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Distance information is typically obtained from the mugzzle flash or muzzle blast.

The azimuth and elevation angle of a shooter with reference to the sensor location
are typically determined by measuring Time-of-Arrival (TOA) information of the
25  muzzle signal and shockwave signal at each sensor. Each of the sensors encounters the
signals at a different time and generates a signal in response to the muzzle and
shockwave pressure. The signals from the various sensors are processed, and 4
direction (azimuth and elevation) from the sensor(s) to the origin of the muzzle and

shockwave and hence the trajectory of the projectile can be determined.

30 Conventional systems employ microphones, which can be relatively closely



relatively widely spaced and/or the trajectory lies within the
antenna, the timng 5 precision needed to obtain accurate
shockwave-only solutions is very high, and special techniques are
required. A large antenna size can be a nmjor disadvantage, for
exanpl e, i nWOEMIPP@Y8 npunt ed systens. In addition, sys?‘éﬁgsz\?\?‘r’f[’ﬁméﬁn
only marginal time resolution can generate ambi guous solutions in
which the Tine-of-Arrival information of the 10 shockwave at a given
set of sensors is nearly identical for two mrror-symretric shooter

| ocations. Conventional algorithnms require at |east 4 shoci cwave and
muzzl e detections so that a 4x4 matrix can be inverted to map a pl ane
wave on the shocicwave TOA. Small errors in shock and nmuzzle TOA
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shock-wave only solutions for the shooter diré€ction. Thefe 1s further
a need to extr aeaciahigehniquessgrgragnised hat may be obscured by acoustic
signatures unrelated to the nuzzle blast. Summary of the Invention
The invention addAd¥geantennesigesande a fajos disedvantpge, for exsmple. in yghicls-n

various 25 enbggi I eVdaditi HOGsn AVh1 0 dnt i ng
shoot er range E}%Pgﬁgg%@e}nghg]eddggo?’s?gfn pghrtl c ??‘Igﬁ’\?ﬁ‘é‘j‘n #ﬁ??ﬁeﬂ
signal s are ei gheratgveahigusns shistions ingvliich theTimesaffAriivalanformatioh of the f
detection an A t. : Qo REQve
di sanbi gua’f1 ?on%#ﬁgﬁ%%? %%%%egﬁﬁgn%ﬁégﬁegﬁy '?dra gtjl%gﬁ)%@%‘g*oz? ons, gvm' th
addi ti onal i npshoogamieationachi eved by i ncl udi ng weak and/or unreliably

detected nuzzle sound in the optim zati on process.
Conventional algorithms require at least 4 shockwave and muzzle detections so

that a 4x4 matrix can be inverted to map a plane wave on the shockwave TOA.
Small errors in shock and muzzle TOA determination can produce substantial errors
15  in the range estimations. Moreover, the conventional algorithms assume a constant
bullet speed along the bullet trajectory, which gives inaccurate range estimates for
long-range shots being fired from a distance of more than approximately 300 m.

Accordingly, there is a need for rapidly converging algorithms capable of
accurately estimating a distant shooter range. There is also a need to disambiguate

20  shock-wave only solutions for the shooter direction. There is further a need to
. extract muzzle signals that may be obscured by acoustic signatures unrelated to the

muzzle blast.

Summary of the Invention

The invention addresses the deficiencies of the prior art by, in various
25 embodiments, providing methods and systems for estimating shooter range for long-
range shots, in pasticular, when muzzle signals are either weak or detected in an
insufficient number of detection channels. The disclosed methods and systems also

improve disambiguation of shockwave-only shooter trajectory solutions, with



According to one aspect of the invention, a nmethod for disanbiguating
a projectile trajectory from shoci cwave-only signals includes the
steps of neasuring at 5least an initial portion of the

shoci cwave-only signals at five or nore spaced acoustic sensors

form ng an iimwesesti mating a timng error distri bub¢ooshewossibe
acoustic sensors, determning fromthe neasured initial portion of

t he shoci cwave-only signals Tine-Differences-O-Arrival (TDOA) for
sensor pairs with a time resolution that is greater than the
estimated timng error distribution, and selecting the 10

di sanbi guated projectile trajectory based a defined confidence |evel
for disanbiguation and on a value of a residual for the TDOA of the
acoustic sensors. According to another aspect of the invention, a
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signal s incl ude%‘“%ﬁ,&ﬁs‘?gﬁh?@@?@%h&g??t | east an initial portion

of the shockwave-0n a ‘nore spaced acoustic 15
sensors form ng an 1) I Hﬁjﬁ@i' ifial
portion of the sho’él&g\%\ﬁ%-ggﬂg%&%ﬁg}nlg{e@gﬁtlﬁg’%%&%ﬁ@es- da{ﬁr‘é% val
(TDOA) for senspmjgptlertsiectappiom sigclawayeeslyisignalt poluiesithe stepsafimiemsutingdt
chronosone, tha Qnprj.ses..project.i l.e traj.ector 1.0n for .a
bredef i ned. ninlsptgf il BBph 8t G oxsuvh BAGSIRRAY IR U BbtcYked p st
obt ai ned wit h t besarh foombganestedmapestimhtinggaimitg eraldipoibutibmior fheréastic ng

20 a gradient search on a sol.utipon having.a,small g residual and on
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measured. An initial shooter range is.estinmated fromthe asur ed
shock wave and nu ?°8r%%gfncgli’e§ﬁ%1e%t,°?g’§é‘l¥ﬁ?t}?ﬁ’ %Weélﬂﬁqg‘sargﬁgtpagpga
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velocity along a bullet tra] ec}or is iteratjvely conputed to obtajn
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shockwave-only signals Time-Differences-Of-Arrival (TDOA) for sensor pairs,
applying a genetic algorithm to an initial chromosome, that comprises projectile
trajectory assumptions, for a predefined number of generations, computing residuals
for solutions obtained with the chromosomes from the genetic algorithm, performing
20  a gradient search on a solution having a smallest residual and on its ambiguous
alternate solution, and if a ratio of the solution having the smallest residual and its
ambiguous alternate solution is greater than a predefined value, designating the

solution having the smallest residual as the disambiguated projectile trajectory.

According to yet another aspect of the invention, in a method for estimating a
25  shooter range by detecting shock wave and muzzle blast, shockwave-only signals as
well as muzzle blast signals are measured. An initial shooter range is estimated
from the measured shock wave and muzzle blast signals, assuming an initial bullet
velocity and a bullet drag coefficient. The instantaneous bullet velocity along a

bullet trajectory is iteratively computed to obtain an updated shooter range. The



Advant ageous enbodi nents may i nclude one or nore of the follow ng
features. Atime-difference-of-arrival (TDOA) between the
shockwave-only signals and the 5 nuzzle blast signals and an arrival
angle are conputed for determning the initial shooter range. A
certai n nundpr 20060962081 at i ons may be perforned, or the HEHABWHSEHEGL er
range will be considered to be the final shooter range if a

rel ati onshi p between successively determ ned updated shooter ranges
satisfies the convergence criterion. For exanple, the convergence
criterion may be selected so that the 10 difference between the
successi vel y determ ned updated shooter ranges or a percentage change
bet ween the successively determ ned updated shooter ranges is smaller
than a predeterm ned val ue. To obtain real, solutjons, hhe (o]0] t ed

bul | et vel oci tynu@beseimtl@%h%%e%en%hmeé%iétlsuﬁ%fﬁ%%% HRUERSEARY. The

solutions are cheekedeiectioaRfdmpbigncy. For exanple, the updated
shooter range is considered invalid if a 15 bullet trajectory angle
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Accordi ng to anot her aspect of the invention, a nethod for extracting
a signal froma nuzzle wave in the presence of a shockwave signal
i ncludes defining a tine window having a width corresponding to a
time required for a nuzzle wave to 25 traverse a sensor array and
detecting t{® Hhesde8vave signal . Foll owi ng detecti on ofcHim2005/030126
shoci cwave signal, the window is advanced in tinme and the total
energy received in the window is neasured as a function of advance
time. The nmaxi mum of the measured total energy is associated with the
muzzl e signal. To prevent spurious signals frombeing interpreted as
shockwave wavefornms, a WD 2006/ 096208PCT/ US2005/ 030126 projectile
trajectory can be elimnated as being false if the acoustic energy of
t he neasured shoci cwave wavef orm has | ess than a predet erm ned
threshol d val ue ov&he GApnaatiss enossowednd magtemepgrabvan dihefeoossaxpopetatr
frequenci es betwe t ; vely or
i n addition, g]a%gegg 1%5{ (rr;%joe 555‘892‘ %ﬁ;ﬁ%&?ﬁd% nﬂ;ﬁ%@bg%e@ﬁ‘%\‘él ng
false if ati rre mdaﬂéua&saﬁromhﬁrpeplﬂatmmmgaadraﬁm&he:mm;the matagdosperaias a
positive value is | ess an a. m.niumti r eat.er..t han, a.naxi
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R
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sol uti ons. exi St inch{ues e MBGHAEHLRIOPIARIALE, liPhEUIRE Y ohScheh 54 £
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setting a first resifualpinsfudingts; lmSh@u@ieuﬂéeﬁ a comlyimatiornaf Tw&ﬂmckww@ntf
for examle, t Neyjpb biadlsidhE! irdRuRlofHiSoREGRLE 1508 andths t he
ref erence sensor crossess'lg(t"ls)ll t hres oé‘ 8{:%}9@;{&59{51%{%?%%9% ?&Sat es
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each of the qQth r
encount er o (R S aEReE bn eADIAth ke od IR LA RARRAIEL A BA08 Bt s
t he, for exanpl de disambigahtedprojecidn trgiectodye shockwave-only si gnal, |t
sets a WO 2006/ 096208PCT/ US20051030126

According to another aspect of the invention, a method for extracting a signal

from a muzzle wave in the presence of a shockwave signal includes defining a time
window having a width corresponding to a time required for a muzzle wave to

25 traverse a sensor array and detecting the shockwave signal. Following detection of
the shockwave signal, the window is advanced in time and the total energy received
in the window is measured as a function of advance time. The maximum of the

measured total energy is associated with the muzzle signal.

To prevent spurious signals from being interpreted as shockwave waveforms, a



second latch for that sensor that stops the start counter for that
sensor. The TDOA val ues for the other sensors relative to the

ref erence sensor are then recorded. Further features and

advant ages of the present invention will be apparent fromthe

fol | owi ng d&e09eaeh of preferred enbodi nents and frohtVHROPUSNAL. 5
Brief Description of the Draw ngs These and ot her features and
advant ages of the invention will be nore fully understood by the
following illustrative description with reference to the appended

drawi ngs, in which elenents are |abeled with |ike reference
desi gnati ons and which may not be to scale, 10FIG 1 shows
schematically a cross sectional view of a Mach cone intersecting with

an antemna 1 Corde i RecREY Sl shidatea HboRETHRA Bk SBERROEn Ay @tne N
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a schematic df gethé belpg &E‘Féﬁﬁtﬂﬁe B F’%" gwmceo%eggéo
flow of a genetiyag @b&ﬂfvlcﬁvhm i&ﬂ&@tﬁaﬁa@aﬁmﬁﬁﬁxttin}e dillgﬁeaﬁbthgmainangmheﬁmen
shooter trajectories; FIG is a ,5)“ fe s flow fo“[rl di scri m %Véb&g
agai nst non- shodRUEEEPE; lﬁﬁé‘i‘@ apprPEmatp *§°§§‘W%Wa ?‘bapé?f"&%‘?ﬂ
shoci cwave Tine-of-Arrival (TOA) .nodel
process flow di agr Fhidvept aﬁ"&‘ﬁﬁg‘@%’gﬁeﬁﬁtwﬁw E{%EBY Eeg f'aé’ qagm“ng
schemati c procesge hlRUY-8brggasveihe anﬂeﬂ,eﬂrbf@raﬁlb@iﬁdghﬂmg@mons in the

10 detected signal caused by shockwave echoes. Advantageously, the peak signal value

can be determined in the window producing the maximum total energy and if the
peak signal value is greater than the measured total energy in the window by a
predefined ratio factor, the peak signal value can be identified as being related to the

muzzle signal.

15 Embodiments of the invention may include one or more of the following
features. The timing error distribution of the antenna and/or the acoustic sensors can
be related to gain variations, sampling variations and sensor location variations of
the antenna sensors. The confidence level for disambiguation depends on a size of
the antenna, whereby smaller antennas require greater measurement accuracy. If

20 two ambiguous solutions exist, the disambiguated projectile trajectory is selected

based on a ratio of the residuals for two ambiguous solutions.

In other advantageous embodiments, the Time-Differences-Of-Amrival (TDOA)
for sensor pairs can be determined by designating a sensor that first encounters the
shockwave as a reference sensor, and setting a first latch of a timing circuit when the

25  amplitude of, for example, the initial portion of the shockwave-only signal at the
reference sensor crosses a threshold value. The first latch activates start counters for
each of the other sensors, with the counter in each of the other sensors running until
the corresponding sensor encounters the shockwave. When one of the other sensors

encounter the, for example, initial portion of the shockwave-only signal, it sets a



WO 2006/ 096208PCT/ US2005/ 030126 range estinmation; Detail ed
Description of Certain Illustrated Enbodi ments As descri bed above
in summary, the invention provides, in various enbodi nents, nethods
and systens for shooter range estinmation and di sanbi guation 5 of
projectil e woap@avd es. These systens and net hod ar e REHES2005{03p26y
useful and advantageous, when an insufficient nunber of paraneters
required for an accurate solution are detected or when such
paranmeters cannot be detected reliably. Supersonic projectile
trajectories are estinmated solely fromprojectile shockwave arri val
ti mes neasured by several closely spaced sensors distributed 10

t hroughout a "small" neasurenent volune referred to as antenna. A
measur enent vol seaendilstcic fon ﬂiadan:md thehsiéps thefstartrvousterfenthatspasor. 1ihe TOCA
meters or |ess. ectl

ot T on of Ct mevates Sy oule: Rhoiih B i b ResPL eawe&feﬂﬁelmr%ﬂg Eﬂi

trajectory. This ce can.b f the. ant enna SO 0 t

the arrival tine gﬁﬁ%ﬁg % g\[agggesoghﬁares%m\}élronwﬁh ?ﬂ?ﬁfl 0Lﬁ‘ast
i s not 15a|maysmdeﬂb@h@bkﬁmp&muﬁh&mﬂaﬂeQMmmmauemmhhmkmmuhnmmly
solution is essential for determning the trajectory. Referring
nowto FIG 3, Bt ipkivavithe Drafw is considered to be an expandi ng
coni cal surface having its axis coincident with the bull et

trajectory. The smheéamadethsnﬁeitm@eaﬁdsadmmgcsrcﬂ"fﬁmrimedtimow‘ﬁ]sbeuﬂme filg h

cone. To obtain_t.he s 1 S Iut erti
the arrival ang\“bd °ﬁ€8 lﬁ\é\?ﬁﬁw&gl ﬁ%%\{ef%mp dmfhr{(? 8{){3 ﬁuglgént
of the radius odrawingy i which eltmértearelopelathvitigliicaafercate c&ugﬁmes mﬂ@;ﬂm be

determ ned from arrlg L?tlges measured at five or nore antenna
sensors. The arPR/®a05F8%0f the conical surface- generator t hat

(of ten cal 150 * antigubute S FFadiaRys iSRRI o afientEr MPidie, o

to the arrival angle atwithenadnesina. The ' anbi guous' angles wll be
described in nore detail belowwith reference to FIG 3. The radius
of curvature of tHHEGcHNshowk schembtally at exeinplaprseranarayetitr hormeglidectional
di stance and direction ta sﬁihe trajectory. The gradient of the radius
of curvature along the BN 87 tTe surface-generator determnines which
~direetion the- bul IFEG. 3 Sshbwslsahgnattcblejﬁbymblgmty inherent in shockwave-only -

15 trajectory determination;

FIG. 4 shows schematically a probability density for time difference of arrival

measurements for determining the curvature of the Mach cone;

FIG. 5 shows schematically the probability of correctly disambiguating

between shooter trajectories;
20 FIG. 6 shows aschematic diagram of a correlation process;

FIG. 7 is a process flow of a genetic algorithm used to correctly

disambiguating between shooter trajectories;
FIG. 8 is aprocess flow for discriminating against non-shockwave signals;
FIG. 9 is aschematic diagram of a shockwave Time-of-Arrival (TOA) mode;
25 Fig. 10 shows a schematic process flow diagram for range estimation; and

Fig. 11 shows a schematic process flow diagram of a genetic algorithm for



removing the "anmbiguity' between the two possible directions.
Determ ning these three shockwave properties accurately and correctly
deci de between the two possi bl e 'anbi guous' trajectory angles
requires ver reci se neasurenments. For exanple, randomerrors should
be no great YO tNEMOHBproxi mately 1 jis to deci de corr e®CHESHIFHEOREen

the two alternative shooter aspect angl es. The required accuracy
can be estimated by considering the propagation characteristic of the
shockwave depicted in FIG 1. Referring nowalso to FIG 2, an

antenna 20 includes N sensors (N=7) able to determ ne the an-ival
times of an advanci ng coni cal shockwave. Since incom ng bull et
trajectories can essentially be 10 expected to originate from
anywhere, the antenna el enent.s 23 to 28 can advantageously be

uni formy distributed al"BoEHERERN C (Oq, g ) over a spheri cal
surface, with one elet 22 .1 ocat ed at (. (", Cyo,
Czo), so that a urRgtailed-Desaription of Lerts . i S|ndependent of
the arrival angle. i i nstant that | ISt Sensor., desi gnat ed
as the reference s’éﬁ&eé?“hegg?‘?ev&’%s%ﬂ%% elntr‘fa"lirgwg?fi’ AP face i s
denoted as to. dhisoddhénts; methioding smeﬁrmmexamremmmm disdmbigmfiac e
at subsequent tipes denoted as ti. The so ropa n, di s es in
the direction off RrFECIGMRIFRSTES ?%’étﬁm%‘ﬁ}ﬁ?g ﬁ%gﬁ{ﬁ‘g e G‘mﬁ

mul tiplyi ng eacsuvaﬁtagebes w&emﬁhgﬁfw@mﬁﬁﬁbebuf;iah@ndtamhu@qaabm@fccmund
c, i.e., 0& . If there are no rreas% grrent er. rbg)bs t hen
t he coni cal sur§ @@nmeﬁﬁdPﬁH}E@ﬁ“ﬁiWﬁ“@Fe&@M g defeied al so
determ ned by the mﬂa&BnléPko}e)curé eRAfeAbSes ¥ dshmhtB@sdlél ﬁemciirdijaﬁﬁd onal

coordi nates of the poi nts |deal y determ nj ng al aranefers of the
shoci cwave coneshopieywyg arivalignssanrpiissdty saysea) slosely srap ﬁePF"fsd’EéSt’&t?‘%t?dval
ti me measur Fenfifou@nscht 8 C4AP nfAfidhanevhin SR ferie@ Bilstanteina® A MBRAMent
paraneters for the shockwave cone and hence also of the prolectlle S

trajectory. In veleme sicprsidery, smah éf the SFBSORPRIFIBR EScBEIET OReHS: \fgice the
precisions 25 nﬁ;%&»@@lets@ra lgﬁfeﬁ:m:eh tﬂsraba%ﬁeﬁmeawersmowexc tfor

ot herw se anbi guo tra ector angl es w | describ
syst em advant ag él@fasdqbaﬂh%@mﬁb? majestory. eﬁhlﬂﬁlé@nﬁtﬁ@m@?ﬁs{?r’@ 1tfﬁ‘&tani""éﬂm\/ﬁl51"I

not mi stake non@ﬁfyhé ¢1§511rﬁra15t e m ﬁfaxag&oyrﬁh I-ftlv?ev&olh%%uzﬂb iaraatlg R

wi nd- noi se and or a s oot er. r exa Sensor can
be nounted t16 aalweys detestablacto thdt omedruc® shacdcwa@rcaéx Mtﬂms @F@é@é@r in

2006/ dosz0arcr) 1RGN alysgbure The sensers can be VO

Referring now to FIG. 1, the shockwave surface is considered to be an

expanding conical surface having its axis coincident with the bullet trajectory. The
shockwave surface is also referred to as the Mach cone. To obtain the shockwave-
20  only solition, three properties, the arrival angle, the radius of curvature, and the
spatial gradient of the radius of curvature of the expanding conical surface are to be
determined from arrival times measured at five or more antenna sensors.
The arrival angle of the conical surface-generator that first reaches the antenna
determines two possible relative angles (often called 'ambiguous’ angles) of the
25  bullet trajectory relative to the arrival angle at the antenna. The 'ambiguous' angles
will be described in more detail below with reference to FIG. 3. The radius of
curvature of the conical surface at the antenna determines both distance and
direction to the trajectory. The gradient of the radius of curvature along the path of

the surface-generator determines which direction the bullet is moving, thereby



attached to the ends of the spines with el astoneric couplings, having
| ow f requency resonances at about 1 Hz to isolate themfrom spine

vi bration. Sensor spines can be attached to a common hub that

cont ai ns anal og el ectronics, which can also be attached to the sensor
mast w th elwasheresznge shock nounts to isolate it from pesys2005/030126

5vi brati ons. In addition, the foll ow ng decision algorithmcan be
enployed to filter out signals that |ack the signatures typically
found in shockwave-derived signals. Al the values are paraneterized,
i.e., relative, and can be tuned externally. The |isted values are
provided only for illustration. 10Referring nowto FIG 8, a process
800 determnes if a detected signal originates froma shockwave. The
process 800 starts at step 802 and checks in step 804 if the signal
is a |loud enougmodtsie amPigwiy betwesn te Syrrassible drectivnimipedermingthess e
peak signal v | i aTal M)

500 1 thi s | DieFARCERES soriiee oAl Rl e e R 2 o Bl
checks if ther'smbigucus'staieciory angles regwires Yeryiprasise mepyramentsh Eogsxamplei gnal
val ue, nmaki ng i t j i

preceded by an%ﬁ?gnr ér{s%sr?tgpg ﬁ%&?%&gﬂs?ngaﬁ? #?fé‘gdﬁa?fﬁésg%ﬁeﬁ ee,b&fegt?’t
exanpl e, 1/36 imiwdehéepwalkltanaivakhoott aspect higldshi s is t he case, the

rocess 800. contigues with step 808 ks.if the tine.between
P hockave i o o THEFEapited fheinbPoot 98 ol BF EoiRidelind A€ phop BB 150
exanpl e, 200 -chéfabrertic lof thie bhakwavetdegictedBeEIGE heRg¢fereing acw 880todIGL 1, anes
with step 810 and checks.if_the i tudes of .the m ni and nmaxi m
Dhak ol ohal arRALEORMs L entorRE) R 2aBapitg So REalTRRRT = 1 i s
is the case, tiiQare@eesical SRRRkwaNR! ShkEmcihinf bellee RajSckericanch ebatikisy vef .
the pressure peak transi.ent fromthe {R'gni mum Peak ?agg\ﬁ) to zero is

sharp, usiHy eeditaPRgngt, fow agywvhers, (hg aptgnna elements B 1 f this is

the 25 case, tiiQaidpeaRBShelRifolilpiisifbaed Wl&datitﬁis@ﬁ] 16,20 ovdraChisericd]
the times between the nmaxi num :L nal ,v%ue and e _zerp-craossing and
bet ween the zEHEEeE L PRRFICHER T4 Beaied i g APUPh TR0, G S i@ hata

conpar abl e, f qmifémesabdt apsttudlis ProddRidQadep@id@lt ¥f the @rrival ankfe. Thé timb eps
produce an affirmative response, the process 800 decides that the
signal can be iBstadekifia et sarepr desiongiesas theireferspes senson deteats s agvapcing

- Conversel yis i foofiaf stiffade RedeaRBa BOGHFHedMeBiefREs detechihs WV REink SoridiF -
negative, the detected signal does not originate from a Shockwave,

step 818. Ref evrfpasgt piesauens timegrdengted prfe Thespundipropagationjdisizness o the
assumed to coipeigg oﬂﬂerl%l%%@in c&ﬁ%?surﬂi&ea é\/ganne?wrﬁulﬁayﬁgxl&ﬂ ob_mle 0 =

arcsin(l/M, where Mis ch numer ée_lne as the projectile
vel ocity V di vinerdiffFgnachiy the insal speadoéaupd e i, & sl olos It there pre no

characteri sti cméaeﬁgmt f@itrorg,hﬁer?tﬂé SRRA: surt gsﬁmgg%% ﬁ'féff_’ﬁi@fe%e%ex%for ishe

cone at the two ends of the antenna 20 are . he end view in
the left hefl f afo detssnipedhytheoberdiNsl) henspre.withthethecerdimensiopalsaedmates

sin(ay = L SUN pliftefuem ARt o BB B el dpiT L Sevpr,
n. The tinme diasienémed abnyasumos iotheeurvabiing medsaemerts andrenpocardinaes t he
antenna surf 8C%n result in erroneous parameters for the shockwave cone and hence also of the
projectile’s trajectory. In the following, the time-difference of arrival precisions
25  needed to make correct decisions about the two otherwise ambiguous trajectory
angles will be described.
The system advantageously incorporates features to ensure that it will not
mistake non-ballistic signals, such as vehicle noise, vibration, wind-noise and EMI,
for a shooter. For example, the sensor mast can be mounted to a vehicle (not shown)

30  with elastomeric sleeves in mating joints to prevent rattling. The sensors can be



10 bisecting the conical surface with radius n is equal to dti = M/
=(n-4d)/ cr1/ 2c=L?/ (8n.c). The tine difference neasure
of curvature at r2 =rl - Lsin(0) is given by the sane expression
wWith r2 substituted for rt. Accordingly, dt2= dt, + L3 sin 0(%
8ri12c. AssuwongswpBdtised neasurement errors, i.e., assPEAPHISANZE he
measurenent 15 time differences dti and dt2 are randomly distributed
val ues having different neans dt2 and dt2 but the sanme statistically
determ ned standard deviation a, the nean nmeasurenment val ues at the
two ends of the array correctly determ ne the |ocal curvature there.
Exempl ary distributions of nmeasurenent values for the tine
differences dti and dt2 are shown in FIG 4. 20The sanpl e neasurenent

made at end 2 is shown as. X. The radi us of curvatyre S;l?eﬁr}lg 2 élradi us
r2) is smaller etagheddp &ﬁr?ﬂdsl"f(ﬁi‘eécﬂ}nﬁ%wﬁ) clasiqmeric CHRLINGS, fpvinglaw frRUNRGY s

made at end onerdhiahcdd avdontl LR itokitdBém HoMEpite Mbkdtioh € Sétlsbr splhed &8 be
correct decision that curvature at end 1 is greater than at e%d 2.

The probabi | i t y2ttashed te neompep bek hajceptaingyanalog lelErnicnuhich paa also

neasurement at hedl th theQBRt mb® whtfelastorfiirit@Rodt¥hountéld isolate it from mast
2006/ 096208PCT/ DoBy Gy S T Sl (oyre It rom Tt 4y

1e 2a2 -2/ 22r cviblatighedpg) . . e 2e2 2ircr Integration over x and making
substitution of vagj dﬂﬁin‘éﬁ, tﬁ@ﬁ%&ﬁi Wék; sﬁJﬁ%l%&ha‘nP%% eﬂP%@&Pﬂo'ﬂl&%l{?f

maki ng the correct deci si
2-fir signals that lack the signatures typlcally found in shockwave-denved 51gnals All
the values are parameterized, i.e., relative, and can be tuned externally. The listed
values are provided only for illustration.
10 Referring now to FIG. 8, a process 800 determines if a detected signal
originates from a shockwave. The process 800 starts at step 802 and checks in step
804 if the signal is a loud enough event to count as a shock, for example, does the
peak signal value exceed a given parameterized threshold of, e.g., 500. If this is the
case, the process 800 continues with step 806 and checks if there is a sharp transient
15 from zero to the peak signal value, making sure that the transient to this peak value
is not preceded by another signal having a significant magnitude, for example, 1/16
of the peak signal value.
If this is the case, the process 800 continues with step 808 and checks if the
time between shockwave minima and maxima has a sufficiently large value, for
20  example, 200 - 400 ps, Ifthis is the case, the process 800 continues with step 810
and checks if the magnitudes of the minima and maxima peak signal amplitudes
close, e.g. within 35% of one another. If this is the case, the process 800 continues
with step 812 and checks if the pressure peak transient from the minimum peak
signal to zero is sharp, using essentially the same criteria as in step 806. If this is the
25  case, the process 800 continues with step 814 and checks if the times between the
maximum signal value and the zero-crossing and between the zero-crossing and the
minimum signal value are comparable, for example, within approximately 180 us.
If all steps produce an affirmative response, the pfocess 800 decides that the signal
can be a shockwave and the signal is processed, step 816. Conversely, if one of the

30 6 decision steps is answered in the negative, the detected signal does not originate

10



a =dt, -dtiL3 sin(0) wth - /- Via-428r12ccr 5Referring nowto FIG
5, the probability of a correct decision, or confidence |evel for

di sanbi guation, is plotted for two exenplary antenna sizes, L = 1m
and L = 2m against the closest point of approach (CPA) r between the
projectil e wolxn@iebry and the antenna 20. The sound mEFOR0dsH30M%
assuned to be ¢ = 340 tn/s. It is evident that a |arger antenna has
significantly expanded range for unanbi guous shoci cwave- 10 only
solutions. For large CPA values, the difference in curvature at the
two ends of the antenna (n and r2) is too small to be

di stingui shable, so the probability for a correct decision approaches
50 % or conplete anbiguity. Accordingly, the confidence |evel

depends on the.si ' %’ i aneter or spatial extent, of the
antenna. 15As &rf‘rsanﬁ%?igﬁjéwdﬁgb% gg,lg'errors arise fromtimng errors and

sensor coor di nat Refiemieg bask it KIG. Sehswojecidotrgecay & assvoed tadantcyde with

contributes bigs erraqrs.that are a highly variahle fupction,o

shoci cwave ar rtﬁ?/’éf‘x'%%F Q%ac e\/‘élgl,ve"‘fhgglér"aﬁ r VOsP Bﬁ'ﬁ&l‘*@é?"“sensor

%oor di pate er rr@h@e:adzﬁ?a:rasg&ﬂﬁqfeamrvdldc_rf?vdii\gaearb@mﬁelesomidﬂﬂ&itﬁc. L refers
imng errors arise also bot romgain and sigpal strepgt

vari ati ons rdﬁ#’?@ﬁgﬁ‘aﬁﬁgf’l"f@heﬁg’ﬁﬁ’&mﬁ ﬁ’ﬁe@ b fWF"\F%?P‘g"r‘@HBB‘t%‘? ned

when Sensor OuiBhds of is@nfenaR0 M, 2006/ DRERESRETA USAAPBANF Wik es et

threshold value Vo. The timng error dit caused by a gain variation dg

depends upon tSHEVE hafecuryte ps wegsideDisiasecs eauabio d T ceH@h e anglf t h
dt -dg. g dV/ ¢ HUefined by sin(¢p) =L /2 1,, so that for small angles ¢ one obtains ¢~L / 2 .

The time difference measure of curvature between the points on the antenna surface

10  bisecting the conical surface with radius ry is equal to dty =Ad/c=(r; - d) /¢ ~1, ¢°
/2 c=L12%/(8+r;*c). The time difference measure of curvature at r =r, - Lesin(©) is
given by the same expression, with r; substituted for r;. Accordingly, dt, =dt; + L
sin(0) / 8r,%.

Assuming unbiased measurement errors, i.e., assuming that the measurement

—— - 15- - -time differences-dt;-and dtz-are-ran&omly-distdbuted--values having different-means - - -

dt; and dt; but the same statistically determined standard deviation g, the mean
measurement values at the two ends of the array correctly determine the local
curvature there. Exemplary distributions of measurement values for the time
differences dt; and dt; are shown in FIG. 4.

20 The sample measurement made at end 2 is shown as X. The radius of curvature
at end 2 (radius ;) is smaller than at end 1 (radius ;). Therefore, all measurements
made at end one that have values larger than X will result in the correct decision that
curvature at end 1 is greater than at end 2. The probability that the correct decision

is made when the measurement at end 2 is equal to X is given by:

11



Timng errors al so occur when the signal strength varies over the
aperture. For an aperture of length L and a cylindrical sound source
at distance r, the maxi num 5signal |evel variation across the
aperture is equal to po (L / 2r), where po is the sound pressure at

t he apert ur wacentm®6208 The tinm ng error equati on above appl/UEg054B&1as f or
this L type of error, with the expression - replacing the relative
gain variation -1d . The 2r anplitude errors are not random anong
sensors, but vary uniformy froma maxi mum across the entire aperture
to zero at the center. At ranges greater than 10 10 m for a 1 m
aperture, the maxi mum anplitude factor is I ess than 0.05, which is

| ess than the channel gain variation paraneter of 0.2, so that
effects due to anplitude errors can be ignored. Conversely, as

descri bed above, at ranges Ie g%o the Mach cone radius
is small enough with respect h@"*% i’% pl?q) gth of 1 mthat
nmeasurenent errors are not very inportant. 15 _glistic estimates for
timng errors caused by sensor .uncertaint ylvm e assunption that

t he magni tudes of the error veézz}ors Py te shabi stl cally independent and
uniformy distributed between 0 and 1 mm and Lhat the error angles
are statistically independent,, 3hed?g®n.dard evpatl on of equival ent
unlforrﬂy distributed random e ergnee errors will be equal to
10 = 0.85 s. The standard deviation of 340 A/12 20 binomally

di stribut ed ran@ﬁé@ritidﬁ%vmhmgingwb@ﬁﬁuémfvanﬂﬂ&trésnhsiamm folgwiag 1
MHz is equal to O. a Timng errors due to gain variations are
estimated to bePFﬂ%‘? iofErking .C?Secb‘gec’fslﬁ’r“ an exenplary systemwth a
channel bandwi-dth of about 18 kHz, correspondl ng to a voltage rate of
about 0.02 Vim The enpl oyed pl@ ti_cl sedso eSu gh array were
chosen to have sensitivities t‘hl’r? 4, 5J_ re 25 channel
relative gain variations are approxi el n;for y distributed

bet ween 0.84 and 1.19, so thatyikhe at:%%d ﬁﬁon of relative
gain is approxi mately equal W) 2006/0 682005/ 030126
1.19-0.84 to-0.10. The threshold voltage is VO 0.15'V, resulting in a
standard , | E; Referting now to FIG. 5, the probability of a correct decision, or confidence

level for disambiguation, is plotted for two exemplary antenna sizes, L=1mand L=
2m, against the closest point of approach (CPA) r between the projectile’s trajectory
and the antenna 20. The sound velocity is assumed to be ¢ =340 m/s. It is evident
that a larger antenna has significantly expanded range for unambiguous shockwave-
10  only solutions. For large CPA values, the difference in curvature at the two ends of
the antenna (r; and 1) is too small to be distinguishable, so the probability for a
correct decision approaches 50 %, or complete ambiguity. Accordingly, the
confidence level depends on the size, i.e. the diameter or spatial extent, of the

antenna.

15 As mentioned above, errors arise from timing errors and sensor coordinate
uncertainty. Sensor coordinate uncertainty contributes bias errors that are a highly
variable function of shockwave armrival angle. However, for random arrival angles,

sensor coordinate errors appear as random time difference errors.

Timing errors arise also both from gain and signal strength variations from

20  channel to channel. Times of arrival are obtained when sensor outputs rise to a

12



deviation of timng errors of about 0.75 Total neasurenent timng
errors are estimated by assum ng that channel gain variations,
sanpling variations, and sensor |ocation variations are all
statistically 5independent. Then, the timng error standard devi ation
can be estigBhefoRSesd0. 852+0. 752+ 0. 252 It is diffi culdcTarsdoosnpensi ve
to achi eve such precision with analog to digital conversion, because
hi gh sanpling rates followed by interpolation are needed. Two
different circuits for accurately neasuring the
Time-Difference-of -Arrival (TDOA) 10 are enployed in the disclosed
system I n one enbodi nent, the exenplary system uses an anal og
time difference of arrival (TDOA) circuit using 1 WMHz cl ocks in each
channel . The clocks are triggered when the sensor signal exceed a
threshol d si gnapreseetebhold vitieey . Thetirping erareincmssd byt gatn wanstiakelgi dapmids
above as the sensor that first encounters the shoci cwave. iSAs

8_m nat e

di scussed aboveyped ihk timekdte bZvillapSifcredt Gorkife chitinbl, itk =
the inmportance of time-sanple errors in practice. The sgs‘fycgp oper at es

in an anal og node, relying on the detection of threshold levels, with

the digital logic ' L [ : 1

first latch is setﬂt\%ﬁg%%g% ghogﬁlﬁgﬁlﬂlstlﬂé\%g'%l ;é&r'rbggt?ltv%g% pia tP %g:e}'tgr éer%frA]\ce

20sensor that fanraperenefdengtiel snd heylipdricolioundspurce atokistaxe 5 thdmaedhwnd

value. 2. The first, | h.set rt un fo h n i ch
e Cfl%mlt 18%"2;’%“3“%‘? acz?s%g%c erfiirels E&%@tglpg .EL ﬁ%@ Vf)h%ge?ﬁ 1sethe so%&

are increne y cou oC sSsor
al erted. pressute afltheapeeturatcester. Thetmmgelramageitionabeveupplids atsh or this

correspondi ng sensor encounters I t he shoci cwave. This sets
a second | atch tpe dfRgog han el exprokbidan—s tpRsing the relbe ghin viaflatioR = . The

channel . If no Second latch is set, #he correspondi ng counter&runs to
an upper [imt a\{n"%nlliyu%b errors are not random among sensors, but vary uniformly from a
maximum across the entire aperture to zero at the center, At ranges greater than 10
10 m, for a 1 m aperture, the maximum amplitude factor is less than 0.05, which is less
than the channel gain variation parameter of 0.2, so that effects due to arplitude
.. errors can be ignored. Conversely, as described above, at ranges less than about 10
m the Mach cone radius is small enough with respect to the aperture length of I m

that measurement errors are not very important.

15 Realistic estimates for timing errors caused by sensor uncertainty with the
assumption that the magnitudes of the error vectors are statistically independent and
uniformly distributed between 0 and 1 mm, and that the error angles are statistically

independent, the standard deviation of equivalent vniformly distributed random time

difference errors will be equal to L =0.85 us. The standard deviation of
34012
20  binomially distributed random time sampling errors for a system sampling at 1 MHz
is equal to 0.25 us, Timing errors due to gain variations are estimated to be
approximately 0,75 us for an exemplary system with a channel bandwidth of about
18 kHz, corresponding to a voltage rate of about 0.02 V/is. The employed acoustic
sensors for each array were chosen to have sensitivities within + 1,5 dB. Therefore,
25  channel relative gain variations are approximately uniformly distributed between

0.84 and 1.19, so that the standard deviation of relative gain is approximately equal

13



4. The final nunber of counts in each counter is recorded in a
digital TDOA register. 5. The processor reads the TDOA register. 6.
The processor resets the counters for receiving the next shocicwave.
I n anot her enbodi nent, the correlation for each channel with every
ot her 5 charwmbooé/smenputed, for a tinme segnent center @ITYR20041B0126 e
of the hardware TDOA detection. The correlation of two functions,
denoted Corr(g, h), is defined by Corr(g,h)-s, jg(r + t)h(r)dr

The correlation is a function oft, which is called a "lag." It
therefore lies in the tinme domain, and has the follow ng property:
10Corr (g, h)y<=> G f)H(-f) when g and h are real functions of the
time. f) is the Fourier transformof g(t), and 11(1) is the Fourier

transform of h(t 19189 total power in a signal is: +CO Total Power
11h(r)12 dr = @% 2 (f0 . 1B imeshiokloobidgeas Yi v QIS ¥ rpaultinging stendard)i t e
| ength, so that the/lntegration (or summation for discrete data) need

only be perfor a-fJni LARoHOLEr val centered around the
time-of-arri valra;gﬂ?tﬁo\eﬁ%lrfgﬁ%{%&g tf%géﬁga't ahfn one or both channels can
be extended by zefotpmeathremestdiningerrarhare astimated b agshmingdhat geansel gam| s
mat ched, as i s _known i i e ' '

I ntegral s of cSAtd Wﬂ%ﬁ!’s}né]@%ggﬁ %rﬁgggéd;seh%e%%%bgﬁ#r%P?%??ly,gtgtgsﬁ?ﬂlgugh
the actual dat andependetitgiThésg del tiaring ahios starelar dewibtienscan Hhestimatldiak | ed in

the art wll eajugz_he.abJTe.Lo repl ace the integrals by a sunmmati on.
0.85% +0.75% +0.25% =1.1 ps. ‘

It is difficult and expensive to achieve such precision with analog to digital
conversion, because high sampling rates followed by interpolation are needed. Two
different circuits for accurately measuring the Time-Difference-of-Arrival (TDOA)

10 are empioyed in the disclosed system.

In one embodiment, the exemplary system uses an analog time difference of
arrival (TDOA) circuit using 1 MHz clocks in each channel. The clocks are
triggered when the sensor signal exceed a threshold signal level at the reference
sensor, which was defined above as the sensor that first encounters the shockwave,

15  Asdiscussed above, a 1 MHz clock rate is sufficient to eliminate the importance of
time-sample errors in practice. The system operates in an analog mode, relying on
the detection of threshold levels, with the digital logic performing the following
functions:

1. A first latch is set when the channel signal amplitude at the reference

20 sensor that first encounters the shockwave crosses a threshold value,

2, The first latch sets start counters for each channel, which are incremented

by one count at each clock cycle. The processor is alerted.

3. The counter in each channel runs until the corresponding sensor encounters

the shockwave. This sets a second latch in the channel, which stops the

25 count in that channel. If no second latch is set, the corresponding counter

runs to an upper limit value.

4. The final number of counts in each counter is recorded in a digital TDOA

register.
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Referring nowto FIG 6, in a process 60 the shockwave signal tine

data gi(t), gi(t) are acquired in each channel i, j, steps 601, 602,
and recorded as a function of WD 20061096208PCT/ US2005/ 030126 ti ne.
In steps 603, 604, the total signal power in a channel i is conputed

for subsequemd 20060%mBi zati on of the correlation as Tot abrideMedoshils
channel i afig; (t)) z dr Signal duration The Fourier transfom GM of
t he shockwave signal tine data g(t) is conputed. 5 for channel i and
the conjugate GL(4) is forned, step 605. Likew se, the Fourier
transform G (f) of the shockwave signal tine data g(t) is conmputed
for all the other channels j, step 60. Thereafter, the
cross-correlation GL(-1).G (f) is formed for each channel pair (i,

j), step 608, which js a functip of the "lag" t. The TDOA for
each channel pai rg'i s+l}et?é°°ﬁs?@°?qs?&‘e\?ﬁi¢%"fg(sf°}" has its maxi num val ue,

step 610. The 10 gorTiRlpadckRor BRtswBEHuLRS felrarealgdhé nexhshobkwiad®. be
defined as Corr(gi,g j). peak value fid(t)

In another embodiment, the correlation for each channel with every other
5  channel is computed, for a time segment centered on the time of the hardware

TDOA detection. The correlation of two functions, denoted Corr(g, h), is defined by
40y
Corr(g,h) = jg(r +Hh(T)dr

The correlation is a function of t, which is called a “lag,” It therefore lies in the

time domain, and has the following property:
10 Corr{g,h) <> G(f)H(-f)
when g and h are real functions of the time. G(f) is the Fourier transform of g(t),
and H(f} is the Fourier transformofh(t). =~

The total power in a signal is:
Total Power = J‘fi'i(1:)|2 dr= j \H(f )|2 df

135 The time-of-atrival signal has a finite length, so that the integration (or
summation for discrete data) need only be performed over a finite time interval
centered around the time-of-arrival; the length of the data in one or both channels
can be extended by zero-padding so that the duration of the two signals matched, as
is known in the art.

20 In the following discussion, integrals of continuous functions are used for
simplicity, although the actual data are digitized and discrete values. Those skilled

in the art will easily be able to replace the integrals by a summation.

Referring now to FIG. 6, in a process 60 the shockwave signal time data g(t),
g;(t) are acquired in each channel i, j, steps 601, 602, and recorded as a function of

15



4(Power Channel i)* (Power Channel j) The residual for channel i
I's conputed by conmputing the nean value for a sensor i over all
sensors j: Re sidual (i)= nmean(E(1-Corr(g g ))) jai 15as indicated in
step 612. The TDOAs and correlations for that channel with the best
(i.e. small owd)oosseaosl | residual are then sel ected as PEBUSIHRH30126
solution, step 614. As nentioned above, the channel data are
typically sanpled at discrete tine intervals with a predefined
sanpling rate of, for exanple, 41, 666.66 sanples/sec. This
corresponds to a bin width of 24 its, reflecting the tine resolution
for the 20 received signal. The correlation processing is done with a
time resolution that is inproved by a factor of 8 to 3 ps by taking
333333 sanpl edingedn steps 605X904, thviotay signabpasver inachanrel @Fé%%e%g’ arrival
(TDOA) bet ween m ned from shockwave-only
signals, the sﬁ%gﬁlgﬁter{a@?&n%tﬂﬁ Jggﬁ‘gﬁ’%ﬁ“g‘ﬁ and the bullet trajectory
can be determ ned. The shooter p05|t|on I .e. the distance of the
shoot er from the 758NP8Werdk sfddindtps b gﬁ)ﬁam ned if the muzzle bl ast
signal is known in addition. |In as&att:&s! an coord| nate system
centered at the center of the array, i.e. (0, 0, 0)}, the tine
of arrival TOA ofrpd AfirshemboRRGR ?fﬁfﬂfé sﬂdcwaw%gg)ﬂmfmﬁaﬁ ga(,t) iC¥gmpurgd)

see FIG 2 Iven by: tska =10 + -11co Wt h
g:m) X 2 forc%annel:and the conjugate G;(—f) is ormeg step 605, l\ﬁkewwe the oll\J/lt';ler

transform Gy(f) of the shockwave signal time data gi(t) is computed for all the other
channels j, step 606. Thereafter, the cross-correlation Gi(~f)-Gi(f) is formed for each
channel pair (i, j), step 608, which is a function £(t) of the “lag” t. The TDOA for
each channel pair is the time t,.x where f{t) has its maximum value, step 610. The

10  correlation between the channels i and j can be defined as

peak value f, j(1‘)
J(Power Channel i) »(Power Channel j)

Corr(g;,8,)

The residual for channel i is computed by computing the mean value for a

sensor i over all sensors j:

Re sidual(i) = mean(z (1-Corr(g;.g;))
J=l
15 as indicated in step 612. The TDOAs and correlations for that channel with the

best (i.e. smallest) overall residual are then selected as the “best” solution, step 614.

As mentioned above, the channel data are {ypically sampled at discrete time
intervals with a predefined sampling rate of, for example, 41,666.66 samples/sec.
This corresponds to a bin width of 24 ps, reflecting the time resolution for the
20 received signal. The correlation processing is done with a time resolution that is

improved by a factor of 8 to 3 ps by taking 333333 samples/sec.

Once the various time differences of arrival (TDOA) between the sensors have
been determined from shockwave-only signals, the shooter azimuth and elevation

and the bullet trajectory can be determined. The shooter position, i.e. the distance of
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LM evx-. V = W represents the supersonic bullet velocity Mc =V =4_
pp; vz2 ?V. with ¢ being the speed of sound and Mthe Mach nunber.
a/represents the 'mss 10 angle' between shooter position and bull et
trajectory, which includes both azinmuth and el evation angles. A
direct hit wamdock/oems espond to (i = 0. The Mach angl e Bcigs200s@afizaned
by - = sin(e). As nentioned above and indicated in FIG 3, for a

gi ven shooter position and bullet trajectory, there is another
shooter position and bullet trajectory for which the 15 TOA of the
shockwave at a given set of sensors is nearly identical. The two
anbi guous solutions are in fact identical if in a sinplified nodel,
t he shoci cwave is assuned to propagate across the sensor array as a“
pl ane wave. |f the TDOA resolution is high enou to resolve the
curvature of t hic&hngter Eopie seRREHTaY Fan %\%‘%@F‘F &q}"d%‘ﬁfqei’%ﬂ %@a[}‘t‘i ons
can be di sanbi guRWaG aditnessenti al anbiguity of 20 shoci cwave-only
TDOA solutions is indicated in FIG 3. Assum ng sufficiently

accurate TOA nmeasuy g 0efdstan chdtBinkte HtenDderictedat hotentdd @Oihe rrBOBe.1{(QF, and
bullet trajectory can be qbtained hy co?utl ng t he shooter/trajectory
- ®

conbi nati on t habvorfniTH0z2 ) Fe timsof 2mualn Qo eftPeshopiyye A YRRSFISOR
measur ed ands CO@.EJE{%Q:ﬁ@QQF}@.‘Q’EiSEMbﬁZ ar =mn 1frcazcneasf,

wherein the sumi's t'aken over all sensors. One approach for solving
this problemis the Li Leyepberg- ar dt
tﬂm=to+1§'— cose(lﬂ?ﬂl)Mz—lsin ))
C

Vx(XO _Cx)+ Vy(XO —CyJ+ V:(XD —CZ)

with cos{f)=
@) LMc
Vi
¥ =] ¥, | represents the supersonic bullet velocity Mc = ¥ = ,/P;z +V}+V7,
14

with ¢ being the speed of sound and M the Mach number. § represents the ‘miss
——. 10 --- angle’ between shooter position-and bullet trajectory, which-includes both.azimuth - -

and elevation angles. A direct hit would correspond to 8= 0. The Mach angle © is

| R
defined by — =sin(®).
efined by — sin(©)

As mentioned above and indicated in FIG. 3, for a given shooter position and
bullet trajectory, there is another shooter position and bullet trajectory for which the
15 TOA of the shockwave at a given set of sensors is nearly identical. The two
ambiguous solutions are in fact identical if in a simplified model, the shockwave is
assumed to propagate across the sensor array as a plane wave. If the TDOA
resolution is high enough to resolve the curvature of the shockwave, then the two
nearly identical solutions can be disambignated. The essential ambiguity of
20  shockwave-only TDOA solutions is indicated in FIG. 3.

Assuming sufficiently accurate TOA measurements, the true solution for
shooter position and buliet trajectory can be obtained by computing the

shooter/trajectory combination that minimizes the root-mean-square (RMS) residual
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5 algorithmdescribed in detail in US patent 5,930,202. Most

cl assi cal point-by-point algorithns use a determ nistic procedure for
approaching the opti num solution, starting froma random guess

sol ution and specifying a search direction based on a pre-specified
transition r¥® &R as direct nethods using an obj ect®CFASENHEPI1ZHN
and constraint values and gradi-ent-based nethods using first and
second order 10 derivatives. However, these nmethods have

di sadvant ages, for exanple, that an optimal solution depends on the
selected initial solution and that the algorithmmay get "stuck"” at a
sub-optimal solution, such as a |ocal mninmmor where the cost
function surface has a flat valley, so that further iterations wll
not inprove the result. 151t has been found that a gl obal m ni mum of
t he shooter di roforisyred andicantedsbpckweyq BOQAE ect ory can be conput ed
nore qui ckly and nore reliably disanbiguated by using an evol utionary
genetic algorithm (GA). GAs m m g hatugal olu;iqﬁary princi pl es and
apply these to search and optim zaffon p edur €87 A schematic 1 ow
diagramof a GAis shown in FIG 7. Instead of starting with 20 a

singl e guess for gusehiid QM is kEoRF AERHST0 begins its search by
initializing a random popul ation of solutions, step 71, and sets a

gener ation count eppg %ﬁ%@fdr@@vﬁ@&ﬂii‘?pﬁl&ﬁ i thé L1 BbveRbdrtMBquacdet , step

72. Once a random popul ation of solutions is created, each s X

eval uat ed i 19 t régogitim deseritgg in deiailip H_SiH"r@&‘rs’%”p88?-a}ﬁ9ftr?&5§5?365?18ﬁ3"2‘1“§p

73, and a fit n%%@gﬁ.hﬁ'u } ¥&eriBlittprdciaRs ok Wcﬁiﬁg BRCPHSEhUbIGS, Step
S

74. The fitnes > can be represented by the Euclidean distance Atain
between a cal cutfagtingdrogos rEndesm geaseisolution rad susridng pregech girectiopbpsed okap n
| E&0le -rows )2 | nfuitd vel: ' bQind af BBebrivedrdBoring
frr",ir, is bet?ptrée%])le:{!rIEd H\é%lrsmgﬁgﬁq%?g@%\%ﬁfé%ggﬂsi nlé]gt hgﬁj GAt\l t ? °

di sanmbi guat e t lwenstraintivilens ahdgradipet-based mathodgpsingditsiond sasanderderect i | e
trajectory,,dhe e TR

popul ati on 1ootf f@ﬁ%aiiq% %v%e%éggﬁﬁ@g%%%?ﬁl ng t g’af?%%a%éhg%tvagl ues:

[ Azi nut hshoct eroptiihleehitipndspandstoniieselected iniobwtitioEmed el thaigwitlon may

[ Azi nut hshooter,,_, . L, QRS d%‘ det. : pwhi | e
[ Azi nut hni ssed,g“’EF{e‘lggta’f"S%‘qrﬂ‘gsﬂeyi s@iont e %?%%3@%@“@%3?@"'5@*%@&
FIG 3). Since fomctioh surfabalss aiflat vailey,se dut fnithdr itedaionsfvi ediespravb e
shockwave-only roach, a 10 nom nal range between the sensor array

and the shooter~0f" 100 meter is assumed. The initial population

S acorab o B¢ "SR Sieh 86k 80 2biobli Gt WP AT M LERRRI! 2N
reasonabl e r'ange of Vvalues (a alues are 1 n degrees):
projectile trajectory can be computed more quickly and more reliably disambiguated
by using an evolutionary genetic algorithm (GA). GAs mimic natural evolutionary

principles and apply these to search and optimization procedures,

A schematic flow diagram of a GA is shown in FIG, 7. Instead of starting with
20  asingle guess for a solution, a GA process 70 begins its search by initializing a
random population of solutions, step 71, and sets a generation counter to zero
indicating the initial solution set, step 72. Once a random population of solutions is
created, each is evaluated in the context of the nonlinear programming problem, step
73, and a fitness (relative merit) is assigned to each solution, step 74. The fitness
25  can be represented by the Euclidean distance Atyi, between a calculated solution and

the measured solution.
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Azi mut hs hocacr = (0,, 360), Elevationshooter = (40, , 30),
15Azi nut hkfissed = (-20,, 20}, and El evati onmwed = (-20,, 20). It
I's checked in step 75 if a maxi mum nunber of iterations for the GA
whi ch can be set, for exanple, at 25, has been reached. If the

maxi mum nunisEr20ef09620&r at i ons has been reached, the proREEES2NBOMNBDS
at step 80, and the result can be 20 either accepted or further

eval uated. Ot herwi se, step 76 checks if preset fitness criteria have
been sati sfi ed. Fitness criteria can be, for exanple, a conputed
m ssed azimuth of <15 and/or a ratio of the residuals of two

anbi guous solutions. If the fitness criteria are satisfied, the
process 70 stops at step 80; otherw se, a new population is created
25 through crossover, step 77, and nutation, step 78, and the
generation counter is incremepted. hy si2p)79. In each
generation, the "best" individualis Vid '8 sur vi ve urunut at ed,
whereas the top 100 individuals, as judged by their fitness, also

survive, but are qﬁ:@ﬁiv&@,a@.raf%}iﬁm{ming%ml%amrwnf&%ﬁ&.from pairs

of These survivors with'the crossover/ nutation operators listed in

Table I. The f glol SWnDE, RESTERbBINE (5 @F RPN Qb Tht sdhution fo? BRsAdJirS
were used to denonstrate the process 70: Operator Name_ Operator Type
Probabi lity direction and projectile trajectory, the exemplary GA uses as a chromosome an

5  initial population of 200 4-s, with each 4- containing the following values:
[Azimuthghooter, Elevationgheoter, Azimuthpissed, Elevationissed).

[Azimuthghooer, Elevationsheorr] are defined by the angle (6+3), while
[ Azimuthwmissed, Elevatiomuisseq) are defined by the angle 8 (see FIG. 3). Since
muzzte blast is not used with the aforedescribed shockwave-only approach, a

10  nominal range between the sensor array and the shooter of 100 meter is assumed.
"The initial population is created by random selection of the 4-s spanning a
meaningful and reasonable range of values (all values are in degrees):
Azimuthgpeorr = {0, ..., 360},
Elevationgpooer = {-10, ... , 30},
15 Azimuthyisseq = {-20, ..., 20}, and
Elevationpissed = {-20, ... , 20}.

It is checked in step 75 if a maximum number of iterations for the GA, which
can be set, for example, at 25, has been reached. If the maximum number of
iterations has been reached, the process 70 stops at step 80, and the result can be

20  either accepted or further evaluated. Otherwise, step 76 checks if preset fitness

criteria have been satisfied.

Fitness criteria can be, for example, a computed missed azimuth of <15° and/or
aratio of the residuals of two ambiguous solutions. If the fitness criteria are
satisfied, the process 70 stops at step 80; otherwise, a new population is created

25  through crossover, step 77, and mutation, step 78, and the generation counter is
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Descri pti on Azi mut h- Crossover Crossover 0.5 Exchange
shooter/trajectory azimuth between two chronosones M ssed- Crossover
Crossover 0.5 Exchange m ssed azi nmuth/el evati on between two
chronmosones Field-Miutation Mutation 0.3 Replace a given field (wth a
probabi | i t y wptooaee®s per field) with a randomy sel ect BET/HERIANEE

wi thin range Increnental -Miutation Mutation 0.4 Introduce small
mutations in all fields of a chronosonme (within 52 for

incremented by one, step 79.

In each generation, the “best” individual is allowed to survive unmutated,
whereas the top 100 individuals, as judged by their fitness, also survive, but are used
to create the next 100 individuals from pairs of these survivors with the

5  crossover/mutation operators listed in Table 1.

The following excinplary crossover and mutation operators were used to

demonstrate the process 70:

Operator Name | Operator | Probability Description
Type '
Azimuth-Crossover Crossover | 0.5 Exchange shooter/trajectory azimuth
between two chromosomes
Missed-Crossover Crossover | 0.5 Exchange missed azimuth/elevation
between ftwo chromosomes
Field-Mutation Mutation |03 Replace a given field {with a probability

-of 0.25 per field) with a randomly

selected new value within range
Incremental-Mutation | Mutation 04 Introduce small mutations in all fields
of a chromosome (within <2° for
shooter information; within <0.5° for
missed information

Flip-Mutation Mutation | 0.1 Change the solution into the ambiguous
alternate solution
No-Mutation Mutation 0.2 Chromosome remains intact
Table 1

10

Disambiguation is achieved and/or improved by performing a gradient search on
the best solution and the corresponding alternate solution. For both ambiguous
solutions, the residuals and the ratios of the residuals are computed. If the computed
missed azimuth is <15°, representing “close™ shots and if the ratio of the residuals is

15  >2, then the solution with the lower residual is selected. Otherwise, no actual
selection is made, and the solution with the lower residual is labeled the “primary”

solution, while the other solution is Iabeled an “alternate” solution.

20



shooter information; within :50.5 for mssed information
Flip-Mitation Mutation 0.1 Change the solution into the anbi guous
alternate solution No-Miutation Miutation 0.2 Chronosone renains intact
Table 1 10 Di sanbi guation is achi eved and/ or inproved by

perform ng av@icackiegsas search on the best sol ution and p&EuUs2005/030126
correspondi ng alternate solution. For both anmbi guous sol utions, the
residuals and the ratios of the residuals are conputed. If the
conputed m ssed azimuth is <15, representing "close" shots and if the
ratio-of the residuals is 15 >2, then the solution with the | ower
residual is selected. Otherwi se, no actual selection is nmade, and the
solution with the lower residual is |abeled the "primary"- solution,
while the other solution is |abeled an "alternate" sol ution.

W th shoci cwave- onith sielciewivie@nly deleeticn/ha lGaodlgdritim prodalizd @ dolatichadntat i on

O e COTPHEL LD LG Lt ot 8100, S 2 e
shots were W t hbfsinkilated stbtss 9B obth sitiutedaRdls W&¥ondthint 158 obmhidtddatiatith,
shots were wit hlanrgi 8%"04: c(a)f]c therrsiigglggd se?]'lzoitsrrv}.fjetni1 ivitl&ijg ispgf r}llj;s%d azimuth, Using the
5 aforedescribed disambiguation algorithm, close shots, i.e. shots having a missed
azimuth of <15°, were disambiguated 95% of the time. The disambiguation
algorithm produced correct results for more distant shots 70% of the time. The
accuracy of disambiguation is expected to vary based on the sensor array geometry
and the presumed distribution of shots, with shots having a low elevation being

10  ecasier to disambiguate.

The aforedescribed solutions for the projectile trajectory were obtained without
detection of muzzle blast. However, it has been found that even a weak muzzle
signal or a muzzle signal received only on a limited number of channels can be
advantageously used to improve range determination and disambiguation.

15 FIG. 9 shows schematically a diagram of a Time of Arrival (TOA) model,
which is described in more detail in US patent 6,178,141, The TOA model can be
used to estimate the trajectory of the projectil'e and the shooter direction relative to
the sensor location. The TOA model is based on a ballistic model taking into
account certain physical characteristics relating to the projectile’s flight path, such as

20  the air density (which is related to temperature); the position P (P, Py, P;) of a
shooter; the azimuth and elevation angles of the rifle muzzle; the muzzle velocity of
the projectile (or equivalent Mach number); and the speed of sound (which varies
with temperature/air density). With this ballistic model, it is possible to accurately
calculate the time at which the shockwave and muzzle blast reach a particular point

25 inspace.

As depicted in the diagram of FIG. 9, the shooter is located at point 2 (Px, Py,
P2) relative to an origin (0, 0, 0), the various sensors are located at points § ; (Sx;,

Syi» S2j), and the bullet trajectory is shown as emanating from the shooter in the
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5af oredescri bed di sanmbi guation al gorithm close shots, i.e. shots
having a m ssed azinuth of <15, were disanbiguated 95% of the tine.
The di sanbi guation al gorithm produced correct results for nore

di stant shots 70% of the tine. The accuracy of disanbiguation is
expect ed t owargs/seded on the sensor array geonetry an@CrmgpyEsianed
di stribution of shots, with shots having a | ow el evati on bei ng
10easi er to di sanbi guate. The af oredescri bed solutions for the
projectile trajectory were obtained without detection of muzzle

bl ast. However, it has been found that even a weak nuzzle signal or a
nmuzzl e signal received only on a limted nunber of channels can be
advant ageously used to inprove range determ nation and

di sanbi guat i on.dikEfonGf AH. 'SﬂimtosfrdsmtmtshamdrIt(ytha_]"dseagjrmﬂothealoTttShwlmf
Arrival (TOA) nodel, which is described in nore det. in US patent
6,178, 141. The cf@pproastidCPahof thebulleideithed” seatdr irelt jﬁ’asrmﬁl&)j éed e patiyf
the projectile and the shooter direction relative to the sensor

| ocation. The TioRowrddiim the pbintwherote shoplavdve ixredialed fom thewaiertpry totthe

account certain,physical characteristics relatin o] r C e's
flight path, sdcge’é%f i5g (randsxy °g'é‘ﬁ§‘°1“w§°§s '(‘ﬁﬁF?!"rP‘?’g ‘ib p‘heﬁ{aﬂ}%fg[e St

t enper at ure osition P a. shopt er,

andrpel evatl) a!’r‘@F‘S%g‘fs"’t E]é"'pl(‘lfgfa V% yféthcﬁ%aé’hﬁﬂlf ffmf\'7he|p6°d7°?§z? O#S@’ﬁe
projectile (or ggtondd Ricit)/Brle pajebie, )and eonathemeemee&dqémﬁmm (whi ch

varies with tenperature/ajr_density). bal | istic . nogel, it

i s possible to deedeal wesd v gt“% f%‘ﬁe"ﬂﬁlie rP§“"éﬁe“ GWFEtﬂrytaﬁgﬂ?not‘ﬁ“%e

and nuzzl e bl asg TR c@rypi%ﬁdr&t&naéd HQisAbind8i ﬁg&ﬂﬁ’&@ured couher-elegkinadeed
in the diagram of FlI ,. the shooter is | ocated poi n

Pz) relative toff%“’élxraélsn“(}m‘“@lmﬁ)a“ bt farption %aé‘r‘rg‘s %&@I&%t ed
at points gjq ( ﬁti )@y eqanﬂm& et detthe @k sHoEﬁbaWétaﬁi\bél fifie § REMRAS
emanating fromt hooter in the direction of A The veCtor from
the shooter to ‘eher §tThe iSepnsorare written in remepidhess geqmestgal granilifsr oach
(CPA) of the bullet to the jth sensor is I it. | =15 Isin(fl) , and
the path followed fromthe point where thddshoci cwave is radiated
from the traj ect offjetimerfiamiyaliis sppldotheitimeg: it takes fonthesprgiectie to fravel the
sensors has been onmitted). The Mach angle of the 5 bullet is U=(UV,
M=V /co. Mis {dka fh ni c
vel ocity of theél%f%g%}r Iwgp‘gﬁtd‘p%% I's E ﬁa?&rtgtggrt%é) §erk&8pﬁym@hﬁlg

t enper at ur e- dependent) speed of sound Th ss an . ot
trajectory and ¥ faksesj théshoeiceay to tgavgldhe digy ?M] W&V%‘gt’%%&t $1zed
by its azimuth angl e neasured counter- cI ockwi se fromthe x-axis in
the x-y plane and b .§"ts el evati on angl e neasured upward from 10 the
x-y plane. The ®oseat+ons that define the shocicwave arrival time t]j
and unit vector at the jth sensor are witten in terns of these
geonetrical quantities. The tinme of arrival is equal to the tine

111-1 it takes for the pro ectlleA avel he V
pr o] [ = l Pls;r-—t +Iftsm(ﬂ+9)

wherein tp is a time reference (firing time) and ¢, is the speed of sound. The
Mach angle O is also indicated in FIG. 9.

It can be safely assumed that the velocity V of the projectile remains constant
20  over a distance corresponding to the sensor spacing, so that there is insignificant loss
of speed between the times the projectile radiates to the different sensors. However,

over longer distances projectiles are known to slow down due to air resistance. The
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distance 12 1 to the point were sound is radiated toward the Jil
sensor, plus the tinme it takes the shockwave to travel the distance
1,1 fromthe radiation point to the jth lig 1 15 sensor, - Co | =1

+ 1111+-151 =t +-11sin05-1-0), V Q0 co wherein tois a tine
ref erence (fwg iobgostiogre) and co is the speed of sound. Fepuidshiang! e
El is also indicated in FIG 9. It can be safely assuned that the
velocity V of the projectile remains constant 20 over a distance
corresponding to the sensor spacing, so that there is insignificant

| oss of speed between the tinmes the projectile radiates to the

di fferent sensors. However, over |onger distances projectiles are
known to sl ow down due to air resistance. The air resistance can be
expressed by a drag coefficient Cb which depends on the bullet shape

and bul | et cal dityesistanse aan becrpressediby bémg cosfficient Gowkich dependson therhyhet
hysi | rincj i i e 1 £ - at
physi cal pri éhﬁéeeﬁld @kt PARE %m%ﬁlﬁnﬂfcﬁl'b%lﬁ%twg %Flﬁen@ed%ﬁ?g%gﬁe at

any general poi In space as a function o set

descri bi ng t heprigcipjes ean fredigtéhecarrivabtime o2 sipckyaBecdahy gaiemhpoi@ol spabe s
nitial velociyqanth SR bataflicrd BEAHY QURGIDRC A £ B8 deggovn T
advance. e paraneters required Tor an-exatt” ca ation are
typically nbt donffiwient @y)dtsimtdlivsibeity, smtthd degsitysfi e sasowmding tairlasfikinewl .
However, range egt' r’gati on can be significant inproved by an iterative
process shown TR%¥8Fim of a process flow diagram 200 in 10 FIG 10,

Whi oh takes i . ot ot ;
3long thetraj et SFSPAA S RaLEL Bl hedfuobh e ST iR I,
fol |l owi ng assumiistiostingcuchraspmitticlfl. Houndr, noge tstiatitibmeande tsighifieant

tenperature/ ail _pr ure (440 ms), Cbh.=.nom.nal dr coefficient
averaged over 151]%('818(? b AL el%:r ye Brgﬁessg }hown in fort OF & procgss%w (ﬁagram 560
10 FIG. 10, which takes into account deceleration of the projectile velocity along the

trajectory. The process 200 begins at step 202 with the following assumptions:
co = speed of sound modified for outside temperature/ air pressure (=340 m/s)
Cy, =nominal drag coefficient averaged over anticipated weapons
Vo = initial velocity of the projectile, when fired, averaged over anticipated
15  weapons
My = V/c = initial Mach number of projectile

A first estimate of the shooter distance Dy is computed in step 204 using the
measured time-difference-of-arrival (TDQA) 7 and an arrival angle o between
shock and muzzle sound at the sensor array and by assuming an initial, constant

20  speed Vg and Mach number My, according to the equation

_ T %y
" 1—cos(a)

With these assumptions, the projectile’s speed at a distance a from the shooter

position P can be computed in step 206 from the equation

2
a
M, =M1~
a 0[ Cbﬁj
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Vo = initial velocity of the projectile, when fired, averaged over
antici pated 15 weapons M= Vok = initial Mach nunber of projectile
Afirst estimate of the shooter distance Do is conputed in step 204
using the nmeasured tinme-difference-of-arrival (TDOA) to. and an
arrival angM® 280608¢28®en shock and nuzzle sound at the BEHY$00S45412,
and by assuming an initial, constant 20 speed Vo and Mach nunber M,
according to the equation Dna Co Do 1- cos(a) Wth these
assunptions, the projectile's speed at a distance a fromthe shooter
position P can be conputed in step 206 fromthe equation Ma =Ml a

)2 WO 2006/ 096208PCT1US20051030126 so that the tinme the
projectile travels the distance a along the trajectory becones, step
208, a a Vb The angle O is related to._the Mach nunber M by the

equation 5 wherseithit the dimerkerprojeqilrctravls thedistanes # alpng the BRIegeryVy . ~ | ¢t
shoul d be not ed?écmgs,gt%gzdsnstant aneous bullet velocity is set to the
. e.,

speed of sound ="1) if the
a
T_
z a-.\/l_’o‘

The angle © is related to the Mach number M, by the equation

5 sin(@):—ﬁ-}-

wherein the Mach number M, is initially set to Mg. It should be noted that the
instantaneous bullet velocity is set to the speed of sound (i.e, My = 1) if the

computed bullet velocity becomes less than the speed of sound. The revised

distance a = I}il in step 210 then becomes

M, -1

The angles o, §,'and © are related by the equation (a+ #+ 0) =90°. The
process 200 then loops back to step 206 by inserting the computed value for the

10 a=D, -cos(ﬂ)-[l—-ﬂ%@—-}.

distance a in the equations for M, and T, above, yielding an updated Mach number
M, and an updated bullet travel time T, respectively, for the traveled distance a.
15  The measured TDOA 7, and the computed updated values for T, and a are then

used to successively update the value D for the shooter range:
D=c,-(7r,, +T.)+s

This process is repeated until either a maximum number of iterations has been

reached or the range values D converge, as determined in step 212.

20 The process 200 also checks in step 214, if the revised range value D = lf)l for

the distance between the shooter and the sensor array is a “reasonable” value, in
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conputed bullet velocity becones | ess than the speed of sound. The
revi sed distance a = Pi in step 210 then becones 10a = Do.cos) 11tan)
JM J The angles a, (iYand 9 are related by the equation (a+ fi +
9) = 90. The process 200 then | oops back to step 206 by inserting the
conmput ed vakybdhehdre di stance a in the equations forpMueedodozs
above, yielding an updated Mach nunber M and an updated bull et
travel time T., respectively, for the travel ed distance a. 15 The
measured TDOA rm and the conputed updated values for T. and a are
then used to successively update the value D for the shooter range:
D=cO-frou+7) +s This process is repeated until either a maxi num
nunber of iterations has been reached or the range val ues D converge,
as determned in step 212. 20The process 200 al so checks in ste 214
i f the revi sed whithgaseyld precess 00y @mirfates atstep 246 sFﬁwﬁ@nﬁetthﬁa‘@fﬂetf
shooter and th L 6 , case
ga e porstaRled Q&lfd%h'e%lsﬁmcer ﬁgﬁ&gﬁ‘? g}r’?ﬁcﬂﬁ an?]e i Eé‘

the process 200 tferm nat es at ste ue for

nd CheCar st ance g bk LT ?weog‘éwﬁw?hgﬁaﬁ'rtdh@a%s%rﬁ%%;E

the sound wave is ra |ated sin(a) fromthe projectile to the sensor
are val i d nunmbdiomibs prejsetile tocthe sensoir are vilid\umbenpvalpes si.e5 aobpidNalA NAN is

floating poisnt ,\aleas SRk SSENaddedliEndud ks ﬂfof?nﬂﬁf%gcﬂ @%&P@@@ﬁ' on

whi ch cannof ret er va used
pr event errorsc&mtmmnoqam}idmumgertvb}uaMS arpmalﬂ)cuhatqrmcwenﬂanroascfchml on, a

anda shoul d both be %F red ne %aq_k u
i ndicating tha mt”f’%mﬁg gP:aI‘?uvlvgahs‘fm| n |0?aélg %{s@%@? ﬁ%‘cgsgﬂr]lasnoar
array. predetermmed threshold value, md1catmg that the projectile was indeed fired toward
the sensor array.
10 As mentioned above, the number paif {Tms, € is initially used to compute the

shooter range Dg in zero™ approximation, neglecting change in the projectile’s speed
along the trajectory, If the iterative process 200 described above does not return a
consistent geometry supportmg the number pau' (‘rm,, a) thcn the solution is

discarded.

15 Even if an exact solution may not be obtainable, it is a goal to find values for the
shooter range D and the missed azimuth and elevation angles (which are related to
f) that most closely match a measured shock TDOA and a measured muzzle TDOA.
As already mentioned, the shock-only TDOA’s between the various sensors can in
most situations be reliably measured. The shooter azimuth and shooter elevation,

20  butnot the shooter range, can be determined from the shock-only TDOA’s using the
known sensor array coordinates (Syj, Sy;, S5). It will be assumed that the TDOA 7y
between the detected shockwave and the muzzle sound can also be measured,

whereby the muzzle sound may not be detected by all the sensors.

If it is determined in step 214 that the iterative process 200 does not return a
25 valid result, then the process 200 attempts to compute the shooter range by invoking
an evolutionary genetic algorithm (GA) 300, GA’s mimic natural evolutionary
principles and apply these to search and optimization procedures, A GA begins its

search with a random set of solutions, instead of just one solution, Once a random

25



10As nentioned above, the nunber pair (ruts, a) is initially used to
conmpute the shooter range Do in zeroth approxi mati on, neglecting
change in the projectile's speed along the trajectory. If the
iterative process 200 descri bed above does not return a consistent
geonet ry sumpmzonéove208 he nunber pair (roo, a), then thePEOHUHINHIIE2E

di scarded. 15Even if an exact solution may not be obtainable, it is a
goal to find values for the shooter range D and the m ssed azinuth
and el evation angles (which are related to 13) that nost closely

mat ch a nmeasured shock TDOA and a neasured muzzle TDOA. As al ready
mentioned, the shock-only TDOA's between the various sensors can in
nost situations be reliably neasured. The shooter azimnmuth and shoot er

el evation, 20 but not the shooter ran etermn m t he
shock-onl'y TDOR%“%@PH% ST GG ards caipied B8 PR PECe piifeer oy
Sxj). It will ?a%ﬁﬁﬁFsmbtaaxtana A EmEERQA14ti0E ﬁzebmmagmah@eadmsmmldm
shockwave and the nmuzz

sound can al so be wher eb
nuzzl e sound mape ¢ekod B’%ﬂnﬂé‘i‘ee@P@ﬂcweé?ﬁ“?%%{%éﬁgé?“&deﬁnfd‘ﬁt?mgé’eg’ee“a
determined in shieRaddéblitidatnd e neh@faalsbMEondfReRmiple89 does not return
a 25 valid result, then the process 200 attenpts to conpute the
shoot er range by |nvok| ry genetic algorithm (GA) 300.
GA's mmc natural evol [¥iQpary- p;; NG pI es{an ap y the]e to search

—

and OptlﬁlZ%tlon rocedures. A GA beginsg Bawic thja random set
of solution$, instéedd dfjust one sol uti on eMa aﬁﬁﬁ%
2006/ 096208PCT/ US2005/ 030126 popul ati on of so utions is Created, each

Y neast el oo DB B e Shorh o4 858K %81@‘3%"6 oo em and
enbodi ment, the filacss, IS@Qw%sgragp%f%@Ag&gy g gl dgan cirg ance

bet ween a cal cul af\e ron sure PUt T on or exanpl e
by $ADNi n= i - | pfcSbweGRO peatte Shealifforart-pf-anival (TﬁD@AMuranmhc arrival angleree mew

il In E)glt t Ie\r/el Y, arrlnegsluge%rplrévqms ord pL%gc!es Oﬁ s?eg%lo&e \é)?érﬁjp arynur%é?'m"i» ~-tupes
10  having the values {RANGE, MA, ME} is defined as an initial population, step 304,

wherein RANGE is the shooter range D = Iﬁl shown in FIG. 9, MA is the missed

azimuth, and ME is the missed elevation. The MA and ME values indicate by how

much the bullet missed the target in azimuth and elevation space. The target in the

illustrate example is assumed to be the sensor array. The initial population in step
15 304 is created by random selection of the 3-tupel spanning a meaningful and

reasonable range of values:
Rangegponter = {1000, ..., 3000} [meter],
Azimuthpissea = {-20, ... , 20} [degrees], and
Elevationissed = {-20, ... , 20} [degrees].

20 The computation follows a similar process as outlined above for the shockwave-

only solution. Initially, for generation Gen = 0, step 306, the shooter position vector

2 (Py, Py, P,) is computed for each 3-tupel with the previously determined shooter
azimuth and elevation, and an assumed RANGE for the particular 3-tupel.

Assuming an initial Mach number My, the vector A (A Ay, Ap), i.e. the position
25  from where the shock sound is radiated, is computed with the MA and ME values
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A schematic flow diagram of the GA process 300 is showmn in FIG 11.
The process 300 uses the tine-difference-of-arrival (TDOA) rm, and
the arrival angle a neasured previously for process 200, step 302. An
exenpl ary nunber of 3-tupes 10 having the values (RANGE, MA, ME) is
defined as wo2esmwéze8 popul ati on, step 304, wherei n RANIEAIS280505326
shooter range D = shown in FIG 9, MAis the m ssed azimuth, and ME
is the mssed elevation. The MA and ME val ues i ndi cate by how nuch
the bullet mssed the target in azinmuth and el evati on space. The
target in the illustrate exanple is assuned to be the sensor array.
The initial population in step 15 304 is created by random sel ection
of the 3-tupel spanning a neani ngful and reasonabl e range of val ues:

Cdogr a6s) . and b1 B3 TWRIieA . The dstgnées 0515 5 ien o Bty dndkach
conput ation fol] . il ar S S l.Lped above for the
shockwave- onl yselgs\(%?htg ?‘?ﬁ@“‘?%i“‘%".‘g{é‘lgf”?,a?"f%sP “gé ‘ét%cgti on Gen = 0, step
306, the shooter Sitd veet 4 i uted for each
3-tupel with the %gre%/aly(l)%glfpcﬁggt eglgﬁﬁl{ct&mg%%?g@%zeﬁ%{%ﬁpand el evati on,
and an assunmed RANGE4L(#-EKhe particul ar 3-t,u5)el. Assum ng_an initial
Mach nunber Mo, cosKe = AViepein thagymbe) e ipdigatesthgscalarpredushbepsecn, om
where the shock soundii’'s” Phadi ated, is conputed with the MA and ME
val ues WO 2006{ 096208PCT. 0 030126 for each .3- el p 308.
The di stancgss 3{1 %mgﬁrg?tﬁ%ew&%%@g%ugg?%r?heéihsgan%ea%?\hes%aﬁélgﬁnﬁT'toigh[% detects
a shoci cwave arpeojedtitmoventip distance d4-and thabackBnumbpels, art hempunigl by inSrting

conputed from tt e co?n%%%ﬁ 'valile for B and the initially assumed'values for M, = My and a into the

above equations for M,, Ty, a, and D, step 312, This process is iterated several times
for each of the 3-tupels, for example 3 times, as determined in step 312, whereafter
10  the residual Aty defined above, which includes the muzzle signal, is computed for

each 3-tupel, step 314,

It is checked in step 316 if a maximum number of iterations for the GA, for
———— - - example 25 iterations; have been reached. If ﬂle-maximum number of iterations has
been reached, then the process 300 stops at step 320, returning the 3-tupet with the
15  smallest residual. Otherwise, the process 300 creates a new population through a
crossover and mutation operation, step 318, and the generation counter is

incremented by one, step 322

In each generation, the “best” individual is allowed to survive unmutated,
whereas the top 100 individuals, as judged by their fitness, also survive, but are used
20 to create the next 100 individuals from pairs of these survivors with the

crossover/mutation operators listed in Table 2 below,

The following exemplary crossover and mutation operators were used to

demonstrate the process 300;
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29V) cos /3 -E =_ wherein the synbol "e indicates the scal ar product
between 1111. 1P 5the two vectors. Updated values for the distance a,
the travel time T. of the rojectile over the distance a, and the
Mach nunber M are conputed by inserting the conputed value for /3
and the ini (ZWol0ps/0988unmed val ues for M = MD and a i nt 8CT/HB208M39186
equations for M, T., a, and D, step 312. This process is iterated
several tinmes for each of the 3-tupels, for exanple 3 tines, as
determned in step 312, whereafter 10 the residual Atm, defined

above, which includes the nuzzle signal, is conputed for each
3-tupel, step 314. It is checked in step 316 if a maxi mum nunber
of iterations for the GA, for exanple 25 iterations, have been
reached. |ithe maxi num nunber of iterations has been reached, then
the process 300 stops at step 320, returning the 3-tupel with the 15
smal | est resi dyal—O-herwm-ser—the—process—3horereates—anew:

popul ation thr ?’5?‘?%’?1' peration, b mBng‘?LS, and
the generation by one{st-ep—322 ' caeh

oTTeT

generation, th Ig“%ﬁ@s‘immqﬂ?‘idl v(&tf‘é?“‘?’s i oved t@:c%lﬁg;msgc{fﬁlﬁﬁ;:ﬁwac ntwo

wher eas the to ae iAo

survive, but andhsegevston o Fé"zi"t"éerttg\sﬁ\é;t ”yl(&v &iﬁemﬁ"fﬁmm}(ﬁb&%m

pai rs of these [SHF N Fors—wi-th T OgSOverIItgL Ol Sl T ST
in Table 2 bel {)@?j:d;;ﬁ’fe fol l o%ﬁg%éﬁére Splary ¢ cﬂ.gég éf;gg%cd Tutation

> amn

operators were S H SO b F iy € 119 3PT OCES I@E%—e _g_m&eld with a probabili
2006/ 096208P MU 26 operarer Kame Qper 468625 3P Beld) it ity Y

selected new value within range

Incremental-Mutation | Mutation 04 Introduce small perturbations in all
fields of a chromosome (within %2
meter for shooter range; within +0.1°
for missed azimuth and elevation)

Table 2

The GA process 300 is executed with an initial population of 200 different 3-
tupels, with a refill rate of 50, for a total of 25 generations. The GA is run § times in
5  parallel with different sets of initial 3-tupels, and the solution with the smallest

residual is selected as the final solution for the RANGE, missed azimuth, and missed

elevation of the shooter, which allows computation of vector D.

Recent experimental trials indicated a decrease of ambiguous shots from 95% to
8% on the same data set by using at least one muzzle signal channel in addition to 5
10  or more shockwave channels, which is a significant improvement over shockwave-~

only solutions.

Calculations that do not take into consideration the deceleration of the projectile
along its path due to air resistance tend to overestimate range. For certain
geometries and sufficiently distant shots, this overestimation may exceed 20%. The

15  aforedescribed process removes this bias from range estimation for long-range shot

detections.

As described above, ambiguous shock-wave only solutions can frequently be
disambiguated by comparing the residuals from two different trajectories and

selecting the trajectory with the smaller residual.
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Probability Description Mssed Azinuth- Crossover Crossover 0.5
Exchange m ssed azi nuth between two chronosones M ssed- el evation
Crossover Crossover 0.5 Exchange m ssed el evati on between two
chronmosones M ssed- range Crossover Crossover 0.5 Exchange range

bet ween two Whi8FP6WRes Fi el d-Mutati on Mutati on 0.3 RepC&@82085/3h2en
field (wth a probability of 0.25 per field) with a randomy sel ected
new val ue within range

10

20

25

15

If the muzzle blast signals are detected on 4 or more sensor channels, then the
aforedescribed shock-muzzle algorithms can be used to unambiguously determine
the shooter location, regardless of the number of shock channels. If the muzzle blast
signals are detected in fewer than 4 sensors, but shockwave signals are detected in 5
or more shockwave channels, then the aforementioned GA can be used with a
modified cost function or residual, whereby whatever muzzle signals are available
are “mixed” into the optimization function to disambiguate the shockwave-only
solution and/or refine the estimation of the shooter range. However, if fewer than 3
muzzle channels AND fewer than 5 shockwave channels are detected, then an alert

can be activated without attempting to localize the shooter. *
The muzzle signal may not be reliably detected on all channels, because:

1. The detection level on one or more channels is too low to detect with

confidence.
2. The muzzle energy is not discernable in the raw signal, causing the
system to correlate with ‘noise’, giving unreliable TDOA estimates.
3. Echoes from the shockwave can be stronger than the muzzle blast and

can arrive earlier than the muzzle blast, causing the system to falsely

detect shock as muzzle.

With a muzzle blast signal only detected on some channels, the residual in this

situation can be defined as

= i i 2 2
Armin - \/ Z (Ar;nlee.mfc - Armunh.mm ) + 2 (Ar.g'fﬁock,m{c - Arghock.mms ) L]
i J

wherein the first term for the muzzle blast is summmed over the reduced number
of sensors (<4) that detect the muzzle blast, and j is summed over the sensors

detecting the shockwave (typically all sensors).

As demonstrated by the examples described above, the muzzle blast signal

provides important information about the shooter azimuth and hence the projectile’s
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I ncrenental - Mutation Mutation 0.4 Introduce small perturbations in
all fields of a chronosone (within 2 nmeter for shooter range; within
-0.10 for mssed azinuth and el evation) Table 2 The GA process 300 is
executed with an initial population of 200 different 3- tupels, with
arefill raM W68 {or a total of 25 generations. ThEBCTHSI08S/G3P36 5
times in 5parallel with different sets of initial 3-tupels, and the
solution with the smallest residual is selected as the final solution
for the RANGE, missed azimuth, and m ssed el evation of the shooter,
whi ch all ows conputation of vector O Recent experinental trials
i ndi cated a decrease of anbi guous shots from95%to 8% on the sane
data set by using at |east one nuzzle signal channel in addition to 5

10 or nore shockwave channe a n|f|

over shockvvavéﬁ‘i'ﬁcgf’”é?flcﬁ{"??fﬁ‘im“\ﬁh%a%?’g”oz §§’ 5 °°H¥5§X§§g into
consi der ati on gh@oslgapak ﬁﬁbﬁtd]dasly&ﬁthtoheoﬂhofmﬂﬁguduesoﬂﬁtmg tiet, thupat h due
to air resistance tend to oyerestimte range. For certain geonetries
and suffici entq‘nggf‘t&’ﬁtt SHBHLNS-{ hi s overesti mation nay exceed 20%

The |15 af oredescr] ocess r ves %hl s bi as fﬁ nL FS'[I mat i on
for long-range sHof "H tiSgme retiable RUZe A A HEUBBVE Atb Pyuous

shock-wave pnlampsgiobs dh@ﬂ&!a@@-ﬁnl@ 6168 irlay b gentifated NDpgticulae dt ]byg shooter

conparing the residuals fr mtwo ifferent tra ect ries, a l,ecting
the trajector W'W@Pﬁt”ﬁ@hé £ dpsis ?‘gsfbaﬁaﬁmal ler n ‘f?é‘“'?ﬂ???‘l‘s ‘Hll%?§t

signal s are dej£Gd.86m@shsd Or nore sensor channel s, then the
af oredescri bed shock-nuzzle al gorithnms can be used to unanbi guously

deternine the shapingkydnP6BiotdRally Reskable amszlOdetdction, an alvaiptefin sitiock
channels. If the nuzzl e bl ast signal, a@fre detected in Ievver t han 4

sensors, but ghiSelxbeRededs deient muzzlesignaisee b elg fing agnugzlg blash Signalife B g yay e

channel s, jqiend %xgﬁmo&ﬁrf@asmme RIERTTIOA 4S e Winkdle detstioh ivilbsb cost
function or resi wher eby what ever nuzzl e Slgfgapﬁlﬁﬁt ar aval | abl e

are "nixed" i rdegmedyie bepelishie rpizsle sinpls ate dopnd on g &r qfgensor

shoci cwave- onl \Vnﬁ&l‘fﬁ&én@ &oﬁo&h@rau&%ew&nm%ha&als MRk 'iiQHer@fs 4 dicshapt er
range. However, 1t fewer muzzl e channels AND fewer than 5

shockwave ¢ hamﬁrensccme@naebew@dhe mpdle signalang ghe corresponding raw band on
each channel (offset by a number of bins fo account for fiiter delays).

15 Otherwise, at least the muzzle signals that show insufficient correlation are

erased, and the following ‘coarse muzzle detection’ logic is invoked:

- Look for peaks in the shock energy following a shock. Flag these peaks as

likely ‘shock echoes’, thereby excluding them as muzzle blasts.

- Determine a maximum time it would take the muzzle wave to traverse the
20  sensor array and define a “window” having the corresponding duration. Search for
muzzle energy peaks by moving this window across substantially all detector
channels following the detected shockwave, skipping sections in the detected signal
which have been identified as shock echoes. Integrate the energy over the window,

i.e., seek the maximum of:

25 =35,

=l j=0

wherein the square of mbj,, represents a measure of energy, e.g., energy of the
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10can be activated without attenpting to | ocalize the shooter. ' The
muzzl e signal may not be reliably detected on all channels, because:
1. The detection I evel on one or nore channels is too | ow to detect
wi th confidence. 2. The nuzzle energy is not discernable
in the raw WQMWed096288usi ng t he 15systemto correl at e wetchusaasa:s
giving unreliable TDOA estimates. 3. Echoes fromthe shoci cwave can
be stronger than the nmuzzl e blast and can arrive earlier than the
nmuzzl e bl ast, causing the systemto falsely detect shock as nuzzle.
Wth a nmuzzle blast signal only detected on sonme channels, the
residual in this 20 situation can be defined as \I A Tut = E (Arnmi
uzzle,calc -- Arm razteon 7 E (frrihock,eatc .... Arl'hock,tnerts)

2 wherein th t r .k \Y; he
reduced nunmber™6f efbieaﬁtz oFs ufe% (a}eﬁle;l? ‘et é%]b ' dwg@%ﬂ% QFteaW%na ﬁghf S
sumed over t hieﬂcsmgadrsmetbehmmemgl Hetvezes ﬂmMMo(lMape was dejecteliland

sensors). 25As, denpnstrate .exanpl.es.. des ed abay,

erore b ast QbR b samont B S RV RE i Tsettd o bR Sat o
azi nut h and hQﬂ&ﬁmhhb“prOJECtl|e s WD 2006/ 096208PCT/ US2005/ 030126
trajectory as conpared to a shoci cwave-only solution, so that the
C(r)mrrput ed t rsa{ ect U6 ﬁlsslﬁlhhﬁib@@ri][&k hcgfbsthﬁﬁéﬂ efidrgp il thie wlntibhiv@ﬂﬁuciﬁg ms\;a ]
ambi guous sol uti ons t_hu i.S e solutio t hout
o] Sor o A p it iog el 1 e 0T B e A

anmbi guous  shoGhEWRE isQiRdayer ﬂ@huteleﬁérgy §6006s bR VQﬂdWWfﬁgivdn&aﬁtﬂifaf;tbﬁ uf ar at
| ong shoot er di,stances, which are | ess deS|rabhﬁgthan a . snal

number of unari¥$ s, Se thsp ﬂ'leé%aldﬁ‘ thewandow it 1dentified as a muzzle dctect“m and

cross-correlanon is performed on all channels in the muzzle blast band mb to

10 determine muzzle TDOA’s.

The detected muzzle blast signal can then be used fo determine the shooter

range and/or disambiguate the shockwave signal, as described above.

In summary, the described system can accurately, quickly and often
unambiguously provide shooter direction and bullet trajectory based on shockwave-
15  only measurements. Disambiguation can be improved and shooter range can be
estimated if even a weak muzzle blast waveform is also detected. The system is
relatively insensitive to false shooter indications in response to vehicle vibration and
noise, nor wind noise, firecrackers or nearby shooting in directions away from the

system,

20 It should be mentioned that the system detecting the shockwave signals
performs two test on the initial waveforms for determining if the signal can indeed
be attributed to shockwaves, First, the measured total energyina fr;equency band
between approximately 700 Hz and 10 kHz is compared with an empirical threshold
value. Only if this threshold value is exceeded, can the signal form be considered as

25  arising from a shockwave. Secondly, the time span of the detected initial positive
pressure peak must be greater than approximately 70 us and less than approximately
300 ps, These criteria provide immunity of the system from impulsive noise, such

as firecrackers and non-threatening gunfire, If these tests are not passed, the
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In the event of potentially unreliable nuzzle detection, an attenpt

can still initially be nade to detect nuzzle signals, e.g., to find a
nmuzzl e blast signature in a 10 noisy signal, and to conpute the
resulting TDOA's. The nuzzle detection will be deened to be reliable

if nuzzle sMYHAPEIEPE found on a sufficient number of BEHYSA05HI3IR6
sufficient cross-correlation between the channels, and if there is a
sufficiently strong correlation between the nuzzle signal and the
correspondi ng raw band on each channel (offset by a nunber of bins to
account for filter delays). 15Qtherw se, at |east the nuzzle signals
t hat show insufficient correlation are erased, and the follow ng
'coarse nmuzzle detection' logic is invoked: - Look for peaks in

t he shock ener fallowing.a shock. e ikel.y 'shock
echoes', ther eg%)lecé%%cw \ébf"ﬁ'g % 'h°iﬁ?“§‘s erﬁgéz 812\2;1%2’&“@ %% ﬁ%@é%ﬁn@eﬂa

maxi mum time i biteppddd t ake the nuzzle wave to traverse the 20 sensor
array and define a "wi ndow' having the correspondi ng duration. Search
for nmuzzl e ener gywhitaihs itvgntigahanbeeh disdlosed imownadowwith shetpseferrddi al | y

all detector chapngls fqllow t he . det ect ed shoc e skipping
sections in th&™ 'B?:"tt%ﬁmg’f‘dﬂ‘g&esﬁéhegw#&@e"@@éﬁf@‘ﬁﬁ%&oﬁ aepg as shock

e ]g: hoe fs : ) | nt ggr ﬂ‘%ﬁoifidﬂﬁ:nﬁ mmfv\ﬁm riRydie n?]abethwemdﬂ%?ﬂ departing ok thespiritand mum
of 25f0)=EN EW (nifj{+] ereint squar e, o i.an represents
nmeasure of enef§ye oéi‘bl.“,l’e"@'l‘?ﬁr §5‘¢ WY OF%@%MtE?@hEF%@meﬁQ%@OQW% t he
IIth sensor. (hskjdkpibtedbORvRg abdistickRiRe ol avhfophbnes)thishedd metothe ng a
discrete tinme interval between the tinme {he shockwave was detected
and the begi nnF¥g BsteschSthas BBesHL Presre; sensitfye megshanicalior glqsiical sepsofs pay

measured from {08..8t MoteoVir ﬁ@@al‘_ﬂés?‘i@wm Pabfes V1288 B ifdtitR aCio@Opleratoks are
noi se, the peak energy in the w ndow produci ng the maxi mum, of

functionfa s #rtedadia be sxamnlesanyand ather waluss may by sefecied dependingonilisi mum
I's greater thagedheo Rt AEHAES AbBFuiN BRYRY atti GbYESE therbsgnd act or .
If this is the case, then the signal inthe Wndowis identified as a
nuzzl e det ect i dnyentionds forbedimited prinbxnthe dlowingsdaimsr med on al | channel s
in the nuzzle blast band nb to 10 detei m ne nuzzle TDOA's. The
detected muzzl e bl ast signal can then be used to determ ne the
shooter range and/ or di sanbi guate the shoci cwave signal, as descri bed
above. In summary, the described system can accurately, quickly
and of ten unanbi guously provide shooter direction and bull et
trajectory based on shoci cwave-
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15 only measurenents. Di sanbiguation can be inproved and shoot er
range can be estimated if even a weak nuzzle blast waveformis al so
detected. The systemis relatively insensitive to fal se shooter
indications in response to vehicle vibration and noise, nor w nd
noi se, fi Wderiackisredivr near by shooting in directions away fromthe
system 20It should be nentioned that the system detecting the
shoci cwave signals perforns two test on the initial waveforns for
det er m ni hg inthodor disgmiziguasamirom deaskivine-catyt sigrply i drdiettorysti @ Okugliles |
FiI’St, th [ j a_f q t %fth
appr oxi ma gl y %%gﬁgﬁ&g%%kﬁ%ﬂgﬁ&%ﬁgﬂgg 'I%egggﬁ%g%ﬁﬁgg% 3% ﬁrﬁﬁcalo ©
t hr eshol dshegfwere-otiyisignils with p glurdhityeslspdced scahdie sénsore fuwéadead anternd; t he
signal fo : i der & 8l LRSI EDifREGREBEY
he i e SpeaRifREh SRt A onilr B Ukl T B R MM E D RRRRNE e
% L eater t mab(ﬁm!v%h@@yseﬁ@r g@r}amdl;n@scslrach auf?appﬂ@dqtmrelaﬁr@@t ofS .
ese Cri : oi se,
R R A el SR
not passedyvative of tIROIOGIVEO 96 2TBPCTIAUBEOO BLEIBNPBe detradned gradeonedior m i s
not consi gx@y . oter solution is attenpted.
VWi | e the&ﬁa\%ﬁﬁegﬁgﬁg e rﬁo"gtlggeci?a BSCZ in connection with the
preferred enbodi nents shown and described in detail, various
modi 1 cat} a3 fida B AARNOUREENL. LORLSADTRN: B auPRAS hOERELR o t hout
departing fromthe spl_rlt’ and scope of the Tnvention. By way of _
exanpl e, airtdwedéperdsenialsizaof thanitermaenbodi ments are depi cted as having
acoustic sensors, such as m crophones, this need not be the case.
I nstead, other types of pressure-sensitive nmechanical or electrical
sensors nayhberctheedf clditrlepberin thersowadyseficigitte deteumiffeth¢ gredientafid 2 f or
val uee. o B e e ot one 1 1 the
field. Accordingly, the spirit and scope of the present invention is
to be |imn Jhe follaow ng. clai } Led ds: 1.
A net hod n%tg?lg di ?@gﬁ%?%ﬂglp i Wégj?lbgﬂn%agﬁlg g Lh\%/él\[l}gqlg Pﬁ\ﬁeﬁléf ﬁd?] gﬁé%@ ?Jg}cht ory
of a proj ggwlslieclylcotershring wostiociccgyofe revived signt andeseipding tha geceived
it prua 88 B LB Fo R O heck IR SOAFLONTNE AR N S1ARRL =
det er mi ni fgredatesmined thresheld ualatioysor piedsteranet frequehachendve- onl y  si ignal S
Time-Difference-Of Arrival (TDOA) val ues for sensor pairs with an
accuracy sufficient to determne a gradient of curvature of the
shoci cwave Thawethpdof clzimrdo wherrin sheamedsienminedistqueney hpnsgrotringsag fgaicapies of
curvat ur ; and determning fromthe
determ n%&%ﬁeggﬁéﬁ}?ﬁg%wg\%ﬁffed% di sanbi guat ed projectile
trajectory. 2. The nmethod of claim1, wherein the accuracy _
o the any aianeEbEbFYIR 1. Wiwoh A, bhs e it KBk B APRRREAE D, =1 =€
suf fi ci entgrab intdudes measaringreting iattrahwhaest a caeivetsignal Idepperdttveonlugand
whor ei n reaing R S BRTRER bR Sl paverdhy ok FRERR ol PR
i ncl udes tmesnimimym Hre vs giederdhmragyaxghum timecei ved si gnal and excl udi ng
the received signal from being a shocicwave-only signal if the
acoustic energy of the received has |ess than a predeterm ned
t hr eshol d7.\dat method ef clam@; etletie e migohuin dgeiBnpyrokianely 709is afithéerret hod
of claim4, wherein the preﬂg%‘@qr m ned frequency band conpri ses
f r equenci BEHETHEER ABEYrER Kf-700 Hz and 10 kHz.
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6. The nmethod of claim1, wherein neasuring the initial portion of

t he shockwave-only signals includes neasuring a tine interval where a
recei ved signal has a positive value and excluding the received
signal from being a shockwave-only signal if the tinme interval is

| ess than a mnimumtine or greater than a maximumtine. 7. The

met hod of claim6, wherein the mninumtinme is approximtely 70 kts
and the T

ol ai m L,y o A AR g L Dot QR PO Bl
val ues f ofer SCBIPS DTS Senprisecdspipratioe s seess phthaplnnbty 1 ssaspsuthat difst pirpeunters the
plural i t ysn@dkwafeReford: Bed refel’éi‘l@etseﬁs'apgé“"ﬁgq stlifieh FHARHNRY BuivRRhONt  as
a reference sensor; setting first of atimng circuirt when an
anpl i t udeangtitudpaf thﬁmttiahnoﬂﬁ)epf iheﬁl%lfwwﬁenlgﬁtseqlmbem&mnye SENYASPSSER2 t he

r ef er enc e SeREOf L] TR 1atchlaBEVAS A ofn 8 Fdd 8ach SRIhE othbrserisorls And QnoPpmg the
activating counters for each of e ot her. sensors; and stop t he

count er s TOHMErs EFagt ofiheerthsr f?e%or%‘élafeél}esre SREFSNE P SprsQrs ERCOVRj ﬂ?f‘tSH ave

SENsSors ensefidt:arhcteitn ®HNGEOBEVErVAY 8ibp ONhe cothiers @pfeséhtORMbOABEMREN
start and Stﬁﬁﬁg()f t he ﬁ ters re resents the TDOA between the ot her

sensors antePe Ut BIRT: 3568?%58?30 9. The nethod of claim1, wherein
deternlnlng the Time-Di fferences- Of - Arrival (TDQA) val ues for sensor

i st. th t
Dot cvabTsn s d A MR FBRnbd e Bt bR A (S vne
rate; c orfmedeaﬁtor PHjs td:raarrmamamnig pidedsi tbmmltiae[iwmmthhehoalcws{onlo s@eﬂsor S

wth as e e r..than.the. first n
ety RSl O e, AR o AN L S 06 iy
pr oduci ngewsorsasithmienopdiloek raf sehter tharthefirsitdogh rate; 1@l defﬁhmnmeta Aode- of
claim?9, r4her. i I

onl i TEECRAGO8 8 BYL) 8 { AL A EPRRLL LIS cBrin
producing optinum TDOA val ues. 11. A nethod for dlsanblguatlng a

trajectory ffe ﬁetlﬂd%@él%ﬁw Qnﬁﬂe?%nﬁﬂuﬁng fréie Q&Qﬁf@%rtfoﬂé Q’resciﬂlglpﬁak ach
wi th an antenna havin lurality of acoustic sensors, conprising:

det ect i ng%eleﬁfoaeﬂé?A%F\V%%F Vﬂ@i@@ﬁe}dgaléﬁ profsingloptinghp TPOSF valigbust i ¢
sensors; deternlnlng froma correlation between the shoci cwave-only

signal s detected the rality of sensors
—Ti-me-Dif fiér@ H’@@ & A9k am(aﬁoot\%étoeﬂa? GSEPeFsgRic SRS figmsheckwavgronly,
expect ed scgnﬁls eih aldansahammmbewmw of afudj c&eisols SoolnpAife HaEYin@idclthiee-
ant enna, d m reC|S|on of, the Ti D'ffe qge O-Arriva
( TDOA) vé’P gl Qﬂgﬁﬁélitéo BPUSHR BN AT HE U AY T Eeiagen HFatr e of
a shoci C\s/hmewmmfysﬁgnhls deteansit ihlaﬁluﬂlﬁty&iﬁ sasorslBinerIiifereng- thﬂengsﬂ erir@nt
of curvat uues or sensor 1rs%k%¥ ecte closes cp sttdncalhe weentaell"om {‘le tr: ect anc{ the
dlsanblgua proj e et e f FPOTS 2815 ﬁ?va ure.
12. The nmethoddaimmingiifa plic,mcwhé tmlem Pdfecnra- @f AHIV@MTD@ADE‘JMGB fisaddquaiet h
a timngd e I .on used to
measure t red%ggltﬁ%l{lngggyy&e&%fb ag%fggit\/\a}av%&%ﬁ% %Vgﬁmt chc.)ss ﬁl%%gt%l{fhe met hod
of cl ai mdmnnmwheﬁiegwdldetwéewamge sﬁbe#tmelwevowwﬁsntmméﬂeeromﬂlses
measur i n%s%blge@eﬁép GbsilcHafcbBly RA bt Qaillt ookl Ved_shockwave-onl'y
signals, nmeasarin coustic ehergy e recelved signal, and
excl udi ng the received signal fronlbelng a shoci cwave- onIy signal if
the acougbifheeRaLA¥F AlimlINEWHRGRIY 8Frchasn Is B&orkbRitRa d%ﬁ ?és&ﬁﬁﬂnrmch
threshol d val ue over a predeterm ned frequency band. . The net hod
of cl ai mlagfeatfemeﬂéFlﬁn%éﬁseblflprh@esWe&ae\ﬂe%p%hwfﬂegmaewwr@élé
nmeasuring at least an initial portion of a received shoci cwave-only
signals, nmeasuring a tine interval where a received signal has a
positive val ue, and excluding the received signal frombeing a
shoci cwaveonly signal if the time interval is |less than a m ni num
time or greater than a maximumtine. 15. The nethod of claim 11,
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20. The system of claim 19, wherein the acoustic sensors having a
mechani cal resonance frequency of |ess than approxi mtely 1 Hz.

13. The method of claim 11, wherein detecting shockwave-only signals comprises measuring at
least an initial portion of a received shockwave-only signals, measuring acoustic energy of the
received signal, and excluding the received signal from being a shockwave-only signal if the
acoustic energy of the received has less than a predetermined threshold value over a

predetermined frequency band.

14. The method of claim 11, wherein detecting shockwave-only signals comprises measuring at
least an initial portion of a received shockwave-only signals, measuring a time interval where a
received signal has a positive value, and excluding the received signal from being a shockwave-

only signal if the time interval is less than a minimum time or greater than a maximum time.

15. The method of claim 11, wherein detecting shockwave-only signals comprises eliminating

detected signal not originating from a shockwave,

16. The method of claim 15, wherein a detected signal is deemed to be a shockwave-only signal if
it satisfies all of the following criteria: (a) the detected signal has a minimum and a maximum
peak signal amplitude, with at least the minimum peak signal amplitude exceeding a

predetermined threshold value; (b) the detected signal has a sharp transient from zero to the

‘maximum peak signal amplitude, without being preceded by another signal with a value that is

not significantly smaller than the peak signal value; (c) a time between the minimum and
maximum peak signal amplitudes of the detected signal is greater than a predetermined time
interval; (d) a magnitude of the minimum peak signal amplitude is substantially identical to the
maximum peak signal amplitude; (e) the detected signal has a sharp transient from the minimum
peak signal amplitude to zero; and (f) a time between the maximum peak signal amplitude and a
zero-crossing between the maximum peak signal amplitude and the minimum peak signal
amplitude, and between the zero-crossing and the minimum peak signal amplitude are

substantially identical.

17. A system for disambiguating a trajectory of a supersonic projectile from shockwave-only
signals, comprising: an antenna having a plurality of acoustic sensors; and a processor configured
to receive signals at the acoustic sensors and determine if the received signals are shockwave-
only signals; perform a correlation between the shockwave-only signals; determine from the
correlation Time-Difference-Of-Arrival (TDOA) values for sensor pairs; determine for an

expected closest distance between a projectile trajectory and the anfenna, if a precision of the
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Time-Difference-Of-Arrival (TDOA) values is adequate for determining a gradient of curvature
of a shockwave wavefront across the antenna; determine the gradient of curvature of the
shockwave wavefront; and determine the disambiguated projectile trajectory from the gradient of

curvature.

18. The system of claim 17, wherein the antenna is mounted on a vehicle.

19. The system of claim 17, wherein the antenna comprises a frame and elastomeric couplings

attached to the frame, with the elastomeric couplings holding the acoustic sensors.

20. The system of claim 19, wherein the acoustic sensors having a mechanical resonance

frequency of less than approximately 1 Hz,
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