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| NTRUDER DETECTI ON SYSTEM Rel at ed Cases The present
applicati evp shigsmBsgpriority to United States Provisi onadefigheioss2so
Application No. 61/280,402, entitled PASSI VE ACOUSTI C UNDERWATER

| NTRUDER 5 DETECTI ON SYSTEM filed on Novenber 3, 2009. Statenent
Regar di ng Federal |y Sponsored Research Sonme of the
research perforned in the devel opnent of the disclosed subject matter
was suppor t cBABBIVIRAGOUSTIO UNDERWARBRINTRAUIER DIETERCIIOMN S YSIDOM 1 4-
05-1- 0632, Navy Force Protection Technol ogy Assessnent Project. The
U S. 10RedatedPas®s nay have certain rights with respect to this
application. Field of the Invention The present

i nvention rel at esThe peegent hpblicatieradainys prigrtpicednitedStatssRrevsibnal Patent
mul ti-transducer hydro-acoustic detection systemthat can detect the

pr esenc apphishtibh N @800, eAddRAS SIVENXGOUSITO U DERBATER INTFRUDER
produced by an intruder (e.g., diver, surface sw nmer, unmanned

undesvatrgrrehoN SYSTEM, Rlek orSNbiednser'ecesghs. etc.) or other man-made
sounds (e.g., a punp discharging, a generator running on a pier), or

nat ur al Siﬂéﬁfe’?nt(!@a%gdinhi%er@@bﬁsoéﬁ%&;tea?m can characterize the
type of ~SO0UTCE ca ; e ng to the source and
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subject matter may _ agal nst egal activi
I ntr Udersﬁbieg{'%ahglr 435 'sﬁghorted by the U.S. Office of Naval Research Project #N00014-

05-1-0632, Navy Force Protection Technology Assessment Project. The U.S.

10 government may have certain rights with respect to this application.

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 fo 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.



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

Since the bombing of the USS Cole in Cctober 2000 and the attacks of
9/ 11, bor ¢as 2@00sskseansportati on security have becone a gfi@:zbiosiah
the Navy and the 5 Departnent of Honmel and Security, especially for
the U S. Coast Guard. One of the nobst chall enging aspects of port
security is providing the neans to protect against threats from under
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

har bor s Backgheurid ofithef Ingentisn| osi ve devi ce delivered 10 underwater by
a diver using an underwater breathing apparatus, such as SCUBA gear.
Exi sting hydr o- ac@ussel the deinasing of they IS88nBolrty cteberi 2008r arat thevattanks of
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| ocation of sources of hydro-acqustic _em ssions produced by, ,
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 effeciive. 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 swimer, UUWV, etc.). The

di scl osed subject matter utilizes passive acoustics, where no sound.
ener gy i svwamdi/edssobut, rather, only sound energy is daicaed®Rohooiiren
di scl osed subject matter uses acoustic detection, |localization, and
classification techni ques, through disclosed signal processing
techniques to greatly sinplify the structure and increase
effectiveness and capabilities of such underwater 10 detection

syst ens Summary of the Invenfieth enbodi nent, the discl osed subject matter
can neet the US Navy's Integrated Sw mer Detection Program

requi rement s, whi ¢heregaently wdisstosed nsuhjelétt mattet geladéando eé f partablee  edsily
be portable, i.e., conpact and |ightweight, both key to its purpose
as a m Heplaysd aard henoeémddrséicinangdycary bydnoradonsiadetectibarsystene thi8 can
Navy requirenents state 15 that the system nmust be depl oyable by two
peopl e deteat Hrpplesboat anduistation vé dewicey @b hed-ddvustio emidsians. protigced by
di scl osed subject matter is conpact (in an enbodinent, it can vary in
si zesframiatrigay @.cdvennslirfdeel sSWilinRIFEURIV, VAIEN. ORY Eiselbsed stibRkt irhtter
di anet er when transported), and |ightweight (1n an enbodinent, its

vei ght  §liZ885465R8 Adbudficss vitferd® Menshuhd. SETGE ibsftteds Bbt, THNef ConIPRLLAY

relates to an underwater acoustic detection systemthat utilizes four

acousti %nérrﬁg 38 Béfecf‘ecg - Thé! HQ@fo‘sé\@%ﬁ%&yﬂéﬁ %coh@ti@d?!t%&t?orﬁ iz

cluster. whol e system can I nc e at least three clusters,

al t houghng @%ssi‘ﬁ@at?og%é{:ﬂﬁggésg Eﬂ%a %%@%g% §%ﬁgl Wo&%%%nﬁ“i&hniﬁﬁé& td Greatly

many environnents Int est. an ac resu

conpar a h f O k chnj gu i may.. requi r.e ndr f
enbor o i e Sy ye b i S T Pen s iR Rt & B QR
areg of itntgrest and/or nore or |ess permanent positioning of the

det &2t H89§ HLYLEMRone of these are requi rements of the 5 discl osed
subj ect matter. . The_ di scl osed subject matter has hanced
detect i on capabi | | #%embedimentcheditHosa ubiGH Mptlst 6rh MeRLge Lraliowrs
of the acoustic _characterization of what a potential target nmay be

doi ng oMedraigy, Swiamer Retgction R r‘lﬂﬁﬁ'@rfﬁﬂt"@m?}?"éa‘ﬁ’hﬁchde%ﬂﬁa%&%lH%,adglﬂl% to
as SCUBA gear. The system nmay detect the acoustic si gknatU(e of any

ot her being effective, it be portable, i.e., compact and lightweight, both key fo 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
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10 threat(s), as an exanple, an unmanned underwater vehicle ("UU")
or diver propul sion vehicle ("DPV), enploying, e.g., enpirically

gat hered awd 2011/0803%0sti ¢ signal anal ysis, or anal ytic nogghidgiaissso
Experiments have been conducted to determ ne acoustical detection
characteristics and requirenents, e.g., within a real, conplex, urban
estuarine environnment which cannot be adequately nodel ed by anal ytic
or nodeling nethods 15 alone. The results of such experinents have
cont ri ber dgotwilltwierkghgnainy gnuirgranents of finfetasbs Tihecsystemtdan achigveetesults
subj ect matter and denonstrated the effectiveness of the clained

subj ect comipamble Théhat lofiiothed techijigues, mbidhemawiredyireé huplieds obeensors in an
explained in regard to a possible use for the nethods and apparat us

of the akrayoedeguily 2prionkhdwledgs vt theadste@ibndmteaf irdareef amdidr more or less
identification of an underwater intruder in the formof a diver -

utili zi peraelt pBRibiing \vlithabéieciigd ShsuryleNvad 6f theks ard) rdtiiirapieatsddfufe
SCUBA emits w deband acoustic signals with spectra that extends from

| ow kr e@@ne8SubRclPaltéiz and above. WO 2011/ 056830PCT/ US2010/ 055230
Furt hernore, peak energies range vary w dely anong SCUBA types, hence

det ection methods T%?i?ﬁ@sei‘ﬂw&&%é@eﬁ%@énﬁ%&%%-dét?ct%ﬂééﬂﬂitieé% a

SCUBA si gnal has ver ow tine donmal n sanpl e-to-sanple correlation,
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£E00" . MY ! SELRO B2 903 DR B LEGAE B, R AR Rl e
SCUgA Sigaaly) 8S5R SENG. 0 REReS R nd SR ISR FuBl el 308385,
vehicle ("DPV"), employing, e.g., empirically gathered data, acoustic signal analysis, or
analytic modeling eic. Experiments have been conducted fo determine acoustical
detection characteristics and requirements, e.g., within a real, complex, urban estuarine
environment which cannot be adequately modeied by analytic or modeling methods
15 alohe. The results of such experiments have confributed 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 apparaius. SCUBA emits wideband

acoustic signals with spectra that extends from low frequencies to 100kHz and above.
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10 signals, received by a hydrophone cluster, along with nore or |ess
uni que tinme-domain characteristics, in order to produce enhanced real
time det eso mny/omBA acteri zation, directionality, and |@egdddaldseBo
out put s. The presently disclosed subject nmatter al so can
enabl e separation of nultiple targets on the basis of the bearing
angl e between sensor and target. 15 Further tine domain and spectral
anal ysis can enabl e target characterization and discrimnation, such
as whet hethermere, drepkt enagias Hangs vary widelyrameongn®&lUBA ttnest heage detection
sonething else, and for a plurality of targets, which one is |ocated
wher e amethooiei mysti e ahiediicdo reCtBAryp&eh elrdadditios dbe SSGjRAtsigral has very
al so can utilize a high accuracy sensor position 20 system (SPS) to
det er nmi logv firhe donein semplastotsantple totrblatiom dheardogthadb yids opinelatien fumctidre of
cluster of hydrophones. The discl osed subject matter, therefore, does

not r eqthier &copsie sgeapiiidsealy mfakbde Thess @harattatisticy tan bBekepabithe Migh
envi ronnment or each other, as WD 2011/ 056830PCT/ US2010/ 055230 ot her

det est | parfEfine8Bosiatiotnios the Systdrh Cakiiigh b&foriRbe” MEhrBCRMEAEGection
pl acement of sensors in marine environments, where precise a priori

pl aCEW&%tdnée@’ﬁrﬁﬂBW'pYoﬁHﬂ]lfw 6tfalse dbRstishS System may al so nmeasure

sensor sensitivity f hanges over tine that will occur due to

movenent of sens Aéco&’%!ﬁg%ﬂ% QG aiccr MattEMBEAALRI ddiahliBe B He

5 bottom or foulin rine su stanc S or under

ol st Z?é%fgﬁﬁ%&%ﬂ%ﬁ%r@% °£‘€4S~°°§¢??% e elipl %tﬁ%?&%ﬁ signal,

"target_| ocat

char act &105ahy & asPRO8 SN 4 BrinfRn tF she Sfsclel bty matlef g focerel

10 signals, received by a hydrophone cluster, along with more or less unigue 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- speciral 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) fo 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



10 Brief Description of Figures FIG 1 shows a partly

schemati c perspective view of a detection systemin accordance with
aspects ofw@mienimest nent of the di sclosed subject nmattescrfdoro0ds230
shows schematically and in block diagramformthe system shown in
FIG 1; 15FIG 3 is an illustration of a target bearing finding based
on cross-correlation nethods useful in aspects of enbodi nents of the
di scl osed subject matter; ~FIG 4 in the upper panel shows a
corr el apthen delgrdion gystrmmswden Shignial asitiednfontet i@ neh\Agewiakt plasement of
(cross-correl aton graph) displaying a cross-correlation tine

di f f er esersass gumarnna epuicersmeits enherdipretise agiriotipaaginsit ésexiresudly dificult.
matter, and in the |l ower panel 20 shows a cross-correl ogram depicting
t he pat FThbe3R$ sysiem mayalgemeasue fensot sensitifityt formehargasoodir tignd that will
aspects of an enbodi ment of the disclosed subject matter; WO

2011/ 056880RGE tdSAdLeMenb3B8ensors duk) &g. %o Tufrehtss oh @mbddamgl i thBdvatar
bl ock di agram form signal processing enployed in aspects of

enbogdi MeBkEmObr follhgbysmiafiRe duisdtin®etorbib&¥ater life formisl G 6 shows a

spectrogram according to aspects of embodinents of the disclosed

subj ect matteRe 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 parily 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;



5FIG 7 shows a cross-correl ogram according to aspects of enbodi nents
of the disclosed subject matter show ng separation of paths of

di f f er ent W@ ebss30 FIG 8 shows schematical ly anddrgdh®e%s23io

di agram form signal processing utilized according to aspects of

enbodi ments of the disclosed subject matter; FIG 9 is an

il lustration of a pair of polar displays; and 10FIG 10 shows a

si gnal envel ope of a SCUBA signal useful in enbodi nents of the

di scl osed subfGech showsescheboatidalledambstrilpek atiagraior Mormy signal t proédsSing
1, the underwater passive acoustic threat detection 15 system 20
accor di emptoyed fpaspestsodf eemuatinearts tof thef disdlesedi adljers adhttertbj ect matter
may include a cluster 22 of sensors. The cluster 22 may include a
center pod ZHG.vhishowsay $edrofiammameonlired tolsdspecid bpiehfipdirperits Nef the
whi ch may include a weight, such as a cenent block 26 and neans for
det achi gigclbbed &mdieg 24 fromthe bottom nooring, such as

expl osi ve bolts (not shown). The center pod 24 may be kept upright on

the 20 bott qrmaby showsus %Pé@cd?ﬁelo’b‘ﬂ&ﬂoéécohflﬁgf&%ﬁa&@s 8K bABELRENts of the

outwardly fromthe center pod 24.” The center 24 may contaln
Chown SARobetf uiF PR ppoHES S@Rﬂ@ﬁﬂ%@Eﬁ%ﬂ@*@%&%&%%ééﬁ?sgo
F1G. 8 shows schematically and in block diagram form signal processing utilized
according to aspects of embodiments of the disclosed subject matter;
FIG. 9 is an illustration of a pair of polar displays; and

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

the disclosed subject matter.

Detailed Description

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

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

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

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

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

system 30, shown schematically in FIG. 2.



Data may be acquired by a plurality of, e.g., four hydrophones 40,
shown as part of the sensor cluster 22, in generally a rectangul ar
confi gur awmiasweded the center pod 24. Acquired data Gaiy/dB8o10/055230
transmtted over a cable 50 fromthe center pod 24 to a dry-land (or
boat-carried) conputing device, which nmay forma portion of the 5
data processing station 60 ("shore conputer 60 in FIG 1). Sone
portion or all of the signal and data processi ng needed to determ ne
requi red out puts Bétatrhay by sicquiréDby swtirabity of heg difeplredrdbones ¢0, shown
al so shown in FIG 4. The underwat er acoustic hydrophones
40 may be partcbiuthe serisydchpterz2, houginetiitZ radidrduldmyorfguedibAcdiednd e
hydr ophone stanchi on 44, which may be 10 nounted on a hydrophone

st anchi egntbeséd 28, /qbired dafEchrobe taBsHtRISHAr Basdid 89 FrofBthe &SR

| egs 48 and stanchion 44 provide.a hydrophone 44 placenent at a

hei ght 94 t@ROuy-18Rd ¢6R BEAG S c%ﬁ{duﬂﬂar%!éw‘c@?ﬁmfbh ha¢ iHad% WrtidRbeihe

in which the hydrophone 40 is placed. The underwater” acoustic

hydr oph . 1 . ~acol
"o D 51 g8 A 1o, ity o v
whi ch 1%?“%%!&? deér Bﬁcﬁ%ﬁ&@g@%&{‘% %e?e%nﬂn-léhf‘eq%ﬂ% ul S tH% system 20,

pl urali f cables” co hina single protective an

proofin e A . i oW edge of sensor pl acenent,
every pg'i'érylﬂt%si {%}et Sﬁ%ﬁ?ﬁ&w?ﬁ%‘#%}%ﬁ&%@ﬁm ation can be mapped to a
particul ar true ographi cal bearin owar ds e tgrget for ever

pair of acousti cgﬁré%%&sfwlagq" arRuSYe ﬁﬁoéﬁ%keé- Wfbﬁ inglyde a E%‘ﬁﬁ%’?%ﬂ?
20 One Bgli'r, of se s%r[sm&rovi des two possi bl e beari ng_s based on a

si ngl e URHSIRG 4F- Mﬁgﬁ be atfacher 1o h MYHGPIONR SGNRBIONoAS WRIC PRbrRed
across the line connecting the tw hydrophones, as illustrated in

FI G0 5. maunigdon & Ryirephgne stapshion baeks 48300deIuen of uogsssrsl base legs A8.

an enbodi ment, the user is presented with two polar cross-correl ation
plots, Ehebaseiegs 4handstenchian Rh@rogder hytephoe 44 placemen & a beight of
corresponding to two pairs of sensors. By deploying the sensor pairs

at di f f 200 ehovdt therwttogasurtace 30 thiebpdyesf waterinoshich Her hydroghane

angl e of bearing can be determ ned. In an enbodi nent, an 5 autonmated

t r acker isf placdd. obhes andénwatert duvoustio gedrephorksed( maydtee elpetricglo osnnected to
bearings. By calculating all possible conbinations of

Cr oss- cand B gighalcopmdrscdtdnwitintheldesiter padidethroddhesiitablectbnbiastiqr, Khiche
360 degrees of coverage for bearing estinmation with approxi mately

uni {r ninag Rl bérheWwithira $26R: SBPIThe abRNS2 M 15 b PLEaRY'ARANles @htained
exanpl e a shore line, can renove any anbiguity in target location. In

the gengitih Caifidle pratbdthvBldhdGbatet Srodring outtPsided oyed at separated
sites, can be used to provide triangulation positioning by

i ntersect i ng dihH&fe 9 Rn“g%r e"Gr Whrddr KW@ bdly: pdhdi I3 Qe of
range and bea_rlp g,ei .ng. gcati on t5 a given tar eFt) '\?\npltrihﬁsg# accuracy
inall dhteehi@8fion 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 mirrcred across the line connecting the two

hydrophones, as illustrated in FIG. 5. at 62a1 and 62a2.
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FIG 2 shows a schematic bl ock diagram of an underwat er acoustic

i ntruder detection system 20, which may include the nultiple acoustic
sensors, wwrlviaeed®wm hydrophones 40, depl oyed in a cl ustgrr/@2odoisibe
wat er. According to aspects of an enbodi nent 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 hydr ophones 40. The hydrophones
40 may be cofritegdodiReRigiiepsRery pmertiedcuith bro oalsr ssosXarelationarioter
pod 24, which is also 20 deployed in the water. The

cent r al o240 ang6252 iﬁ(ﬂﬁegtoéd 704 aod ROk it bignfhewrmasponding it fwe patrs ab
the cable 50, to the central data processing station 60 based on

| and, t bensoshit Byl depla@irgoihe/ EH8660HGT Atdifetmt GEBRIA00mk tsay mt @dedagrags to
station 60, which may, in turn, be in data conmunication with one or

mor e di epdhayshes? thel hieiec engler ofpbdarg ecan s letdrmireddedhr 46 admbodiment, an
connections and electronic circuitry, including perhaps data

pr ocessaitgmatgl Tacker Fiidtivh lcal findaae 3rgets Arl @I%lh@l@tarﬁb@[]@ussbé@rﬁ@s%ﬂt
by acoustic sensor hydrophones 40 and the neans to transmt data t

the cengdlahlati@f Al Bééﬁ'ﬂﬁé %bﬁ‘\%m%aﬁs Qf‘cr@Qs correlation pairs (si! h 3 exa mple), the
enbodi nent, by way of exanple only, the acoustic sensor hydropho

40 can ﬁ%t@fﬁ RARGr&¢dd 86 RRgRRBIA 0P e 409’6@&:’@%@39913%19 Oth P&ﬁﬁa{éﬁl

In an e di ment’, the hydr 6phones 40 be deployed In ar tan u
con SULAIGNves30365 AR pHAROE"TP I i, okt oL R
2?"288?@%}6% e”g'?‘f.%b%%@ L o8 1p Bl AL NSl sl Sppfereiz2,
ot L naSRBREY 2 oA Rerpara: '.5923185%35?84?%% i apeivtieg. by
They arge sen%Jtlve |€ t he baﬂﬂfOf up.to 100 .kHz and provide -157 dB

re 1v/ 1PESSAIIGARGS BpRGATOME fsw?Sn@néshuse%rswﬁgéang%a%bearmg, Le.

enbodi ment, as shown in FIGS. 1 and 2, the center pod 24 may
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



contain a signal conditioner, an analog-to-digital converter, and a
conputing device with neans to acquire the data fromthe hydrophones

40, and weamzdit/oicszoanal og data, convert it into digitalpcgd@oioidsso
center pod 24 nay al so do sone ot her data processing, such as 20

encodi ng, formatting, packetizing or the like and transmt it via the
communi cations link cable 50 to the central data processing station
60, shown in FIG 2. In another enbodi nent, the acoustic sensor

hydr ophdataspiggessiiig statibn €Onwhich manyidrioph dedn dats communication with one or
2011/ 056830PCT/ US2010/ 055230 transducer (not shown), a signal

condi t i owee disptys Siowie centeapad 24 -cao-cdnigirt electrioavemnectignsandséiestnynic
and neans for digital comrunications via the cables 50 to the center
pod 24, cietuitny,nimciudingt perhaee dddtar peoessing Iadit of citduétse redoes®ary stoi volidee
center pod 24. In an enbodi nent, the comrunication |ink between the

hydr opherasls4ecdvenBy bbsudtieveasomddirdshomay doearri the eeatis todran@nt data to
t hrough the respective cable 50, or wireless, in which event, the

Wi red CceEasNtGRlAabréddR8ingQesRm 600 the cable 50 may be eliminated. In
an enbodi ment, the communication |ink when within the cable 50 may be

compri sed of cOPPAY aff efibgBimEADy Wk GF: eRdfinie A9 Weho CAHIRAL T Qhsor

provi ding power fromthe dry lahd ' (or “a boat) to the center p

e, oe WS4 BTl R e AR R R0
RN T S R Y
spaced apart by approximately 90° around the center pod 24, when there are four
10 hydrophones 40. [n 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 itis 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



In an enbodi ment, the communication link fromthe center pod 24 to
the central data processing station 60 may be wirel ess. The center

pod 24 mawe banossscontain a wirel ess communi cation deviEgudx0oss230
shown) such as a radio transmtter for comrunication fromthe center

pod 24 to the central data processing station 60 or a radio
transcei ver, for data comrunication to and fromthe central data
processing station 60. The transmtter/transceiver may be floated on
t he wat EANSUCEROW! shewh), assigng) coeditiengs(aetshown)can snalagbedigitahennverter
shown) tethered to the center pod 24. In an 20 enbodinent, the
cent r al {(nbhshownp @ad sneanssivadigiial @nwanicatinrisude the catdeso50 tatreceiniar pod
for wreless comunication directly with the elenents of the system
10 depl 24 ediminatingethe Web@ 0ok oG HNRETHLISHGASMNE H2 82 sumtarpod@dner t han
the center pod 24, i.e., directly to the hydrophones 44, in which
event each woul d lnaateembbditentrthe Renfrhutfiéftiondkvisitvée eehyireptBhes 40
5 and the center pod 24 may be either wired, e.g., through the respective cable 50, or
wireless, in which event, the wired communication fine housed in the cable 50 may be
eliminated. In an embodiment, the communication fink when within the cable 50 may be
comprised of copper wires or fiber optics, etc. A power connection providing power
from the dry land (or a boat) to the center pod 24 may be 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



In an enbodi ment, a conputing device (not shown) in the center pod 24
can performdata pre-processing and data: conpressi on or other

functi onswasinedsesd 5 above, before transmtting the datcrasoiohes2so
central data processing station 60. The central data processing
station 60 can, therefore, receive directly digital representations
of signals acquired by the acoustic sensor hydrophones 40 and
collected by the center pod 24 via the comunications |inks between

t he hydwalstioplber handhe center ped 24y i.podiredly taithe Bydrophenas 44 &n whiga event
central data processing station 60 can then process the data 10
rel at i ngactowphid havieraahioyrs thriguster 22 wesdd bavera Bedons sensed by t he
hydr ophones 40 and produce appropriate displays on the one or nore

di spl ays units 62In an embodiment, a comantimghrtiedcenémmt shoive) icibegtenter peals
hydr ophones 40, shown in FIGS. 1 and 2, can be positioned freely
around the peebire rdat® gredrocebsing engedata addmpressidi er otindri fgnctaisp as matied
above. For proper operation of bearing determ nation, an accurate 15

neasgr egpate, Hefbreetrpmshitiingnihadd4th tbhmemgiﬂ:@pmfaepro%@ssing -shatiins60. The
adj acent hydrophones 40 i s needed. Because of the |arge spacing

bet ween ciyea) AR SrRRESHS 4@tibh 60 cah, 1Hefdbre, fgcemrcﬁaecﬂ ighal r@?rés@ﬁmi@ﬁ\s

a frame is not considered practicable and accurate acenen

hydr ophgpgy éig ’acaie?ﬁedl“‘ﬁfﬁﬁér 5&58lic Qér%éd?%yﬂ}d%%% L6 Snﬁ'c%ﬂé’cté!éj By 8RE Benter

ot her nust e ta 0 account OFo exarrp e, e to the action of

Geers aggd ‘:?Hr\flgmdécorﬂﬁéﬁﬁ[}%tzmsdﬁ éen Qﬂdrﬁ fels an?ﬁ]e?‘&&ter pod

epl oye the it c ter t p03|t|on|ng

&Io %Bi?%%&%%@%%??ﬁé%% 1 FEER ﬁac%%@tf% fg‘;m%ﬁé%%? Rah ity Hispadt e sta
ﬁﬁgﬂf@m gilgf?"}f@ﬁﬁéé"ﬁb% 'og{;ofﬁﬁl Wééjforfg iﬁ%@%ﬁ’%ﬁéﬁﬁgeﬂ lﬁsﬁh% ﬁ%ﬂﬁap'ﬁ%%??ﬁgénd
acoust | REAAUSB EPPIEAFIR T BRIaY @ i r@ﬁéﬁé@%ﬁe%ﬁu%%kequ. ed. Such
positional relationships may be deternined, 5 e. by an acousti
calibration pr oceﬂu@@ea@%m%gth?@cagﬁm@sgf h&woﬁhﬁaﬂﬁ e mhown ip fdGs.

di scl osed subject matter. In an enbodi nent, such an acoustic

cal i brafli@i gr @@@@@r@aﬁmeddﬁﬁls@arqsmdpth@cc@géerr@xt Ré thpgelaigene@liiy doe

while tow ng a source of broadband acoustic em ssion around the

depl oy meanfigirationgtotethabeve;ster prapevoperation phbearingddetenminatons patasaurate

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

souriBe measurement of the positioning of the hydrophones 40 vis-a-vis adjacent hydrophones
40 is needed. Because of the large spacing beiween 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



10 remotely fromthe cluster 22 of hydrophones 40 at a wi de variety
of bearings, and preferably at all possible bearings, e.g., by making
at | east eong20hosRsh | oop transit around the cluster 22 wiv/a01%kiSo
sensor hydrophones 40. By using cross-correlation, e.g., on each pair
of the acoustical sensor hydrophones 40, the tine difference between
the arrivals of the acoustic em ssion, based on the output signals
fromthe respective 15 transducers in the hydrophones 40 can be

det er mi §8dh otherarilesrtivd hydraphonesedtacauld biecsubs aquantly anovealy such G2lso by
receiver, so the position of the source with tinme is known at any

gi ven mimeadtidnofttides oakdrrémis sindzfleat distortrgy the ansasuréraents oF dithese rdasahs
data processing station 60, where it can be used for calculating a
true geagddphiindihg heegrapbicaisétdom@inaies ok tlietep 20y aamaoggtkcapgé'sstibmﬁg of
t he acoustical sensor hydrophones 40. 20Since all possible bearings

are coveieRydiphidifesPiOsR0bs fequiled. SheBbsilichal fdlatidrakps rhi\ebaSiditiRed,
possi bl e di stance along the |1 ne connecting any two sensor

hydr ephengshytbh akolstia Thiittaiéh pRREdHRS 6 to! i dg '
proporti (;@ﬁalﬁto t%e di stlance pV\D 2011/ OSECS%?OPCT %%ﬁzé‘od{&n%%bzogémgrgt%%%

the hydgypplaeng }I}Iﬂ%d Mﬂ\%r._‘lj_gh %glt éerfinéiﬁ‘%nL, Oguce: agf LOGR S%igiﬁ?;aﬁgﬁ g)rro?ei%j ure

bet ween the hydrophones. mne ther I've po I ons

hydr oph . i ] vertices i

noousti St ssAgst Br HbsSla e wekate Bhlke o shlECer Brpbin®

the pair A o | f, Intersection .can C uted., .

From ¢ nERTE BT BrotPAiE aliay i G v eilEr oF anerPoIBR Ao R dhe

cluster 2 egch pair. of hydrophones 40 can be positioned, vis-a-vis

b5 par RGEM 250 RE5 iRl BAET 35 SECRy Al SRBECSo 1 o oSoa bR R

the cluster. Ipn an_enbodi nent, the acoustic source has a GPS

r ecéﬁvefe,m%tﬁiyt ﬁ@mpg‘?i ¢ P%tﬁ;%? efhvdrephanes 4h aba wisswMaraty afybepnings.vand

moment in time and the data is transmtted to the station 60 and can

be usedPreferapiyuat glbagraible bearingsaridagbr Jnaking iableast ponen eloged deeip rabsit

position of the acoustical sensor hydrophones 40, vis-a-vis each

ot her. around the cluster 22x0kagrustie serscitiygdnphenes B8. dipLsipe ¢rass-gasrsiatioon

the center pod 24 vis-a-vis each hydrophone 40, e.g., by installing a

hydr opheige gmeachspritgf)the acousticalseneor ysidoplore4g 40, the time difference between
the arrivals of the acoustic emission, based on the output signals from the respective

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

to travel the maximum possible distance along the line connecting any two sensor

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

13



The system 20 can provide sinultaneous acquisition and anal ysis of
acoustical signals using four of the hydrophones 40. The anal ysis
functi onswaamii/osskagde arbitrary digital filtering, speaigrais:anakise s
and cross-correlation for sinmultaneous processing of signals from
several hydrophones, acoustical source separation, and 20

determ nation of bearing and range for different targets relative to
the center of the cluster 22 or alternatively the center pod 24;

wher e t beiweenttbe hydwprhanes 4gedg1i%1gﬁia&é$ luged gy finding of distance between the
2011/ 056830PCT/ US2010/ 055230 positioned, as di scussed above. The
syst em byirapRenesed ordéteraine mmlveh@swnpwéﬁ%ee hyevopbenest 4G polygen is
set, enabling further research and anal ysis of the acoustic signals.
Tur ni ngcorsivuctedFm@h tRe tarices baing lthe sicoastiedsensoe hiydobphionesadOumtd edges
source detection and bearing determ nation, e.g., that is based on

t he cal bgihgtthendiefantbs bptwesn chergdial isonall ek anglestdfcintdrgeation can be
recorded by one or nore of the various pairs of hydrophones 40.
Meassir eg@fipdte@f cross-correlation can be used for estimation of
bearing to a source of acoustic em ssion. An electrical signal nay be

generated by eachrgy m%&%%&%ﬂﬁi%%a‘ﬂe@dﬁﬁrﬁ&‘é%bﬁfbeQYar%ntGHr%ﬁd"ﬁ\% dius’%ér

the result of the detection of an acoustlc em ssion 1nto the water by

the hydssp @ﬂ:ﬁ\epé]p &L@Q%\%ﬁ% £ 0513‘ B Rsitidied ggé—é% h? %PﬂBP%‘%méBa.r

The 10 t opho ong vvlt associ at si gnal "processing and

transm o) ke g B9 g BbRa@ ! hEALAD, GA P BribRAdR, the

record t em ssions ra by a source

?Léeﬁtyh%%{%@%g@% G rR 8boot 38 R pors ok Bolfe8 ol ngf 4FSHY

e prhg i 12 b e M SRARRSE o R B e 458 chA b Tsch N

true geographical bearing estimation and the geographical position of the acoustical
sensor hydrophones 40, vis-a-vis each other.

A similar technique 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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15 separation distance L. The acoustic em ssion radiated fromthe
source 100 reaches the two hydrophones 40 with a del ay AT between
t hem V\hewnzoe\Tgsﬁéjg sine a) / c(1) c being the speed ofpcaduidhiok8sthe
wat er environnent of the |ocation of the system 20. 20Assuming a
singl e source 100 produces the acoustic field (acoustic em ssion in
the water) the signals WO and h2(t) recorded by the two hydrophones

ar e,

therefore, del ayed versions of the sanme signal. Then: WD

2011/ 0588%tiEd, esHis@sses 2Bovari The system 20 @po Vipeaidsaad siores the hemplete
delay in equation (1). The cross-correlation R12 (r) of the signals
hi (t) araw Bogusficalafataeetdenabling further research and analysis of the acoustic signals.

10

15

20

Tuming now to FIG. 3, there is illustrated a method for acoustic source detection
and bearing determination, e.g., that is based on the calculation of the cross-correlation
of acoustic signals recorded by one or m01"e of the various pairs of hydrophones 40.
Measurements of cross-correlation can be used for estimation of bearing to a source of
acoustic emission. An electricalsignal may be generated by each of two hydrophones
40 separated by a distance L as the result of the detection of an acoustic emission into
the water by the hydrophone 40 transducers of each of the paired hydrophones 40. The
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 o 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
separation distance L. The acoustic emEssioln radiated from the source 100 reaches the
two hydrophones 40 with a delay AT between them, where:

AT=(Lsinedq)/c (1

¢ being the speed of sound in the water environment of the location of the system
20.

Assuming a single source 100 produces the acoustic field {acoustic emission in
the water) the signals hy(f} and h(t) recorded by the two hydrophones are, therefore,

delayed versions of the same signal. Then:

15



The cross-correlation R12 (r) of the signals fromthe two hydrophones
40 10 is the sane as the autocorrelation R11 (r) of the signal from

one of thevdwdiegebsmnes 40 but shifted to the tinme AT. BRGauSEI08e30
autocorrelation of a signal is maximumat 0 =t, the

cross-correlation R12 (T) is maximumat AT =t. Therefore, the tine
| ocation of the maxi num of the cross-correlation can be used to
estimate the direction to the source 100. The cross-correlation
met hod can be gen8#8F #dl-A44d) i ncl ude pre-filtering or 18 frequency
wei ghting, etc. Since cross-correlation can be witten as the inverse
Fouri er transfor nwith Adrasg@! todbe delayipegeationgdrt ral density R (r)G 2
(f)ieqgf (5) where G2 (f) is the cross spectrum power density. If the
signal s are pre- The crasedoretationtRye (Qrobsse signaksl fath and dafl) den be idefiesd
as: WD 2011/ 056830PCT/ US2010/ 055230 wher e:

as:

Ro(@)= [ W@y
For two delayed signals of the form (2):
Rz (1) = Ry (7 - AT) @
The cross-correlation Ry (1) of the signals from the two hydrophones 40
10 is the same as the autocorrelation Ry (7) of the signal from one of the hydrophones 40
but shifted to the time AT. Because the autocorrelation of a signal is maximum at 0 =t,
the cross-correlation Ry (7} 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

Rp(r)= ,‘.;Giz (e df ©

where Gy, (1) is the cross spectrum power density. If the signals are pre-

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

16
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Cf = (f)11;(f)(6b) is the general frequency wei ghti ng,
with HI(I) and 142(t) being the response of 'filters applied to the

i nput si gmad so1/blekng fast Fourier Transforms ("FFTs") Sdiagsaoionss2se
cross-correlation can be conputed efficiently and the wei ghting can

be added to the signals after conputing the cross spectrum by sinple
mul tiplication, applicants have found that Phase Transform (THAT") is
efficient when conbined with additional filtering to selectively
attenuat e narrow Waee:i nterference or highlight signal ) = H(./ )
[1GL2(f(7) 10A filtering function Ho (0O can be chosen by the system

20 operator to enp 79t Ip gnal and to suppress
I nterfering signal Q@rﬁz syglt(tezﬁ‘?gét(ﬁspl ay 62 shows thdgb) .
cross-correl ogram 64 of the signal for any hydrophone 40 pair and in

the formof a fl ot ilveg geinerdl frequensye niveigbtind)ewithoskH) aadr AL@ ibehgd4he
as a function of tinme, such as is shown in the top panel of FIG 4.

The 15 tespenyeof fitersapplidd t&meQﬁmfsl%tm]ﬁ eUgingaastl Egliier Fardf@ms (“FFTs")
presented in the formof a floated rt 68 simlar to a spectrogram

a gr 8phihe drBsé-Berr&IBRSEESH Be _@brﬁFG@H%ﬁcleﬁt@%H&i%b Wﬂzrﬁﬂng @%hde added to the

representing time, the vertical axis representing the delay between

two hydg@RBRNSiter computing the cross spectrum by simple multiplication. applicants have
found that Phase Transform (‘PHAT") is efficient when combined with additional filtering

to selectively attenuate narrow-band interference or highlight signal
Wg(f)* Hc(f)f]Gaz(fX (7)

10 A filtering function He (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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40 signals; a third dinmension indicates the anplitude of the _
cross-correlation function, which can be displayed as variation in
col or (notV@RYWASGEH FI G 4). A snapshot of the 20 syst emCR0S010055230
correlation display 62 is presented in FIG 4, showing a display 66
of a cross-correlogramof the signal for a pair of hydrophone 40 and

t he sanme cross- WO 2011/ 056830PCT/ US2010/ 055230 correlogramin a
si.on [ in the top

or map_f.or wth the tine di| 8, respectivel .

and ot EaParm 1 & foler Fiablz5tm, Wit he e diiarS(GAES. cespegivalrin e 1o Bag
correla ign function can be recal culated to the source bearing angle
usi ng tﬁ?@ o PE¢ .Offéc%-"'—* arcsin (cAT/L)(8a) a2 = Tr-arcsin
(cCATIL)(8b) It can be seen that the sanme tinme delay AT takes place
for two possibl e 1belifig delayatn &he revceedlatioimiugoliarn ean berachlsulatestios s
of the source 100 bearing neasurenment by a single pair of hydrophones
40. Thi $esavrepbegringandieusiog thedEadithg si gnal processing of several

cross-correlation signals, i.e., fromdiffering pairs of hydrophones
40, &s is expl ai mad anesindecdTd2t ai | bel ow. (8a)
az = m-arcsin (cAT/L) (8b)

It can be seen that the same time delay AT takes place for two possible

10 angles which produces ambiguities in the process of the source 100 bearing

measurement by a single pair of hydrophones 40. This ambiguity can be solved using

signal processing of several cross-correlation signals, i.e., from differing pairs of
hydrophones 40, as is explained in more detail below.

The schema of signal processing according to aspects of an embodiment

15 of the disclosed subject matter is illustrated schematically and in block diagram form in

FIG. 5. The system 20 can have a graphical user interface that can provides several

displays 62, including two polar intensity displays 62a1 and 62a2, wherein each shows

two possible lines of bearing relative to the center of the cluster 22 of to the center pod

24, which together can provide a unique bearing. The displays 62 can also include a

20 display 68, which is a correlogram of the processed data, such as is also shown in the

bottom panel of FIG. 4, and also display 72, which is a spectrogram 110 of an individual

hydrophone 40 output. These displays can allow for monitoring of the hydro-acoustic

18



The schenma of signal processing according to aspects of an enbodi nent
15 of the disclosed subject matter is illustrated schematically and

i n block dvagriansdssrmin FIG 5. The system 20 can haver@/gsapnsssh
user interface that can provi des several displays 62, including two
polar intensity displays 62al and 62a2, wherein each shows two
possible lines of bearing relative to the center of the cluster 22 of

to the center i ch together, can provide a unique bearing.
The di sﬁfgéﬂ;%‘gs '@ge'&%?faﬂb & ydrepniongs 46 %%%r gytimation\pi & hepingytowards any
correl ogram of the processed data, such as is also shown in the

bot t om %ﬁﬁéﬂ ad’PS’F’P@ myltipigwmbes of simyyipagoustarams seuraesa08pect r ogr am
110 of an individual hydrophone 40 output. These displays can all ow
for monitoring off UHeg Rgwrte- RiSobis electricaiGigmls coBERR0MTThe/SP0rbphOEsoED
signal s received fromthe hydrophones 40 and for estimation of a

bear i ng canhemnde-amplifieche.@f withip dbs hipdrepharie 4pitee!f) imb pre-afmpifienihstaheans
targets (sources 100).
5 and transferred as a digital signal output of analog-to-digital converters 120, e.g., using
a National instrument Data Acquisition system. Every channel communicating data
from a respective hydrophone 40 to the central data processing station 60 can be
sampled, e.g., at 200 kHz, allowing analysis of acoustical signals in a wide frequency
band up 100 kHz. FIG. 5 is discussed in more detail below.

10 The spectra of the received signals can be displayed in the form of a
spectrogram 110 that allows visual observation of the time varying frequency content of
the signals, such as, is illustrated in FIG. 6. The x axis of the spectrogram 110 chart is
time, and is updated continuously, in time, although the peaks seen were about two
minutes apart or so. That is because that is how the diver was breathing. Hence, the

15 peaks ére 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 earfier 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 pericdically repeating signal across the
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Turning nowto FIG 5, electrical signals comng fromthe hydrophones
40 can be pre-anplified, e.g., within the hydrophone 40 itself, in a
pre- anpl i Wwaero1(/ose830shown) 5 and transferred as a di gi teT/isN:@0aks230
out put of anal og-to-digital converters 120, e.g., using a National

I nstrunent Data Acquisition system Every channel conmunicating data
froma respective hydrophone 40 to the central data processing
station 60 can be sanp ., at 200 kHz, allow ng anal ysis of
acoust i ERFCIHOEHRI 1 0; # %b%td:@ %F‘é(i’éﬂwy by dhe d@ﬁel(ﬁﬁsk'ﬁﬁ 11R| ghigh jssmore
di scussed in nore detail below 10The spectra of the received signals
can be WiHif lyibe spacttagsamct i offFIg. §mter theghighmamtitudeaamiasibo fadesi toward
observation of the tinme varying frequency content of the signals,
such asthe rghtihand endtof the imEvaryig speuérogramx i1$0)oThishmay pe aluedg reBONAR
chart is time, and is updated continuously, in time, although the
peaks ssysiemerperatingun thenicinihnoftths hag@phooss 4®. That is because that
I's how the diver was breathing. Hence, the 15 peaks are a function of

the signal in thi isedles poshibhto MehbifySsouases af acbusticnintsie@endd duch as
and are being recorded by the continuously evol ving spectrogram wth

the earhétffe $drdR SysRHisNand QlebﬂﬁsdtﬁﬁérSOfanEi hfie SRREEAEOE bAAY HQh@%t@ﬁWQ
signal inputs appear at the right of the spectrogram 110. As shown

the spegbis@9IaMWind Gof %cﬁ\YétR';‘ﬁf‘Sf BEprToBﬁatreeﬁlf‘ériPab fPsf thee Egg&%ﬁﬁ?gﬁ@mgnal

acoustic emi ssion, e.g., froma passing boat, which
anpl i t Ug@ycessing.

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 2086). 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

20



20 evidenced by the darker color (shade of grey in the FIG 6) and
whi ch fades in anplitude at about time 00:12:18: 00, as shown on the
X-axi s of wohamsmseior ogram 110. The spectrogram 110 al sopcingysos£m6 €
or less periodically repeating signal across the WD

2011/ 056830PCT/ US20101055230 spectrogram 110 at about 50 kHz (shown
by the darker dashes 112, which is nore visible in the spectrogram
110 of FIG 6 after the high anplitude em ssion fades toward the

ri ght - harepciaied yithtevery praadbanrg ispurcept teogyr ardiveroyr. a shipsormmpmiad raoter
to a SONAR system operating in the vicinity of the hydrophones 40.
51t is bkbatp Ipthedrasiuencyconienttis Linearu coss-aofrelation peaks gettreodwateddy, high
such as active sonar systens and depth-sounders, and the frequency
band of freteenayt eThereprgsentaten ohlthewbnglation caatbey ihprawed fbyapgmpytingalise
filtering in the next step of the signal processing. The

Cr 0ss- cenvetdpd Using tlea ahalyosiphalesbsosiatd with frROtressYorlf@gBo Thasbpertion
Fourier Transformalgorithmby first taking the cross spectrum power

densi t y cabe ekad2Qat It dosCby Miuaifd it MENthRtothteaTIdMLdf Rebsdaidr@tion.
wei ghting the signals (block 204). An additional custom weight can be

added whi ch can g tHs @falyfic §@ﬁ]§ﬁ9tobfcé?ﬁed B¢ réRbdhd Vi ﬁ@@&%ﬁ}eq)uengliﬁse of

properties of sound em sSions from various sources (block 206

PySten 8 ARk Rte FROUERAS Earl BE rbBAUPOGND RCL SISt BlifYitdon

for, e.g., er detection 15 and separati of various

di ffereph;s HﬁCttl’n%a#regl?éﬂc?nHomF@%‘@bsg%,wﬁQ@réd ?T@jé Lcie%%\’ﬁﬁgéi e@rogg—ﬂcs»rsrﬁgﬁt)ﬂ

reduce the interference’due acousti ¢ em
coes, R B, BRI ERS, 57T oo SHESEIL TR B uthtey
o S5 o BB 5 Bl P ot RS S
oy Y SESP B P R e Yoo s ISR e
in EEd be1é<oe’ %tubh%% ig slr*ngv%llaj Iirg F!C?. .e‘?!l'(se ?rﬁlage ?gtl) %ydérgilngtte%dast g circfsz—cdoirrre?o%trélg.n
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

21



WO 2011/ 056830PCT/ US2010/ 055230 associated with every broadband
source 100 (e.g., a diver or a ship or a small notor boat). If the

frequency wordiemssios uneven, cross-correlation peaks geicpabloaiedy by
hi gh frequency. The representation of the correlation can be inproved

by conputing its envel ope using the anal ytic signal associated with
the cross-correlation. This operation 5can be nade at little cost by
including it into the conputation of cross-correl ation. ~ As
t he anakykslalivelygeeristard kesriagnelhibyis rindivated got rmck el alve AT axfusboait 653
of the signal, these frequencies can be renoved during the

cr 0ss- covillis¢cainde mnd dopinackt 16#hatvdn MTeofiabouhet. 3 nalijseootids deinah tyrns wahtoaise
during the generalized cross-correlation determ nation process 200

shown i iwd-|t€acks. 162 =mlis ABRb eas/ dhdieatell Inheheo Grenastehd teedid of the
cross-correlation is then taken to Qbtain the envel ope. For each

consi deeedelpgiam abo iy gneprongIso Ahowhheh HeOSSTASG AR @5[? %f‘ Fga.osz%s%hamer

200 can result in an inmage 150, such as is shown in F . The i mage

150 kS g asi - UeR Gl 0SS :
120 Can o Heaa T ot By EeBihg Fiaed

basi s Obufey! 112! 1A AP 0P ahdit £ Emifis SN 18 8pEAATRfisOlorfts! COT ded

cross-correl ogram i nag ross-correl ogram | mage 50 shows .

B oemom i EFISRRR. AR U o Y R A S
v =88Rk 34 SR G e T, AR A2 AR e
i <ot 58, TEEL3Re B G LTS, T B OB el nd ey
10  distinct from the boat signals. Thesystem 20, according to aspects of an embodiment of
the disclosed subject matter, is also based on frequency analysis, wherein the SCUBA
signal is found to be a wideband signal extending from low frequencies upwards to
approximately 100kHz. This can be interpreted as the acoustic emission coming from
the underwater breathing apparatus, such as a SCUBA diver's breathing regulator,
15 which emits sound vibrations due to the rush of compressed air from the SCUBA air
tank through the regulator each time the diver inhales, resulting in wideband frequency
vibrations. The detected diver acoustic emission signal and detected boat acoustic
emission signal are clearly separated, making detection and characterization much

more reliabie.
20 Turning Now to FIG. 8, a schematic block diagram view of a signal
processing arrangement 250 is illusirated 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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little, such as in a river environnment where in a straight run of the
river sone targets wll be com ng toward the sensor cluster 22 or
novi ng awso brionsdskre sensor cluster 22 with WO PCT/US2010/055230
2011/ 056830PCT/ US2010/ 055230 a rel atively constant bearing. This is
indicated for track 160 at a AT of about 6.3 mlliseconds and for
track 162 at a AT of about -4.3 mlliseconds, which turns out to be
two tracks 162a and 162b as indicated in the nore recent time period
of the dbfigdaligiamndsotherresyitof the pigkyp fromd ane on mafe of therhyidoephenes 30 in
of FIG 7 is another 5 track 164 indicating another apparent boat

t ar get, awgiven ¢lastehZ@gand) whadevengprepiosessieg yangusighhly conditoning meay hand
of about -2.8 mlliseconds to about -1 mlliseconds. The
cor r el ogprenedesthef inpuiGof thealtiswe showain nppe rsigdl cal blycla@pasicty asi gnahe
168 occurring at intervals of about every 6-8 seconds, over a

rel ati vdlygropbogespdithdmeélves,nim, the. eectraniiesuin theecamer poe-24abif inTupstiesn
This is the SCUBA signal, and is clearly 10 distinct fromthe boat

si gnal s prddessingt gortidis ofakeredhtigh tataapipesssing istaidne OO &f '@lEh Qe tdighal
di scl osed subject matter, is also based on frequency anal ysis,

wher ei n prdisSiGlRfrangemeht iago opr1g. 8 endiene a\ﬁ;%éiﬁbﬁg Qiﬁé‘:k 283! tHRHmRe (ti)'.\‘gﬂibin

fromlow frequenci es upwards to approxi mately 100kHz. This can

it i . . f e ) ,

breat hi oS S blEHRF@ FELGIATIRER. SHTLAY e GRTHle Kotk Sl (DET)

whi ch : o . -

the” SoURA e ueiet NP SIRRRrE wrtrd Bodd SNy ConeeARcR S ROn Bl 2 Mer
I ti [ j fr [ ' .. Th ted di L

ncoust | ahd metbfAEatke, i SHERGY LnpeR e Ribus Hlief S &/RBufsiRliog fa e

arelgl e Eé% ch?p rat.ed, making detection and characterization much

more"r el T aBT & Pni ng Now to FIG 8, a schematic bl ock di agram

o O I o e IS o S 2 B RS
domai n bgﬁ)ultt igis%%?elctédstc; gp#éisg tflogl %(s:tli(mgt?ozri, ezAlﬂ:iI"lCQs,C!%/n aPn%ient environmental
background noise and location specific characteristics, such as may be due for example

to a water treatment plant, in order to reshape the ambient spectrum to reduce the

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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WO 2011/ 056830PCT/ US2010/ 055230 in digital formand is the result of
the pickup fromone or nore of the hydrophones 40 in a given cluster
22 and what@y®n/ossapr ocessi ng and signal conditioni ng NEYr/H9R)/055230
preceded the input of the tinme domain input signal at block 252, such
as, in the hydrophones 40 thenselves, in the electronics in the
center pod 24 or in upstream5 processing portions of the central
data processing station, 60, of which the signal processing
arrangenent 250 dhemeafierdhegigngbisdnmsinto a|target sigRalxitectionainitizas, where,
domain signal is subjected to a Fourier transform such as a discrete
Fouri er in ngIm!SfZﬁZmﬂ(G' pigmal) isosubjecteds to Bdaptiverthtesholdingy; iy (defEminingiveren a
speed and conservation of conputing power and nenory dictates, in

or der t cecsivecksignaheviiiolpuhays ibgnaltaiget,oexcecdp rihs erdoigioundi moisddlodd by a
frequency domai n. The signal is then input into a signal
condi t i pridegerinéd AGRduUNINSine the Mdies RodtBdnd rdcdivedSsiBhaabesl dad vary, for
noi se floor estimtion, such as, by anbient environnental background

noi s¢ aefamprAtdsOthes BRGES GBtsCHIBEEC bE FarfidrCHom StheNs@isofRYihke cANGd 8bne
exanple to a water treatnent plant, in order to reshape the anbi ent

spect r ugyhstiviehd Uﬁ%léék%é@tr&ﬁ%@fﬁ@c@ﬁs@%?&éhaﬁ, %gﬁsg%"ﬂ%ﬁﬂ? gélﬁ(’é’ra%g tﬁrsa

nore reliable detection capability. e 1 nput si

oy SOV AR UE S ABA 2 ol ST ANR) o

et IR T TN APl 0 e
. i i i en 20

(L emmor hhlhol oy sl e bgbof TR S 308y, 3 S48 B oun

t hem, as ssible interferences in the detection process.
20119 osESEREl Babid HaRERET The SiRal'R' Ekh Biefd iohah 2 fgRajemaiate
input into a target signal detection unjit 280, where, .in block 282,
the si gHEPTSI 4 BETRIC, e ahapaiartien bR SianhaTe axpietnihe mesianes
a received signal, which may be a target, exceeds the background
noi se fPbBierEities Whichiepud indieafe dhe signal reprrsentsha disr.ssuchl asothedrfiuency
received signal |evel can vary, for 5 exanple, as the target gets
cl oser 6f thezFignals a relgtivelihehert duration of Hiessigaal angl igpatitivedegiticve the signal
bl ock 284 transi ent excursions, such as, acoustic signals generated
by a SCWHAadverind thateauld represant braathiog euichsasokittag SGLYB A bredthipg regulator
detection nechanisns, as illustrated and di scussed in nore detail
wi t b5 r ebpiagused, aFiddor e non-existence of prepertiss miokihmiukindidate theaignatdoes
si gnal which exceeds the noise floor by a predeterm ned anount

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 represents a target of interest. The signal is then passed through
a diver tenplate, wherein, as an exanple, the characteristics of the
signal arev@examwbswesh for the exi stence of properties whimtr/gulothss23o
i ndicate 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- exi HEEAYSE be sypieprhes deteglsidcthe pohabilitn thiat thase ishe diviegaatl tiatdbe doer
represent a diver, such as the frequency of the signal, a relatively
| ong dursapersistiog ta reenain gnthe aréa of a cluster 2ri odi ¢ nature of the signal,
etc. Provided the signal characteristics are consistent with the
si gnal being a dilueninginoe. to Kite Osthgreais iBustiaées & yhinofpatrdstentitodigplays
the diver tenplate in block 286, the system 250 then exam nes the
si gnal t1@0aed70B, whichOsteivwsirespectios csaysecdriiatidhointbngRy ipists of 724, Me72bnon
bl ock 292 in a classification unit 290, and if so, then sone sort of
i ndi sat iiriensityuaispRy @704 RihEUMRZc, &l ZZdN ol SnteRdity alspryi W@A,omép?wto 3P
2011/ 056830PCT/ US2010/ 055230 because the system has detected the
pr obabi kifivatdddeating Weriled ﬁorﬂ's‘@’fa!@i?&nttﬂétdifféi@nt_dlda%% fof h§dﬂa\§vﬁéﬁé§ ad nggé’
remain in the area of a cluster 22. urning now to FIG
t here i $rddiitddet ' [ §: ' : a 10,
uhi ch SHaHeE AN iR REilcRin FlicHon sah Bet el iRy Soibt Jihietboshale
5 intensi i Y /2¢C 724, . i nsj i 70
thk Yt Rkakteh/ Qi r it ée% frof’ % tirRd) dbpagﬁ é.??lsntg%'%g n@?}l\ng EY l&‘Bb).

mapped to an estinmated bearin errved fromsi

cross careanatisRop e AR aﬁ_@*%?'é@m%{%ﬁ'(ﬁfhﬁ??Pa?%df'%ﬁswfspwtg_ﬂa,
o Faa TamanB oo B Bepler Bt i), oo 3Pk 1228 08 i 2p AV eriRg

of the polar_ intensity displays 170a, 10 170b and noves towards the
cent er v%P?mOtheﬁée.m% & E”‘&’?é’eé‘ﬁagrl e\ RAT elppidrephonen 48tqidie two
remove the anbiguity in bearing, by each pair of hydrophones 40 of

t he twodditerend rais. §ig pignalepisong \yhlaﬁl are rdisplaradc an dhe iatesphagisalaya 1708,
intensity displays 170a, 170c, indicating the true bearing track. In
an errboa'}/%m licating the frue beatigiradtrel ati on history plot displays
170a, 15 170b illustrated in FIG 9 can include concentric curves,
col ored accor di nip a0 embkalimentrdie pelor eswsstdonglation hpstagr plof displays 170a,
cross-correlation, with the angle of every point on the circle

di r égt | y7eillustaleddn igGt @ ¢arsinclude dopaentrig canglse cdlerédv accdrdiag tb e color
time lag AT of arrival at different hydrophones 40. The radius of the
ci r cl esmapnrepegseatisnthd pewacbiualoss-corelatiomhwitthire smgeiok ievery point on the

cross-correl ation sanple was acquired, with the outer circle can
circle directly corresponding fo 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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20 representing the newest data and the ol der data noving towards the
I nner circle. In an enbodi ment, the processing of the
signal s i mab pdessssppect ral anal ysis and generalized crosggetbeloaiison
processing. The results of spectral analysis are WO

2011/ 056830PCT/ US2010/ 055230 di spl ayed as spectrograns, one of which
Is illustrated by FIG 6. Generalized cross-correlation processing of
signals is provided for a full set of possible acoustic sensors

pai rs, &isPiavedsas spesopratak areoofowhichds ilkistraiedaly Eifbdli Gsmeralized tohess-
case of four hydrophones 40, this would equal six pairs. Before

cr oss- cépirelation progessiog f ismalﬁissnrgvide@ ferr 2 fylk setmf poesibledacsiustic aensors
ti me-domain frequency filter bank and deci mated. The result is

di spl ay @dira.s as rithsstrabant bielckt 2000 ohilGorsy phadn easbadirhenst) imtiesl daget dfefour
| ower panel of FIG 4 and FIG 7. The results of cross-correlation

pr ocessihgdrophendsi0hehisawalidzeguaM $ik gaitsl addiore alogetbirbiatiosl gitbidssinag
the time lag of signal arrival at different hydrophones 40. This is

done 5f okignalssars pedproded eipiih agims lbrbamarEReRcy fitdtHank ARl 'd\é@lmated The
t hreshol di ng, non- 10 peak suppression, to detect peaks in the

Cross- Cosdull ieWishRRAhs £rd6&c8elhbiieh ARRSTY \MutChs ﬁl’ﬁbﬁéte&% the ']@wér‘ 0&hel of

Al so devel oped i s ‘an automated di ver ecti1 on aspect of

di scl oseqz SHBhEFIGIRL ’Tﬁé resuits of c%@g %girgféggﬁhﬁge\%gﬁg afe %d?ﬁ{apéﬁ%]}(%d\glth

rate and spectrum of t I ver. I'ndica

Comput ed RS mpeastinidRingia ¥ SREREor S arkP R deRafhufiiRe o
whi ch i gpidik H%ﬁ%%rfp%rét&em GatBand'® gous?‘ggogrclegvt\l/sasnarg&lap{?\% trh?és%ofd‘ier%gq ‘non-

bet ween aroun
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 [ndicator (“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 fracked, presenting a square-like pattern, e.g., the pattern in Fig
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20 Hz) and can present high values during a certain phase(s) of the
di ver breathing and | ow val ues ot herwi se. The envel ope signal 180 can
be the i swaemulbseéedo post processing of the data di spl ayEdifonss230
cross-correl ogram such as cross-correlogram 150 in FIG 7, 20 which
may be conputed according to a nethod whereby the | ow frequency

envel ope of the wideband signal is tracked, presenting a square-like
pattern, the pattern in Fig W) 2011/ 056830PCT/ US2010/ 055230
10, whi dR: \ag'Cbr?émom iR, 7, canagpriesperd isoacpustic gavasian indisatingsa giver(s)
i ndi cating a diver(s) breathing. The DI may be used to
this sq@eaaingke pattern 180, as shown in FIG 10, and deternines
whether its rate is consistent with it indicating a diver(s)

breat hi ng. The 5Therl3dtmsay ép usay tbédhis sgliarediketpaiterrad 8 uss stoow imsFIE. 10,
t he envel ope as | ow and high values, resulting in a binary signal. As
t he envahodetelBihesarhetheareits raterisveonsistent sthricedicating a divdr{s® begithing. The
processing and/or different sensors), it is advisable to determ ne a

t hr eshofigt lepibj Gead el Bite €8st sphfles 47 fﬂérérﬂ%lop@dé@ﬁbtnﬁﬂﬂj Rightvalifes,
approach is that it allows coping with slow variation in the

backgr Obté%@mm%l if& bihas @Igﬁ@t | NtHRedRRIpet 18D SaM EGHE Ml Qafdus! Surbisnaky

signal can then be analyzed in order to assess whether It is

consi st éﬁféréﬂttd?o&sgfhﬁsérﬂl&%sﬁ@t@ny s@u‘?s%?é)bllt%dd f Scﬁ)tobﬂ@(@ﬁ@hg% it &hold

Accordi ng to aspects of an enbodi nent the ed su

matter, ghhele ﬁﬁ”‘%o beff! h@rﬂljrﬂ{eersfd"v‘éﬁﬁagbnoft fhe Wéﬁlﬁ% E]ﬁf/quép&s

t he system 20 of the present application

produce yanh Qi ddPEaridlondl S bhSkground 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 physiolagically 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 fo the UUV over time.
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15 em ssions, that can be detected, recorded, e.g., in a spectrogram
and anal yzed in the manner described above. These acoustic emni ssions
may i ncl ue 2@1/856830acousti ¢ em ssions fromthe notor angCii@pRldsSRe
acoustic em ssion froman acoustic nodem signal and acoustic

em ssions representing the UU sonar. A suitable correl ogram may be
produced fromthe signals produced by the system 20 in response to

t hese acoustic 20 em ssions, according to aspects of an enbodi nent of
t he di scl osed subjnetalysis fusction han irclutdeadrbitvany digitaldfdtering, spectrahandipis
the target is a UUV and to produce bearing determ nations relating to
t he UUVaod erossicurelation fao0ditnults 683 BREDLEISHRY 6F GRS rom several hydrophbnes
anal ysis function can include arbitrary digital filtering, spectral

anal ysi 40amdogsticas sowrte edepiarationt and derriisationusf peacsy Jomdiffefert i anpts
from several hydrophones 40, acoustical source separation and

det er m reidtiventoGhe leeater g tHeDElustef D2 0eBE tHeaéegﬁrSpdueitﬂtTﬁée%fsférﬁ 9 HeNES
of the cluster 22 or of the center pod 24. The system 20 al so can 5

recosd pdbrdbAlSIGENMdINY ofhll oPthd Rfv hadIsIEAUSth GRY, &Rbing ﬁkgqet?ﬁgééérm

further research and anal ysis of the acoustic signatures an

f .
like.  ang analysis O{L@%@%‘%ﬁ’gﬁét@ THHRRL ﬁ?%_esensors and the conpact

depl oynent ar éa, ubj ect nma r can fill the need for a

PO, oSy . plavh B AU SH 00 A3 Lo AERL YRR

retrievabl e) underwater 1 ntruder or reat S
as is ¢ val l abl e. . s¢l osed subject tter. can b
ol uabi SoEB3 SP8 Rl Tafi s I8 pSod for2iiy KBhife. 1l o5E PoRfzs and
intruders_.and other threats in marjne situations, and can provide |qw
cost 1 e bR AR R B PRl e Ty Rh It Dp Pty cetatal sistern: suc
interdiction tine. By replicati and depl oyi ng an addi ti onal .
| nstQl | 3 R latle. I g disticheshaubist dnaftey sande o yaligblesanseilty
above t?r gst E‘iOSi tion |localization can be achieved in addition to
bear i ng'YeteiPRMdatSeRCRERG 8o lesalizde: itiudats gpd afber dhieatedn tmating
(transm tters) may be enployed in conjunction with acoustic sensors
situations, and can provide low cost, low maintenance, low probability of error and
increased interdiction time.
By replicating and deploying an additional installation of the four
15 hydrophone 40 cluster 22, as described above target position localization can be
achieved in 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 seif-calibrating. The system 20 in such a
20  configuration can self calibrate geographic iocation 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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(receivers), e.g., on the center pod 24 or on the hydrophones 40 or
their nounts 44, whereby the system 20 can be capabl e of

sel f-cal i w@tiimgsesdhe system 20 in such a 20 confi gur atp@Ru$HeihEedsh
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 other and the center pod 22 and the geographic center
of the cluster 22. Gven a known WD 2011/056830PCT/US20101055230

| ocat i oipcaBen faidhe epter ppdad.siichasdly placing apgbRSiuny on tiBPSenter pod 241 tvea
center pod 24, or a previous geographic location calibration as noted
above, prayidusc geographic tlbeatiopdreapbraties 49 notethabolelsities B2ation of the
geographically and vis-a-vis the center pod 24 nmay be determ ned

usi ng ahydrophusesadDinsthe clustartd2ageogsaphically aad vigea VistheeentSODOR2Y Mhdy 195
the 5 center pod 24. In addition, sensor variation, in

addi t i odefeomireanging an ged@r Ridhstc amiledsuch Uit £5maR peRel SONAR it 6AThe
be detected. Such changes could relate to responsiveness to acoustic

em ssi operftapped2gxanpl e due to environnentally related changes, such
as barnacle growmh, or electrical or electronic deterioration, such

as due to deteri ofphddiiorP fsehSorvaMRkiBh, i siiticeR éhé?fﬁ&ﬁﬁﬁgﬁ%@rrédﬁice?%dlor

performance due to tenperature or salinity of the e

can be pREjpPD —Ib¥atf3?t?§%||‘?rg§chevtmecaed. Such ch?ngs &ﬁﬁqﬁfé&er’@ &b tes,ﬁfeﬁegsz

together via undersea ¢ e areas o rveillance ca
2 o e RSPl &0 PelPARN SRR s, S o
appl i CaBér%QéleC 10 e,o?(énaicﬁ}/c%gor 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 iocally determine and transmit only alarm

information), and various power saving modes (power-down mode or eycling On/Off
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15 using underwater acoustic conmuni cations anbng Sensors.

By distributed processing, comrunication requirenents anong clusters
22 and betweeniofeast ers 22 and the need for base stati omSr/e0iddBs230
m nim zed. This enabl es surface radi o stand-al one operations where
bandwidth is limted, and elimnation of sonme single points of
failure in cabled and stand al one operation. By 20utilizing

di stributed proceSS| ng (e.g. to locally determne and transmt only

al ar m i rPPEFAYRN} 8ARY pwngmlgu@ (pnitasies ssalanganeiglerenqieleteptysd, Pﬁﬂddlfe
or cycling O/ OFf WD 2011/ 056830PCT/ US2010/ 055230 operation) and
power i n§tangtalons operatiors ¢arshe aehievedhanel s) renotely depl oyed, |ong
|ife stand-al one operations can be achi eved. By use of acoustic

rel ease, or gal vaBywseetfemmestiergibast, og ghbhhis refease hexpladiam solt© or other
detach the center pod 24 fromits nooring and with the incorporation

of sel f nieamstto\detauth the @pater podGuefpori itsymosiimnandviin @hé ibRitFatictNofoseIf-
made to self-surface at required tinmes or intervals for collection or

mai nsenadtheated buoyancy capabiify, Usthhd-aiong &jierhdnahend rddd itd BelfRukhas at
nmul tiple sources unmanned underwater vehicles (UUVs) can be directed

to clos ee@u:reuqrrﬁésamﬁteﬁfafssw BSiflcRSn bﬁfrﬂﬁﬁéaan%é equi ppi ng UWVs or
ot her diver propul sion assistance vehicles or the
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 propuision 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 iocation
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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10 like with an inplenmentation of the systemof the disclosed subject
matter, navigation in denied or otherw se dangerous waters can be
achi eved w0 pg1@3a83ti ng, | ocal sound sources. That is, BBUSUASSS0Of
the system 20 herein described can be made nobile, by incorporating
it onto a craft, and then utilizing the acoustic em ssion detection
and direction determ nation capabilities of the system 20 as
described herein, algng wth, 15 perhaps also target identification
and discrimnati off Wﬁ'pg%iq“p?'fs&o%gy ARsEdskiliRd in thenartsiat enpassiveamyte-
used for underwater passive sound-based navi gation. Known acoustic
em ssi orRCeBIcREUdGrdetasiomsysinay hasthaangiselesesh aushasiior geateetingttiigh value
| ocation can be detected by a nobile inplenentation of the system 20
of the pl¥aleAnd Appinecassals andavalleas siethestic manitinmiseowdy dppticationsonThe
bearing information is detected. Detection 20 of several such known
sound bé¥eliensussspassivel techmiguasatmeaning rta signajslasd emittddobyothicadystem, rather
geographic location of the system 20 as it noves in the underwater
envi Sonedlyt passive ianing 56 BARETEAUSTAE AY/6EA230es a few, small, lightwalgHt! ahe
understood by those skilled in the art that a passive, hydro-acoustic

i nt r udeeasityt deplogabls \gidesphions marsdio‘@@{rféiﬁﬁﬁth ausdmpsot | RGntRERHE $hdd1ed

hi gh val ue naval and nari ne assets, as we as donestic maritinme

secur i t aBPRtqWStionRBMpIRe HMENeM THEScAMEY Y8tal 8 PUHAHESY oVEAR! RErRY

signals are emtted by the system rather 5 only passive listening is
enpl oyedabighg ayg a ohe spal i i d.: i :
depl oyab?e hydropm%@gﬁesrbpg E%Sé'e?ﬁeér b\?mgtt' %ngg\%orgrg%acr{c,gal?'gﬁ%vﬁé&ﬁ%smg
noor ed i jsi Ll T i .data s

ranom EoAcer e HpOyERTTrEle BeAhGlbs HHAUAF Ik i hils. ohestpl

whetie. adragsiecat Soal-congeRss bRl SOReA YRR A6 HIBIYET RS sygtem

t echni ques | nc. I me-Sserl e_s ana .
o3 O bl EEENAGE  raBeFER] i R B e

(1000mM location aof the intrud i egphysi cal_ coordi nates, and
e ohal VHEF ISP WIGR cohaTnsiBr Al el Phedatar aaon b R inUTigen i Taims of
SCUBA di ée@, oat , gﬂ@naed nderwat er vehicle, or diver propulsion
syst em WEBEREr |iIS g B ek rogh dihmaed (yndeaniet vakisles ob diveh eropulsion
invention described 15 herein are nerely exenplary and that a person
ski | | edSYS®ePh&te i wihpenundersiang thal thet eabedimrentsrefiithe damentos destihipad
departing fromthe full spirit and the scope of the enbodi nent

desé? i beerelepis mergly corammalyyandithatsapersan skilediirs thaa drtmoiyf inake insarsy
are intended to be included within the scope of the present

i nvent i wiatiogs @hggnodifications 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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1. An intruder detection apparatus, conprising: a plurality of
acoustic em ssion sensors arranged in a cluster beneath the surface
of a body of water, the cluster defining a first pair and a second
pair of acoustic enission sensors within the cluster; and a conputing
device configured to: receive a first signal produced by one acoustic
em ssion sensor within the first pair, the first signal being

produced in response to said one acoustic em ssion sensor detecting a
first tic em ssion generated by and emanating froma source,
recei ve a second signal produced by another acoustic en ssion sensor
wi t hi nltfeiftrudse degeglion appreatee comarisngriapluislivmy apeustio codssion seewpomseged
to sai th apvsthebengabuke sufaeapbs body sewsior, tetleter defninge first sty acloustond
eni ssi bir gérepwtie dnbssian senesraneithinghd clstet; hmdso wompytirendevi@cainfiguat! to:
| east eectiv radfist gigadl podded ég dng @nestiacouisddc s@Rprseithin tBefisarpawi tHei first
t he seeignal bpaigrprodueed irnhickgbnsd Grsald Bt drguddic ReHIGaRE: defsot ASREMEEa Fiftt Saduttic
one acewiibiof @itiakdosy 38N eBlanMghromt Hoees0RdeiP@iar sedBit® GlchMIp@duced by
seconda@fi#SdcdotstRNEBISLON sSR0L Faihed thy Hd GafTBRALdDR KB bAEy PRMES in
det er nidigorRe fd 454 afdiRS bRk ShibioA AR HAEREMBRRT bR shd &ksiSh B9Rkated
and t h_gy 6 ORdh Ring TRkm tIQas%ﬁféepéhdareEéi@athgsE grtﬁpcpﬁ bg \P&ﬁl@ec}hfone acoustic
SZE :g% g?%sfj}' SI{E Or 'tﬁﬁlith@%&%_ﬁ&' Qir,et'me .%}ﬁl‘cpglgxpﬂ b%ng p?crécﬂlgs& ingrregﬁﬁngf Ilogsgdid one
coL et SahiobiEoh bholr B oGNP oo L LR O Lol Bl
anot her; 4GoustLC Em a5i.0n SEROr of fHe 'S ESRUCPL FHion 5%8’6 We%glfbg st
differ %lﬁ%ag.aé@tgﬁgﬁc Sighdhe "{SF‘g.r‘?I.loef tifgedilisrentie) PEIRGEL ths detrtiog; ofnthgy tirst
the acBUeTICBIAR Pk? 1 qequsiiccenypsion, deteclers dry ths-first pays dalerming a S48 T8
to t he®YpiRtd BSRIFIFReP At depst thefhird migppleand; nothes sigaal iEemraspiier anpustic
f act or CHIHOR FENYE OSAkE 588S PaibnbasEhOnoh tifg cti Bpreneenbetaesre i detection af dlee
t 0 t heSEBIt GEOUSHS sMitiPaby |t geoushie eofissionesensars tof dhn sedoad i mir; fdaietome a
and t hbeasiae dndhecesvres kasedan faptsagrone of tha fiest gporss abirdatidm fator ded ¢t seomd
appar atgss efiraddtmnrfadtor; fand tdaermme mprangé ngthetsherce bagdtdma ldavioae of the first
f ur t herorcdatfongentechntl ohe nald/@erctunen éfctdrhe first signal and the second
signal, together with at | east one other signal received by an

acoust 2 CTienp@EabRtheensaEctioh tabparatbef clais i efurhPERSRRIBE N otfputife device
det ect furtheOordlgutcg@ astan@RBe BiEN th@EiRH SizhSl ANIRSIOGDERRN abEI DYy least
enmanat pitdothér0ddah fec8iQbd 68 ah QcAREEEMIsHBn sEnsBAGNNRT tht PRsRNE ﬁgerﬂﬁﬁve of the

Ghits

f?om .tﬁea gource'

first gieniak ARichi@ons @ARPIecris@NahisaBH obhCatdd bl EAPLMARG ne sgnal
CON Of i hige Vs8R be HUAGCIETRL BIE ionsand U 2L bt
t he comBuafl ng device

appar s, Qhn GhAJ dyeat WAShoGRMDT 81 NG:

urt her “conti gured ne whet her each of the one of the first

si gnal d the, second,signal and the at |least one ofher signal . ,
conf or it HE 19 EpRIERACadyp gt e, T%E;fg@rﬁwgs[% TRSHRE device
of the %‘EO‘?‘@%&%&FO- tFp h82<G; il ongrfd tg fisksignal apd the speaad sieme!
ot her 1%HhgAt lepgong gifer F1RRE SABIOEMIFE P Hif tBreativhe template prralskyRs 49 sHbyeduent
cl ai m qnesgof e, ist sighad and ithrgsecomdlesi b apdaiulsash ene srbyeguenl ethergrignah dor some
bot t ondhsesheldpstigd eftimat er .~ 5. The apparatus of claim4, further
conprising: the plurality of acoustic em ssion sensors each,

conpr i 4iThig apptrpds optleine 11 fasthémmymipnisingydnepritys Isdinag dephaicy opolsd hdtom «fm
t he bobedymfofatdsody of water. 6. The apparatus of claim1, further
conprising: the plurality of acoustic em ssion sensors each

conpri SiTig dpphydis @PbBRAR 4, WMitketdpritend i NRARRES Ut Renidshd Shissd &fh,

ar e t etdieprdethd ® ho@ophie@Eting in’a gdlialBPRRAIARHSpGtidkl G Mebootlol bNBEdy of
conpri ghfag: the hydrophones formng the cluster are tethered to each

ot her through a center pod. 8. The apparatus of claim1l, wherein the

first pajfe ARAHRSFIEGANT iRAle! SHAEENA (L0 T PEEMShAE LSS Wsors e
Sensor oo e he@l%gﬁag?mﬁﬂrg b éﬁ%ﬁfiﬁﬂnﬁ’?ﬁ&ﬁl&é&- s %{ﬁi&&iﬁ e

em SSi&ﬂma e sectond acous are € Ssalte acoustl C
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12. The apparatus of claim1, wherein the at | east a third signal
produced by one acoustic em ssion sensor within the second pair,
conprises a third signal produced by said one acoustic em ssion

sensor in the second pair and a fourth signal being produced by

anot her acoustic em ssion sensor in the second pair, neither of the
one acoustic em ssion sensor or the another acoustic em ssion sensor
in the second pair being shared with the first pair. 13. An intruder
detectlo apparat u rising. a pIuralltg of acoustic em ssion
sensor ¢ RARREEHS(O cléme- LFtaer compaisiagy ihe by PphOREhETEINEohY elyprerist Fathaned
at Ieag%meBﬂﬁ&@§“@ha&PWﬁhﬂ%ht bet ween respective pairs of acoustic
em ssion sensors within the cluster; a conputing device in

cooper &t Timapmatakusa ! whimtl; ahsteinothy firg peirtaed theemdaisl misthereagernmach aenustic
conpr i sinsgioseerput.er readabl e i nstructions for performng via the
conputing device a nethod conprising: receiving a first signa

pr oducedTizyappartaius 9 clam® 8BSk h&ei@ MhSSisOftod &ISHissbi AHdh AsdeEPROLENERMidn

of acoa;&tth@sa@mﬁsgl@laeﬁ@ggmrs in response to the first acoustic
em ssion sensor detecting an acoustic em ssion froma source, and

recei ViiigTR: & ﬂqs OF Ak ProtiGednb Y g 280N -ARONALIG AT é%rﬁnacoustlc
sensor oyt Ard @se{n?é 66diiceRall of acoustic em Ssion sensors,

response tO t e secon acousti c em ssion sensor det eCtI ng t he

acoust Ilge a1%ﬁ.1 {nl hle Ouﬁrlr(f Gc%t%#e 13%%% a Cr ﬁ S lennme a first

factor
det er np é R\ ‘C tlJ;JI?:Sé CBE& C‘Pﬁ%“ ar %?&%n Fag HW'(% FP“‘CG
f act or EP%{?%EP 08% C%i’é Eclaiang idgisreinn ¢ JpesceRdhe sgHR based gn ghe
hydr opH‘é?{EeC“ hal s Gre Brsiesn Hﬁﬁe?@d’( &% uster are tethered to each
ot her through a center pod; the center pod coggr|5|ng a buoyancy
mechanilnf heapeparaiun et elgkm o orliengin rtbe i fiasing tairrt sizaal erefensil Sm ey acoustic
r el easFMgsien sensen wéthingdel s¢qonehpeecdsanisens took signpl pechend knyaidhes etppstic
t he cepmesiopodnsndn tthe sétnpdd qphonesa fowthr eigoslebaily prealical byirshather adoustic
body ofmwsibersemsor iththelotdmnpadf nedther lof theogentoesticpanisdad séngor epthenasther
had beesvusipémipecn sendat.in fhenetdndchatrdieingBharad efth digt et padn conpri si ng:
receiving, via a conputing device, a first signal produced by one
acoust 1% ANingsianicEenEPs pﬁtahmda uﬁllngsatplﬁﬁthfy @ac&%ﬂ@%ﬁhﬁioﬁ%&%fﬁdﬁanged
Sensor g, alcmxseerc{h@salﬂ%el rRinB| A b&ly b1y dfiniRE quﬁab@mﬁ{%&é' AMLIZRRRRY Between
arr anggg &ﬁﬂ@%a‘ﬂst € o SHHACE Qo SBRMY VihBPR clksfie & Hﬁﬁ ing€ddvilleNth
the fitrsheR8bh R a@neEMRdo h(ymﬂftera&gﬁlﬁotié GtoFdl Sr%le&ﬂ £s§ng S puter
fir st 16%539@‘11159&! Bgs R{l% HSI fl% Qnat tﬁg legélﬁlnt Ode%ﬁe@ I'RBQEOCP&O?‘I%IIJI sm& BBCCIVHI& a
em SSI ﬁgt %%’ﬂglﬁéro Séﬁ‘ﬁcél a ll aCOUSSEIC emlssmn se SO gs&) ﬁ %aco&s‘ac
second SI 5‘ Rare Pigd\gé Ssd’OBY gglbet aca% q&&éﬁ%ﬁeﬁqr&ﬁ CEUHs a‘\ﬂlft‘r‘fl pigsien
first 4 SPHeS SBE dR S ﬁaﬁ“’ Y A SFeldoorsticoaigiign sensor
anot he ﬁ‘§t [CEPCEHYSS BRI P s"’éﬂ%%’tc %Pé‘tssé‘&‘! SFRIOhN 13PeRseaotistsegond acoustic
eni ssi B‘HIS&%@?I&P% TRRJng tp ASRBTISLTHE O o thiesosbigr decranping @ c&gsyicagelation
vi a t hEcksppiteenghaibit signaland) thasecond signal and, gietrmisingu beatingyto ghe source
acoust bascé an g coess semelationsdagtal; the plaraliscaimdoystit emission sensofsustierqmprtséng a
t hi rd bydeglionbehahydreuanceiningrtesgusierrt stipaiddo ead dboubbigh &mmsaipod;
sensor theidehien podhecrspisirg apaioyahgt reethamgma ase adnttoacauaiigcmesiagsinoand, a
gener amechdoisnafist etmsiag ithg cémanpdd &oso theClitiotte h@bfth@inf@haniérd, &hereby the
conput tangerged iage theehylliophbnes oS EceRiabd @td faéAEt:ObodReIMWReR ohike bdtiost of
si gnal waid thh@nfe podshdSiy@Phon 3R Be@dpldyed® di fference between the
detection of the first acoustic em ssion by the acoustic em ssion
det ect o4 Sp HettoldGof infriderRRictsioH e ST et F&elviﬂgav@f CRIPYlih D FeHaY | cﬁ‘?st stbnal
s ﬁgoggd%ﬁglc}ap &{eezlc gé%rcen&%&ﬁpgmgﬁgﬁ%ﬁ% i & %@&g{%ﬂfﬁc ;&? b oSbd T
0 1t I ) & eat sutface ol g b of
Secondwgt%f E%?tg 111% i&rtmst%‘gir%nd GN&&n a‘?‘fg {hn gt ? Bh! QoD ?CH’

palr 0 acous%e 1c emlssmn sénsors, the first
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em ssion sensor in the second pair and a fourth signal being produced
by anot her acoustic em ssion sensor in the second pair, neither of
the one acoustic em ssion sensor or the another acoustic em ssion
sensor in the second pair being shared with the first pair. 22. A
non-transitory conputer readabl e storage nmedi um storing instructions
for executi on by a conputing device to performan intruder detection
nmet hod, % et hglg-] S(ﬁnp“ Si ng: recel ving a first signal produced by
one ac&‘ﬁ’éf’t GG R INGRERROGSS (R T Pearcpystisenpission %ﬂsoaés%gtmgca it g%quatw
sensor &Nispign gepgrafed By apd eganating ATom § serc, @pd stcpyingnviadhe oGS vice, a
arr angéf&%da sigaplhprotieced (v anoghes facenship dynigsfonneenear, withia the fistt avaird dfe secorl
the fi pighalpgwing praducsd decemdnysatiorsask anedivn scoustie ringssiconsegemsistesting He first
first siogstad ethissiog gpreodetpdandemasponfent tbe sairck onlaeatdugtvictherbepiitn:
sensor deletep ot liemy) aahifd sigtal acdusdd y @rl sssuwin egessenakedr bythanitle eeandbaingh
from ateailuste, tieethert wigigl deing ponthiced gnadsp@isoduceid die avaititesmisagoOu Sérs6r
eni ssi afthHehs Sdcond paif detédiig bistwhd padusiic tMRsISE ¢omFatsd BNald d@indting from the
produceshréd) deRERMNEE vida T3PudOi e, ACHUE bhoSs- &I FRH0R Ta&6N5&een the first
det ect hl@ﬂaltzﬂ% fh sSEorACAMSAT BasBAonSA %ﬂleg&@l%feﬂE@@e@ée@Qﬁje QERAR Ok &
the souigric ARESSIACE) thd Sedlsrib EASLsich WBlelrsS bR e Qgéﬁ)ﬁnﬁ’ via 2
acoust l:@m Stlléi’!ﬂ:esgns%%ndv\’tzltogg &&?loﬁ%&ﬂf’ @iy 1 B 'ﬁl thir®{hal and
be't Egn g;. orn?saBQ % aéo%s&ae iL5 ?e 96%561’ eé*e‘cééd Qu SER on 3, tim
W ! Clel‘l% %pwefeﬁathe el.e teon 0 %‘A CtOg(? rﬁc%ug egn]s l? %1)( ﬂs’le 3001%%0 en%ss?on

by and enana % I

ot oss- E&E?‘éf’ bicdreopd ey Tosgje Vt”’n cPpLe gﬁ%n A s ppsed on
si gnal 3h&8% L0} fhf. e PP &4 FRB AR theS3eaRG C1asy FoBFlatiqe facfors pnd
acoust AECENPIEE; Bt %901{1%1“& g %f@ﬁ%gu%s‘%ff‘eéﬁ%ﬁi ngtt lfaﬁéom? pEthe first
pai r; B¥TRIANTRHE Addbehendciossitieniadrati on factor relating to at

I east the third si 1gnal and anot her signal from another acoustic

eni ssi &h Benvehodpt elhin déclorberpamprisivgs ehlyzinga via aveorgifting dewice, one of the
bet weehrst igndlearelcthe saconfl signel, segetired vatouseast cewiotisl signilyrepileeentativn sifitioe
em ssi detegmgsdnsleaft ohbetise e@nstiqpanissiod e¢reraedbnghdoenrmatin i fronahé herce, to
sour cedrasside dithatont eéislic finesighaltdnd the E&bnd 6RAS- fdr thelattdagonkaglie@rsignal

and t heorfeeofich tfeadspe Gnigdhtat i on factor; and determ ning a range to
t he source based on at |east one of the first cross-correlation

fact or j@nthe MEths8 &P RMAIE 1SS furdReP c&halidifn deffhRing wﬁé‘therﬁlﬂ@ cs%ﬁﬂalﬁe of the
r eadabkigy StoArPHR Bk Mork] %acmh% t1 %ﬁé ethw e template
conpri G %ysat,ga W%l of hE ﬂs{sﬁ 190 %he And gna%ea%g 1§4599f?f ther

toget h g\% tsfiléna ﬁ) §5 68?15 %renghg repr esentatrve of an acous
em ssi on sensor acous C em ssion sensors detecting

at |lea n cou from,the sou to determine if
the ond! ot tlﬁféth?cf oty E‘ﬁa@e T TR i T RO Gttt G g gt
one ot RBPSSPGHEP conformto a threat-type tenplate. 24. The conputer
r eadabl e stora e medi um of claim 22, wherein_ the nethod further

conpri $&sTh %P% A RIS HEier R ehe dHsloRorice CBIssIoR eangniie gfecqride acoustic
first §m§ﬁlapa&fhe§4¥éﬁi§ééﬁﬁcfng$ml and the at | east one other signal
to the threat-type tenplate persists as to a subsequent one of the
first $9.ghimimethet! efrdaimeldomiaersii glreafirsbavdusticentiseguaentthasechehstougtivesmission
ot her sﬁeghrajarr[momimnﬁshicmshol d period of tinme. 25. The machi ne
readabl e nedi um of claim 22, the nethod further conprising, wherein

t he fi petTHeansthadof &lhien %Gﬁﬁlﬁhrl@@inpn&h@h&t@mﬁﬁﬁ@@lﬁrs'i(b@&iﬁ{glt@ tBEcuSdeMhsed
Sensor on thdfirstldiBssBBEBIa6en FRMdakd & seRdd BBy 16 iRl e baddd®nBE BREnd cross
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emission sensor in the second pair and a fourth signal being produced by another acoustic
emission sensor in the second pair, neither of the one acoustic emission sensor or the another
acoustic emission sensor in the second pair being shared with the first pair.

22. A non-transitory computer readable storage medium storing instructions for execution by a
computing device to perform an intruder detection method, the method comprising: receiving a
first signal produced by one acoustic emission sensor within a first pair of acoustic emission
sensors, in a cluster of a plurality of acoustic emission sensors, arranged beneath the surface of a
body of water, the cluster defining the first pair and a second pair of acoustic emission sensors,
the first signal being produced in response to said one acoustic emission sensor detecting a first
acoustic emission generated by and emanating from a source, receiving a second signal produced
by another acoustic emission sensor within the first pair, the second signal being produced in
response to said another acoustic emission sensor detecting the first acoustic emission generated
by and emanating from the source, and receiving at least a third signal produced by one acoustic
emission sensor within the second pair, the third signal being produced in response to said one
acoustic emission sensor within the second pair detecting a second acoustic emission generated
by and emanating from the source; determining a first cross-correlation factor between the first
signal and the second signal based on a time difference between the detection of the first acoustic
emission by the acoustic emission detectors of the first pair;, determining a second cross-
correlation factor relating to at least the third signal and another signal from another acoustic
emission sensor of the second pair, based on a time difference between the detection of the
second acoustic emission by the acoustic emission sensors of the second pair; determining a
bearing to the source based on at least one of the first cross-correlation factor and the second
cross-correlation factor; and determining a range to the source based on at least one of the first
cross-correlation factor and the second cross-correlation factor.

23. The computer readable storage medium of claim 22, wherein the method further comprises:
analyzing one of the first signal and the second signal, together with at least one other signal
representative of an acoustic emission sensor in a cluster of acoustic emission sensors detecting
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.

24. The computer readable storage medium of claim 22, wherein the method further comprises:
determining whether the conformance 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 a subsequent one of the first
signal and the second signal and a subsequent at least one other signal for some threshold period
of time.

25. The machine readable medium of claim 22, the method further comprising, wherein the first
pair and the second pair share a common acoustic emission sensor.

26. The machine readable medium of claim 25, the method further comprising, wherein the first
acoustic emission and the second acoustic emission are the same acoustic emission.

27. The machine readable medium of claim 22, the method further comprising, wherein the first
acoustic emission and the second acoustic emission are the same acoustic emission.
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28. The machine readable medium of claim 22, the method further comprising: determining a
first bearing to the source based on the first cross correlation factor and a second bearing to the
source based on the second cross correlation factor; and determining a range to the source based
on the intersection of the first bearing and the second bearing.

29. The machine readable medium of claim 22, wherein the at least a third signal produced by
one acoustic emission sensor within the second pair, comprises a third signal produced by said
one acoustic emission sensor in the second pair and a fourth signal being produced by another
acoustic emission sensor in the second pair, neither of the one acoustic emission sensor or the
another acoustic emission sensor in the second pair being shared with the first pair.
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