspdwretatiohOpeaksayef invadtulated by dnigh?2 and
what ever preprocessing and signal conditioning may have preceded the input

of the ftdqienePTETHE 'réb-‘rééerﬁbﬁkb?ﬁ'of 3he RoprelatidhZcart Be Minftovéd by Nsonmidingrifnes

40 thenselves, in the electronics in the center pod 24 or I1n upstream 5

e TR R L e

tzgi Si gnat roce I'ng ar rrent 0
2o, TSR N T4 LA BB 2 =

wher e speed and er on. of co uting power

order to convert’&?ﬂéﬁ' %M‘Jt'c §'95ﬁ5' @laeg%yé'ﬁppgg\g{}.g{alr’&galtlﬁe frﬁgu%)clﬁ 8Euency
domai n gnal |s then input into a si condi ti.oni ng

uni t 2ébe signaf, éhe%frsw&n@l%aan Pe r?%‘°¥%1dé'ﬂf‘%&h§ 6rOFSTOr @Tﬁtﬂnd‘&m%?ﬁ%t i on,
such as, by anbient environnental background noise and |ocation specific
char actvhilesin dhe feuensy demaive sush B8y dexingpihe generaligedreresssearrelationl ant
in order to reshape the anbient spectrumto reduce the 15 effects of such
f act or detamdnatonppmdede 200mshewneini &lG.e Sdetldet absolutepuaiubi ofy theTlobtaimeslit
signal in block 262 is also provided to an adaptive weighting process which

al 90 utdompl®s cides-coriciitionot th&e takdrs® Gbtait trRsEhvadpen Fon dachdongidéredsuch
as, by variations over tinme of external acoustic influences. The signal is

then f WaiM6f hdBpR&Rad40 NtHe! %Ks-%gﬁemoﬁrﬁbé’édsﬂﬂ; 280 Vandtestit TR HPMadE

(temporal) factors, such as exi sting anbient sonar 20 systens or sounhds

made by g %H(Ezié@??% {ﬁ%odérg 7.t ?hé%ﬂﬁé&%?;otug'%ﬁnﬁéigd L8 PYRst B HeRyratfiSS! bl e

interfereh I'on proce
Such cross-correlogram image 150 can be used for visual inspection, be combined, or

serve as a basis of further analysis.

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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WO 2011/ 056830PCT/ US2010/ 055230 Thereafter, the signal is input
into a target signal detection unit 280, where, in block 282, the signal is
subj ect edwbeoadapgsnve t hreshol di ng, by det erni ni ng whenpaTnse@ionst3si gnal
whi ch may be a target, exceeds the background noise floor by a
predeterm ned anount. Since the noise floor and received signal |evel can
vary, for 5 exanple, as the target gets closer or farther fromthe sensors,
this can be done adaptively. In block 284 transient excursions, such as,
acoust iz relatively cogstamt deadnyy ThiSGsBAdidateslr fdprteaakh 6Q adra ek tof sabositi 6.3 uch
as, by envel ope detection nechanisns, as illustrated and di scussed in nore
det ai | millisecondgand fdrardck@ 6214 a A Tosfdsbout o4.8ehitlisatodspMadtidreturhdout ckss ved
si gnal which exceeds the noise floor by a predeterm ned anmount 10

repr esafjos tracksl BZa @ahdi 1626 654 -indibfted fNahe | Mofd'GBcORS HRI@ RFIGAIIL aheli ver
tenpl ate, wherein, as an exanple, the characteristics of the signal are

exam neg, e%egrélti’ﬁ%bgm’{ap?. OAlﬁgrs?iBWnt6@%%?&?!@%‘1150”6* Erd €7 idanthenal

represents i ver, as t requency o signal, a relatrvely short

dur ati qp, of i.anal d.r [ tive. n h i : ri od
thae o 16 obalia s Blifbriapbatan s bt ivinls EnishEbaitiid rdafiflt of 1
bei ng use and for t n- exi st ence of properties.which could indicate
the si d“‘é&%d@s fron a&ﬁ?@éﬁ‘?’tﬁ '%gd]“j}'é??o@_?ctﬁ a§:9u§ HeMilliSesQBA%y of the signal,
a relatively long duration of the signal, i.e., non-periodic nature of the
signal, etc. Provihe«grielpgramgiRfl ollhlsr. Acalepistpwsa aerodicaly appeatingisianal he
signal being a diver, i.e., the signal successfully passes through the

di ver t@8pdeauering:abintenvalzsef, ahawt evert €18 sendscaverxaneiaticely hengspeiied of o see
if it 20persists for sone threshold period of tinme in block 292 in a

cl assi ftinostiieon aboutt ordd @Gnd aore-half swinutek e hisoisetheCBCUBHA sigdal; atndois, cleardyh as
an intruder alarm is initiated in block 300, WO

2041/ 0fistisePfrdmUihe bbat Blgpd RO Thes\rts 20)acsordingnolpedistcfinesmbbdiment of

probability that there is a diver and that the diver is persisting to

. . 3 ki i t h
ORI 141 cigbRor B8 it Sk Chls8 Based o frequency THEREBOWNEHA T bEUER { her e

is illustrated a pa polar intensity I ow

respectdigifal G5 9ind S be' £ MiBoAdY SHRAF LxiRhang A4 tow faQudfties 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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5 intensity display 170a and 172c, 172d, on intensity display 170b, mapped
to an estimated bearing derived fromsignals fromtwo different pairs of
hydr ophorwe 24#1/05683@ anpl i tude of the cross-correl ati on PPamaszew/os280 be

di spl ayed using color, while its angle can be recal cul ated over tine, e.g.,
fromthe tinme delays using Eq. (8a) and Eq. (8b). The npbst recent data
appears at the perinmeter of the polar intensity displays 170a, 10 170b and
nmoves towards the center with tinme. The tracks 172a and 172c overl appi ng
each otingligitafasoeanchis thaesult efthempickenrframg ongyoreaene qfdhe hwronygn@pﬁgﬂres 40
of the two different pairs, the signals fromwhich are displayed on the

i nt ensid \givlrs plustes 27 Cnd Whatever nutepedcessing hand signab eanditigningaolay haven
enbodi ment, the polar cross-correlation history plot displays 170a, 15
170b i Igresédert ek iimput! 68 tHe dmie domlaidenpuensigmdlr aic blogk V252, auwhoasdiadeer di ng
to a color map representing the power of cross-correlation, with the angle

of everpydaspitne8ud Bferkédivds® Al thedIbytraied fF BRNEbARr Ipdd D4 drfiHeuptRianing
angle derived fromthe tine lag AT of arrival at different hydrophones 40.

The 4 ageréeﬁ%fin ﬁrtfcjnrsc{)feﬁmec%@nﬁﬁ%ﬁ%%?‘o&%?ﬁn?cét%n,té(ﬁfeof’lbvh‘ﬁ.’fﬂ e %iéﬁ%?‘:i fic

cross-correlation sanple was acquired, he outer ‘circle can _
ci Tol o ProbRing Srrafflintn d ol Flla 0} B8 5 B ST RO 2R Pt B e

spectral. analysis a eperal i zed, cross-correlati on_praqcessing. T. esults
oF *epeio s aiseEd o AP ais siene s SepkeRP Gdse Savao B L)

spectrograns, one of which is illustrated by FIG 6. Generalized
cr oss- o EAshfpurerpiransdera g FdT), svherrispeed apd enseyation of cempptingpower
possi bl e acoustic sensors pairs. as illustrated block 200 of FIG 5. In an

enbodi raidt memory ldictateseirbrdendo dopder phe input 4ignal linte avwepresentativn i thepai r s.
Before cross-correl ation processing, 5 signhals are pre-processed with a

t i - ddregjuenty dameaicy filter bank and deci nated. The result is displayed as
cross-correlation history plot, as illustrated by the | ower panel of FIG 4

and FIG 7. The TRsyighal i8fthén ffput 46 edighalUonBitiehRGSuriHI260, Swiete ! idelock
anal yzed with a tracking algorithmidentifying the tinme |ag of signal

arrivalyaat idid §gkjgdkd h%dgqmw%oﬁ%sufﬁapg?,i Sudras, b rarHSi%E’i heménéstapand

acoustic Sources using adaptive thresholdi'ng, non- 10 peak suppression, to

dct oot Wb vl FAEREAS SRR AR HATHARR! B R et
i sc! 0984 SLCRLATRE Hiant® 1P orad R LSRRE T SrSin LpdderR 1§ B e ©
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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The proposed Diver Indicator ("DI") can be conputed in a cunul ati ve manner,
e.g., from15 a previously conputed envel ope signal 180. The envel ope

si gnal 1890 2anv/ssmopl e of which is illustrated in FI G 1ecTiosyoloas23@ | ow
sanpling rate (e.g. between around 8 and 20 Hz) and can present high val ues
during a certain phase(s) of the diver breathing and | ow val ues ot herw se.
The envel ope signal 180 can be the is result of post processing of the data
di spl ayed in a cross-correl ogram such as cross-correlogram 150 in FIG 7,
20 which may be Cthereafted the signal iadnpub into metargal signet delpctiorunio k80 wherency
envel ope of the w deband signal is tracked, presenting a square-like

pat t er rin ock 282 hhepsignaria subjdetayl mammmmg,maémm&mwm,a whi ch
as shown in FIG 7, can correspond to acoustic em ssion indicating a

di ver ( secivedtsigndd; which may be a tagebl exduedsethes BEckgpolint hoR@UAdE- by ke
pattern 180, as shown in FIG 10, and deternines whether its rate is

consi St&@&ﬁt\é&rhfhebtama%tcaéldég q’Ldi@é figor Qﬁ@%&&f&dw y?ﬁl ﬁevfeLE:éﬁ vahgRoFay be

to | ab € varil ous sarrp es O e envel ope as val ues,

ool U ke 2gb1 A8 aliODL abser B S RBR %r?eosgﬁgorgomsfémgaaw@s

sources eSSThg an erent Ssensors)
a0 eI GBI SRt Rl b
the bacé((gugxn(ﬂvgrotl)rsegthlr;;hgredghﬁgcltgdr} s%% V\aes,e gytem%eﬁ)vgetdceqle&%n 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 of the binary signal can then be analyzed in order to assess whether it
is consistent with a physiologically possible diver(s) breathing rate.
Accor di ngwbaoagpessvs of an enbodi ment of the discl osed sulbjusedronsiter,
there may other be other presences in the water surrounding the system 20
of the present application, e.g., a UUW. The UU may produce various types
of acoustic 15 em ssions, that can be detected, recorded, e.g., in a
spectrogram and anal yzed in the manner descri bed above. These acoustic
em ssi orecapag thensysiem, has detecteddbe tprebahitity thasrtbererisra dier amd that dimel diver
propel l er, acoustic em ssion froman acoustic nodem signal and acoustic
em ssi dapersigtingsterremain inltbe dkda sfonelustef22ui t abl e correl ogram may be
produced fromthe signals produced by the system 20 in response to these

acoustic 20 em sFumiry néwaeFIGNY therekNiRgstFated adpaie BPpolarmiiéndtly diSSlays
di scl osed subj ect matter, that can allow for identification that the t ar get

is a U n n r
e, - D0 PG SRORCRARRIAE R Etalattn iteRlly §'°*ty1‘z?§ ATEbEL can

i nclsude ar, w rfd af'ﬁ;‘otaagn{it fé%r'{')gZd S&?%feﬁbt@%ﬁ%}h%ﬁ% apped fo an

cross-correéelati or “Si mul't aneous "processi n al's fr

hydr ophones acousti.c source s ratl det ation o ring
o R aed ped Sl 'S RO b e BR pdlEs fw&@rehozvfs 4. off& 1o

cent ervé)od 24. The system 20 also can 5 record and store sone or all of

the radmRiiuds ptihe %taﬁ%rcet«!?'aﬂ@h&mqﬂﬁg aprhendisplayed astng caler, whileyisiangls t ne

acoustic signatures and the I|ike. Due to the | ow nunber of
sensor sLaanke reralaiaipd aver dpie erdnfrony the, timadeliyscusing &as (B3)eand Fat (8). can
fill the need for a highly sensitive, |ow cost, autonated and easily

depl oy alfiee mosh decert rdaéaaﬁplpe;arwatjd're/vpeémetent ofuither paar irtersity displays i150a,
system such 10 as is currently unavail able. The di scl osed subject matter

carnobe #0badnhioges enadnidsithy céater dethetirhé N Thecthadkact7al andg72@ bderlapping zi ng

intruders and other threats in marine situations, and can provide | ow cost,

| ow ”a'éﬁcﬁrtﬁﬁ‘@rererﬂd%’ tHé ARGty in BeariRg! B eQEijhl'ﬂ%f ﬁ?&r%ﬁhbﬁé@&@'oﬁhé’ﬂvd | me.

By replicating and deploying an additional i1nstallation of the four-

nydr opPDeRGeAP pGird! " sigfals ¥orfl SRfith UfE AEMMUGed Fndfle REShdd, Cdlspigfa!i76aL | On

can be
170c, indicating the true bearing track.

In an embodiment, the polar cross-correlation history plot displays 170a,
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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achieved in addition to bearing determ nation and target characterization.
Acoustic emtters (transmtters) may be enployed in conjunction with
acousti c wensowweg3necei vers), e.g., on the center pod 2#cwrusemoink30

hydr ophones 40 or their nounts 44, whereby the system 20 can be capabl e of
self-calibrating. The system 20 in such a 20 configuration can self

cal i brate geographic | ocation of the hydrophones 40 in the cluster 22, the
center of the cluster 22, and the |ocation of the hydrophones vis-a-vis
each otdisplayed as apectragrams aune20f whightis dlustratadaphiFdGe 6nt Generfalizeéd codssst er
22. Gven a known WD 2011/ 056830PCT/ US2010/ 055230 | ocation for the center
pod 24,caretdticnspiogessing iof gighalsFS provided ot Adult set ef pgssibl@ Acoastiasenistvs ous
geographic location calibration as noted above, the |ocation of the

hydr ophsiiess a40illuBtrafed BlodRtZ00 32 FIEO®E.aphi S/l ériibedithent, Sinathd Sasdeofcit er
pod 24 may be determ ned using an active acoustic emtter, such as a snall

pover SINPSHREHES 260, tH8 WoRBNéQlalPAL gdlrs. Before cr?ss—cdr &5HH td£<52’6b35ﬁ1§1[130r

variation, 1n addition to change in geographic and/or cluster

co- '50C3§i£[;r?é1s a@@r&&o@?é&%‘\ﬁ% a%ﬁ?p%lgcg Al e %ltéﬁﬁﬁkg?ﬁ@déaﬁ%fégﬁi Ti'ess

to acoustic emSsion (as an exa o' envfironne 'y 're changes,
| ect. ration ch as

SHoh, 2 BRI ARV oo o BRI FRl 8 AN BN RO R
J;rgn}[ te gﬁ’-gb?hugned Fger.sﬁl 'I'l?el E@guﬁg o% greosg-ré:\(l)irrre ation rE)trc’)ceests?rig acraer:’urbtreleJo grgailfzcgdcv?ﬁlﬂl y
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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By networking clusters 22 together via undersea cables, w de areas of
surveillance can be achi eved, such as various areas within a harbor or

br eakwat ewp 2011/8bs30g a coastline, etc. Further sinplicittyrasdowess2security
applications can be achieved 15 using underwater acoustic conmuni cations
anong sensors. By distributed processing, comrunication

requi rements anong clusters 22 and between clusters 22 and the need for
base stations can be mnimzed. This enables surface radi o stand-al one
oper at i Bhavhigheas shewdin HiG. 7,scani sartesgond el aedusticrenission indicating a divgr(e)
points of failure in cabled and stand-al one operation. By 20utilizing

di stri treatthing. ocessing (e.g. to locally determne and transmt only alarm
i nformation), and various power saving nodes (power-down node or cycling

On/ O f VO 2011/ Dhé B GiiyThb/Td0d 46 @56 230arPikeapatteth B0d aB@NoWNTE FIGL i1ONS

(batteries, solar panels) renotely depl oyed, |ong life stand-al one

oper at 'é?ﬂsdfféﬁmﬁ@s @\mé‘tﬁ%% rafe s consistent with it itificatin %H%I’(b?bte ce eThé)r

gal vani c rel ease, expl oding ts or other neans t detach’ t ter

24 for org it §o B0 4\) ?gt@ﬂﬂa J‘é]yélhﬁls 6I88ro‘?ttﬁeo n\%lo d@ %IO\E ?Ellnéﬁtvgﬂxes

buoyancy capab| one systens can rface at
required tt nes_ or, .1 ntervalls fo coll ecti ﬁéh mal ntﬁnance By
utilizi"GEHIERR N ARSIl | Sy CvE, £Rm CoMSIPT A (R SaHEGes (18-
underwat er vehicles (UUVS) can be di rected, to ¢l gse surveil |l ance of
suspectereat B%SSlw aé\ﬁlmrquffwgnmgsqm dt iserdvisahle to detrimine @ theasheldince

vehicles or the ) _
from the envelope 180 itself. A further advantage of this approach is that it allows

coping with slow variation in the background noise. The duration between 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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10 like with an inplenentation of the systemof the disclosed subject
matter, navigation in denied or otherw se dangerous waters can be achi eved
usi ng exiwoiopgyoskszcal sound sources. That is, the rever peTafS2iloesgst em 20
herei n descri bed can be nade nobile, by incorporating it on to a craft, and
then utilizing the acoustic em ssion detection and direction determ nation
capabilities of the system 20 as described herein, along wth, 15 perhaps
al so target identification and discrimnation capabilities as noted above,
the system 20 cafnlamalysisdfuhotionuoaie incuder agbitesy \digitad filkeringy spechahangdysion.
Known acoustic em ssion sources with known characteristics and known

geogr apdndccross-abirelatica forstmiithneduedpiogessing bf signalsfranseveatal bpd@phbhes
system 20 of the present application and be used for navigational beacons

once befy, 'étﬁbdsﬂtf:é?r§@er@rkép‘éréiﬁneﬁh@cbetaﬁ?ﬁlﬂﬁﬁdrp%f R:arings R ediffbrent GArdefoWn
sound beacons can enabl e navi gati onal triangulation to obtain geographlc

2011/ b?%@@%%@ﬁ%%%ﬂ%%ﬁ@fa%ué@ 22675 W bpfel BT AUE TER TR 20 e

5 L el et 0, ke B, AL o SRS o B PR ™
gy m%%gsa%ﬁfgs.aaaf@feg%@%sﬂ oLy, opel et ons, e system uses

only passive listening is enployed. The system uses a few, small,

| i ght wei ght, and 419 thedew wmr@fwafs@rﬁmﬂlet geosRnast deployment afaan the
conpact, |ightweight noored data acquisition conputer system The acquired
dat a i dlisaleseshsubjea matter canfilltheeeediivrea highly stngitiveniow eost, automatedl and a
boat, where advanced signal processing techniques are enpl oyed. These

t echni casily deployalse t(ant reteevatie aunadeywater irtpeler oathreaDdeteatigrs systemnduch
cross-correlation of the acquired data, and enable displays to the system
opanat ais isfcureatiprupacaitdlel Thatdisslessd albjestnBiatiéstanbesa (3108616) capabiity

| ocation of the 1ntruder in geophysical coor di nates, and the

char actsy iqepddiing, Chatdtferizig, UQﬁtH Ib@ali ﬁ%@dé@%ﬁlﬁbthér ttfredtsStBFRarite €r ,

boat, unmanned underwater Vvehicle, propul sion system etc. It wll

be undesokRar U chRSAROTIPOLa, Ry WisoloRXROL | @0, JRAEBIRCS irdiesd 0 ore

merely exenplary a person s { M2
vari ati.ons aoﬂ,ﬁlﬂ%ﬂ h@ ?tlons Wi t hout departlng fromthe full spirit and the
scope JHCTPRARES ICHRA!M§escri bed herein. Accordi ngly, all such variations

and nodifications are jntended to be included within the scope of the
present inventioBY replicating; andsdemesingsan18ddignalo 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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Claims W Claim 1. A portable threat detection apparatus, conprising:

a plurality of acoustic em ssion sensors arranged in a cluster, the cluster
form ng 5we 2polosessn defining at | east two axes of ali gnremusbemnwsRs0
respective pairs of acoustic em ssion sensors within the cluster; a
conputing device in cooperation with a non-transitory conputer readable

st orage nedi um conpri sing conputer readable instructions for performng via
t he conputing device a nethod conprising: 10receiving a first signal

pr oducddcatipnefor thesterderpad 24, ssichsasi yhplaeing @ GRIS: Unihomthecegnier pad2paora of
acoustic em ssion sensors, in response to the first acoustic em ssion
sensor mevieas i ggographicousdatione rdatilsiation f @ Mnateslo Labowe, athe riecationi i thesecond
signal produced by a second acoustic enission sensor within the respective

pai r ofhyagsptones 40h 35¢ BRIk rzgc%e%gréﬂhiéaqwmaﬁs-bcvié it safesbRBP Uiy e
em ssion sensor detecting the 15 acoustiCc em ssion fromthe source;

det er m Judieh; &gﬁ@@-aqpé&%fﬁdoaeué BHHRY, ARIVRER shidh 5dv&e?t%<§hmahmaaﬁ thdre

second signal; determining a bearing to the source based on the cross
cor rel in?é? AS LT - 202. The portable threat detection apparatus of Caim
1, Purt er conpri'sing: the nethod further conprising:

In addition, sensor variation, in addition to change in geographic and/or
cluster 22 co-location, can be detected. Such changes could relate to responsiveness
to acoustic emission (as an example due to environmentally related changes, such as
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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anal yzing 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, twoebharmessnth at | east one ot her signal represercatist@onssBhe
detecting of at |east one other acoustic 25 em ssion fromthe source, to
determne if each of the one of the first signal and the second signal and
the at | east one other signal conformto a threat-type tenplate. 3. The
portabl e threat detection apparatus of Claim?2, further conprising:. WD
2011/ 05%epatRO)/ape2paweing 2ptlons (aterieedsélar parelsk cemoleli dgployed, long life
determ ni ng whet her the conpliance of the each of the one of the first

si gnal stand-aloaespecdatibnsicandle actdevde at | east one other signal to the
threat-type tenplate persists as to subsequent ones of a first signal and a

second si gnal andalisé @fdcofstR IBHER] be GhhahidRiledtied @fploding’ bsiR®r dthegshol d
period of tinme. 4. The portable threat detection apparatus of Caima1l,

f urt hermgQiid détieh thdEeABPBoAUNAR!iRBERNG UAH vih thBSnEABbRITOATgraeRody of

e poftable threat ction appar aim 4,
Fur e ORGSRt iSoRhy" @hhe UcHe 8FQUAL! Gar BhoRlaBE Re0SPEREAS Y
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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6. The portable threat detection apparatus of Claim1, further conprising:
the plurality of acoustic em ssion devices each conprising a hydrophone,
wher ei n twe 2bydisegshones forming the cluster are tetheregcrwseaohsaasher. 15
7. The portable threat detection apparatus of Claim®6, further conprising:

t he hydrophones formng the cluster are tethered to each other through a
center pod. 8. The portable threat detection apparatus of Claim
7, further conprising: 20the center pod conprising: a buoyancy mechani sm
and, a bottom nooltiwilh beeonderstond byndhose skilled in ghersrh that sanplassive e hgdror ng
the center pod fromthe bottom nooring nechani sm whereby the center pod
and t headopdtio ptiades deteetiore syatemaidschexin disclosdd)ceaci s dolmrdiectihg Aighnadlgs on
the bottom of which the center pod and hydrophones had been deployed. 9. A

Fou o, 2] et e o 5 o opesl, mariserionny BTy 1
r €S ponsgystdin 1U88s Pl sile Wchinidues, RIBaRgHb SHNAR ard &b BY tRY sPSteHS rhther
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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WO 2011/ 056830PCT/ US2010/ 055230 em ssion from a source and a second si gnal
produced by a second acoustic em ssion sensor in response to the second
acoust i c woi2ssli/Bes3sensor detecting the acoustic em ssi orcrnuspbhss2sour ce;
determ ning, via a conputing device, a cross-correlation factor between the
first 5signal and the second signal; determ ning, via a conputing
device, a bearing to the source based on the cross correlation factor. 10.
The nethod of claim9, further conprising: analyzing, via a conputing

devi ce,Claimsof the first signal produced by the first 10 acoustic em ssion
sensor and the second signal produced by the second acoustic em ssion
sensor ,\Wedgaeimmer with at | east one other signal representative of the
detecting of at |east one other acoustic em ssion fromthe source, to

determne if1, W’@orwwe tHredtdotédtiont appagatas, combridieg:second signal and the at
| east one other sjignal conformto a t hreat - t ype tenplate. 1511. The net hod

of Claim 10, P'Hﬁ"ﬁé?f GAusHE §nHgpion sensorg @ r@ﬂﬁ?% img C\M"é@'héhe @'Héteé@ﬁfﬁ!'ngince
f the aPBSI an WBEni brﬂtlea%tg\%'axég%fwg ﬁl‘éﬁpﬂgt\n%eﬂ%Ep t rsatr)fé cOone
ot her si X ?1 P

reat-t persists sequen one of a
first sﬂrgaabn§adsmswﬁmmmes¢lwar and at Ieast one ot her subsequent si gnal
for sone threshol d

j dabl
oo aon medit ROMBRERS eiieein olBerBRE WP ST raRSon. Rl SR e <

det ect istorage hmediunp UdoPfiprishf Tohfhutéro FégRable Mstriction® rfof i pegformiig’ Wit itens for
execution by a conputi ng\ device to performthe nmethod, the nethod
conpr i SORYP ing dewceame od 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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receiving a first signal produced by a first acoustic em ssion sensor in
response 25 to the first acoustic em ssion sensor detecting an acoustic

em ssi on woamiassegzur ce and a second signal produced by @&cyasendoseustic
em ssion sensor in response to the second acoustic em ssion sensor
detecting the acoustic em ssion fromthe source; WO

2011/ 056830PCT/ US2010/ 055230 determ ning a cross-correlation factor between
the first signal and the second signal; determning a bearing to the source
based on t héhe mathod furthelr gbinprisingct or . 13. The conputer readable
storage nediumof Claim12, wherein the nethod 5further conprises:

anal yzi ng ordeterimining Whetber thegoaiplipnoel ot thet dacht dfethé ionstof dbe fisst isignabasdr and

h d si l d d d. ' 1 SSi t th
w th et asen aongl AeY 98 aPlbesl Sns BRI 5 1S HiERSRPR e RO PP cact
one ot wtoaamegu@ntemessifgrﬁrétr@ghélfaﬂdsanséé‘oﬂd dighdl@haraidiRt bhe siBséyienef the
first S|gnal and the second signal and the 10 at | east one other signal

conflor rether sigpal; tossomgdhrasbpisl pgriod of time. 14, The conputer readabl e storage

medi um of C aim 12, wherein the nethod further conprises:
4. The portable threat detection apparatus of Claim 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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determ ni ng whet her the conpliance of the one of the first signal and the
second signal and the at | east one other signal to the threat-type tenplate
persi sts we 2bn/ibB8ssubsequent one of the first signal anecrhs2eeossrdo si gnal
and subsequent at |east one other signal for sone threshold period of tine.
15. A method for determining the positioning of a plurality of acoustic

em ssion sensors of which a portable threat detection systemis conprised
and which are 20 arranged in a pol ygon shaped cluster formng a threat

det ect iemnisaigpramn @ssouroenanidsa ageond signalsprioguced byi@ serondcanesistic eanissien on

o st o BT abvBeL e kb BRURC ol S8hat ARl ndRE ek,

geogr apmigsibadaim the sdudrée;t i ne; detecting, via a conputing device, a maxi num
cross correlation signal for a 25 respective pair of acoustic em ssion

sensors conseWrniigingf via & compuliPUslics, £ercssiUireiativhofactonbetweat tlfirst
acousti ¢ em ssion sensor, aligned along an axis of alignnment for the

r espectSEl gad the,peeand 819nal; eni ssi on sensors, the maxi mum cross-correl ation
signal occurring at a known time; WO 2011/ 056830PCT/ US2010/ 055230

det er m ni ng detRBERINGVia ReCBRIGINGARICS, Gckeartg torthe seurshasedan therRFown
time cho'i'rléfatf?ﬁ%%tbﬁnce of the maxi mum the bearing of the first acoustic
em ssi on sensor to the second acoustic em ssion sensor. 516. The met hod of

d aim 15, furt LSLne. .q.pi ng, based on a val ue of the
maxi mum crogsb' igér"@%g&lﬁ éﬁb@?@ﬁaﬂ"&hﬁég‘g’hgé&é ion of the first acoustic
em ssi on sensof fromthe secqond gtcoust I c em ss} op senFor.
analyzing, via a computing device, oné of the first signal produced by the first
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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1017. A method of determ ning the positioning of acoustic em ssion sensors
of which a portable threat detection systemis conprised and which are
arranged wo 2a1alsessoer fornmed about a center pod, at | ea®CTiuseo10fsi2Be

acoustic em ssion sensors having a known position with relation to each

ot her i
devi ce,

n the cluster, conprising: detecting, via a conputing
a signal fromeach of the at |east two of the 15 acoustic ems

si on

sensors in response to an acoustic eni ssion generated at the center pod,

measuri ng, determiniogpruciosg-abenelation falctortheatweedn fthe figstcsighalt awck the Isecemd
of the acoustic em ssion at the center pod and the detection of the
acoust i% 1 Ssi on by each respective acoustic em ssion sensor in the a

| east two of

he .acousti c. eni ssion 20 sensors; det erm_ni.ng, via
comput i ng JESITRINGS AtsaEngdo fie SRufe BRRSH OF e rose CPREATOR faFtaicoust | c
em ssion sensors and the center pod based,on the ti difference for
respective ddoUdEi cOrBRYIES ir@ﬁdai)&@mrag%m%ﬂlum %EWH”& \Weerehing HI?%EPCF
neagu_rquﬁlt,e,egd‘n%[sie¥_eness of a respective one of a plurality of acousti

em SSI on sensors o

and whi

whi ch a portable threat detection systemis conpri

2011/ 05683080V CLB0T 0! SLoXESR Rl HIBATER BYRHE SRbeRRuSle BefoHd e

t he acsesond sigmabpicdused by db¢ sesond acqustisiemjssion sensor, together with at least

10

15

20

25

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.

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
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
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
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;
35
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detecting, via a conputing device, a signal fromthe respective one of the
acousti c em ssions sensors responsive to an acoustic em ssion fromthe

center postoabii@sessknown strength; conparing, Via @&Ccrtwspubiopidevi ce,
a detected level of the signal fromthe respective one of the acoustic
em ssions sensors to a baseline |evel. 19. The nmethod of claim 18,

further conprising: 10the baseline | evel being set by a prior |evel of the
signal fromthe respective one of the acoustic em ssions sensors to a prior

simi|lar acodetérmiring.deased dnr e geogramic locatien of the sopiee akthrddown timeipi 18
furt her

the badaf PRl MR i Bedind QnETRAGER  Rlsddtn el ORE ™

r espectge¢end acoustictdmissiongensar. em ssi on sensors and the center pod.
21. The threat detection apparatus of Claim1l, further conprising:
determning a range to the source based on the cross correlation factor. 20

22. 5The net ngTﬁéHgtﬁMrbp@aﬁMq@ﬁmH‘eQ@PH fisipg: determning a range to the

source based on the cross correlation factor. 23. The conput er
readabl e medeterminingl based 2n auvalberofchepmaxgimign a®sseosreltiomagigaal dige to
the SOusre(;:)gra %ﬁegf ne hr@? acoustic %Cr%{isr,s%r? ts'e?‘lgorf ?r(&%o'ihe second acoustic emission

sensor.

10 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

15 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

20 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.

25 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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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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