SYSTEMS AND METHODS FOR DI SAMBI GUATI NG SHOOTER LOCATI ONS Gover nnent
Contract The U.S. Governnent has a paid-up license in this invention and the -
right in limted circunstances to require the patent owner to |license

ot hers on reasonable terns 5 as provided for by the terns of Contract No.
HRO011- 04- C- 0035 awarded by DARPA ATO. Field of the Inventi on The present

I nvention rel at egTipgd AN SHRICINTEOR DILOMBGRENES SAODTERTWAADtoNgnd  nore

particularly to nethods and systens for, determning the origin and
direction of I1@ovemmeet|Conttackyper soni ¢ projectiles. The methods and systens
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15 trajectory of supersonic projectiles, suc ets and artillery

shel | s by neastif®.ng paranmeters associated with the shockwave generated by a
projectile. One such system described in US. Pat. No. 5,241,518 includes
at | east thrediddaltbellnyentien sensors, with each sensor incorporating three
acoustic transducers arranged in-a plane. The sensors enerate signals in
response to the %69@%&%"%‘?@“&?‘@‘l%mf@@e@fdemo%@iaﬁ&eﬁﬂ%dn@o el evati on

angl e to the ofhgbfuQiaryAEmeBRs kNEYNRemsTBPLELURME 1R Yin TRPGHEGIRRL S are
unable to determ ne the di stance bétween the sensor(S) and the origin of the

shockwave. 10 Di #veloé eupprsemig prejestdns. Tiae mefhnde and)systesistazs qepablerof determiiingruzzl e f | ash

or nuzzl e bl asfyq aibRRvigAAREhB01E 6k aBnS ¥ith Q3 Targ WHtcQiberea G t&TandM t h reference
to the sensor location ar e]_ﬂ'&%/pl cally determ ned by measuring

Ti me- of - Ar ri vaienorep) whenmg sigeal Pl weak sigab from shenpizzlp spyad is 5¢8ivehockwave

signal at each_sensor. Each of the sensors encounters the signals at a

different ti n@%ﬁh%éﬂ-‘&i%@gﬁ’&ﬂsi gnal in response to the nuzzle and

shockwave pressure. The signals from.the ri ous, sensqr,s are processed, and
<P Ghiis

a direction (aziith & Imgp dat freine dhrgspel frecHon 38 origin of the
muzzl e andi5 shggdcwaye sagecbohie pociilbe such ay ilétosnd aaflletyRBRellp bpinestidge can be

det ermi ned. parameters associated with the shockwave generated by a projectile. One such system,

described in U.S. Pat. No. 5,241,518 includes at least three spaced-apart sensors, with

each sensor incorporating three acoustic transducers arranged in a plane. The sensors

generate signals in response to the shockwave which are related to the azimuth and

20  elevation angle to the origin of the shockwave. Shock-wave-only measurements are
unable to determine the distance between the sensor(s) and the origin of the shockwave.

Distance information is typically obtained from the muzzle 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 a
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



30 Conventional systens enploy m crophones, which can be relatively closely
1 WD 2006/ 096208 PCT/ US2005/ 030126 spaced (e.g., 1 neter apart) or w dely
di spersed (e.g., nmounted on a vehicle or carried by soldiers on a

bat t| ef i el ap,20mmrede202asur e nuzzl e and shockwave pressur PCTHRIPGEBHNECt | onal | y
at their respective |ocations. However, unless the sensors are relatively
w dely spaced and/or the trajectory lies wthin the antenna, the timng 5
preci sion needed to obtain accurate shockwave-only solutions is very high,
and special techniques are required. A large antenna size can be a mmajor

di sadvant age, for exanple, in vehicle- nounted systens. In addition, systens
with an only marginal tine resolution can generate anbi guous solutions in
which the Tine-of-Arrival inform 10 shockwave qé a given set of

tion of th
sensors i s ne&Pacyd f%ﬂk’i“&‘&“_ Of meﬁﬁ%vs#ssigﬁrm?wed ThHBTRTE Pocat i ons.
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so that a 4x4 matrix can be inverted to map _a plane wave on'the shockwave
TOA. Smal | eompi-dirgationditycit theirdespactivedocatipnsd dlavevem anlessrthe semsqrs evuce
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whi ch gives i paeiiohateededas gbtainsdcturate 8Bock@ave-bilngoludngds sérghighbaidng fired
froma distance of re than approximately 300 in. Accordingly, there is a
need for rapi @PSFIA ERORAYESAEE BAYES: t hns capabl e of accurately estimating a
di stant shooter range. There is also a need to di sanbi guate 20 shock-wave
only sol utions f&rlagpantspasizscap e a Bajas disadyaatage,far exampifein ¥ehitdesd to extract

nmuzzl e signal : i i t ed to the
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al so

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 particular, 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



i nprove di sanbi guati on of shockwave-only shooter trajectory solutions, with
2 WD 2006/ 096208 PCT/ US2005/ 030126 additional inprovenents achieved by

i ncl udi ng weak and/or unreliably detected nuzzle sound in the optim zation
process. AWEDI006/0962080 one aspect of the invention, a nePCHUSA030126

di sanbi guating a projectile trajectory from shockwave-only signals includes
the steps of neasuring at 5 least an initial portion of the shockwave-only
signals at five or nore spaced acoustic sensors form ng an antenna,
estimating a timng error distribution for the acoustic sensors,
determning fromthe nmeasured initial portion of the shockwave-only signals
Tinme-Differences-O-Arrival (TDOA) for sensor pairs with a tine resol ution
that is greater than the estimated timng error distribution, and sel ecting
the 10 di sanbi gdditienhl pmpjoeerhérteachieapdiny inclpding wedk andiefunnelibhyodetdcttdnce | evel
for disanbi guat Zz{; and, .on a val.ue of a residual for the TDOA of the

acoustic sensormdizzlesoyngd ig; ptt'G“ 'SP REX®Sspect of the invention, a method
for disanbi guati n% Hr ojectile trﬂhect orty from.s onI signal s
includes the st epSCEITIRBAR ARG 47gechL! the ByygRtionna met ‘ﬁ%”i at he

shockwave- onl y 3460 Gajedtorly! fen SockREVR-ch g‘ﬁxﬁﬁau&ésltﬁe stépd o??f(bﬁﬁfrﬁngaﬁ’r i ng
an ant enna, deter“m ning fromthe nmeasured initial portion of

shockwave- ofl y ledstpmainiialparoDdf the shonkwavedinl yyi gralsst fl(\/ﬂ“mprer&pncegl@n@étlc pairs,
applying a genetic orl h . o) es
tr 6§Jexés8{s a tg:ﬁg:\t%ﬁ)na &tl 1}@ @ 1mfhg de?xg? gﬁzﬁhl%?otrﬂ? Muétﬁ

projectile i ohs, er of generations,
conputing resi deisoss, détaﬁmﬁmg lﬁbmhsmhiuﬁddﬁmdaw&ﬂibrtdfehe:hfoommmﬂw fromt he

genetic algorithm perfor 20 a die earch on a sol uti on havi ng
smal | est resi difignalgfgmeDi ?r§‘9°§Ffog°tf%M§( Qh‘“@ @%BF‘E&W%“‘%&W’P t‘Q“r atl 0
of the sol uti Orfhmg/greaextths, @.eeédn@aiéd t'irﬁn%ggﬂéﬂ digAButidnS anPetiicaroms al ternate

solution is greater than a predefined val ue, designating the solution
havi ng t he wnaldmmblguesd@cmwtlé@trmw&ormbmmdgﬁmdmmﬁmce@m fertrajectory.

ACCOrding 10 Y S oI BRIRRC ol Eel UL ST RSB oSt | Tt o

a 25 shooter |ng shoc mizz wave-only
ange |5 estimt ﬁcé"#ﬁ%lt? ﬁ'io' Reasird 3‘?1;%8??% i e s 2 erisiaadie <1 gnai
assumi ng an i nigrbjadtil®tthje@bry from shockwave-only signals includes the steps of measuring at

least an initial portion of the shockwave-only signals at five or more spaced acoustic

- 15 sensors forming an antenna, determining from the measured initial portion of the

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  agradient 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



velocity and a bullet drag coefficient. The instantaneous bullet velocity
along a bullet trajectory is iteratively conputed to obtain an updated
shooter range. The 3 WO 2006/ 096208 PCT/ US2005/ 030126 nunber of nuzzle

bl ast det e 2006/@pWBNel s i s usually | ess than the nunmbePCHUS208%38RMave
detection channels. Advant ageous enbodi nents may include one or nore of the
followng features. A tine-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 certain nunber of
iterations may be performed, or the updated shooter range wll be
considered to be the final shooter range if a relationship between
successi vel y determ ned updated shooter ranges satisfies the convergence
criterion. For n@sesrlf huzilbdlasndevetigiechaandls istusuallgessthanhke mahtecbed so t hat
the 10 difference between the successively determ ned updated shooter ranges
or a percent aghockwayrgietastionehainelhe successivel y determined updated shooter
ranges is smaller than a predeterm ned value. To obtain real solutions, the
conput ed bul | et 4dvantdgequsiembodiments maxiasiadapne pr moseg ek the fallodingRatyressound.

The sol utions rtﬁn&&%l‘eggle-gﬁ%vgﬂ??cgﬁ%@ﬁyeen ﬁﬁrshgmé-gﬁla{sﬁﬁaggﬂahﬁd shoot er

range i s considered I nv I'1'et trajectory e and an arrival
angl e are d&t emnizrietlasisigmlsgané ah emrivahmugleare gmeuiddddforidetethiniag the.inieken i f t he

conput ed shooter range is determned to he invalid, .a sol ution still be
bt i ned by apBIIatEe ) BTG TG 91 RIAMORSAN PR oRmbion HeARARR ¢ o
popul ation of thRtdefanpe Wil e BoRiRftTbORE iRbINABSteOfangdidha YélakisisBipcan be
defined, 20 where each individual is represented by a 3-tupel i ch includes

an assunmed shobetween yugegssively determingd updatedshoqtanmmash setisfies s enverasner i on (MVE)
of the bullet Lrali&setH r%ﬁam?lla,ethgﬁbdv%rgggtfefc gerx%ﬁ niaglrbe%elgﬁt@&i?é {ngfdle number - of
uals tTor the | ua

gener ations, and resi ndi Vi S I'n each generation are
conput ed. 016 edifferaqpeebetaveerothe sieesvielytdetanminied bpdated sheotet faeges ar@si dual i s
sel ected as the indivi

the snall est rBEFEEC G g’?glfé’le i %Bﬁe%é&e‘ﬁsi&%%@%%%ﬁﬁe@ﬁggggﬁ sgogﬁ%gg.m%t?%gn having
sol ution can bemagkitad giydeemined Vele. TObbtaiaGEal Solutif] theRompaRABIIALI ON a
velocity is set to always be at least the speed of sound. The solutions are checked
for consistency. For example, the updated shooter range is considered invalid if a
15  bullet trajectory angle and an arrival angle are determined to be greater than a

predetermined value.

Even if the computed shooter range is determined to be invalid, a solution may
still be obtained by applying a genetic algorithm (GA). For example, an initial
population of the GA with a predetermined number of individuals can be defined,

20  where each individual is represented by a 3-tupel which includes an assumed shooter
range, a missed azimuth (MA) and a missed elevation (ME) of the bullet trajectory.
The GA is performed for a predefined number of generations, and residuals for the
individuals in each generation are computed. In each generation the solution with the
smallest residual is selected as the individual which survives unmutated. The

25  solution having the smallest residual is selected as the updated shooter range. The
solution can be refined by performing for each 3-tupel in a generation a
predetermined number of iterations to compute a revised shooter range, wherein the
residuals for the individuals in each generation are computed with the revised

shooter range.



predet erm ned nunber of iterations to conpute a revised shooter range,
wherein the residuals for the individuals in each generation are conputed
with the revised shooter range. 4 WD 20061096208 PCT/ US2005/ 030126 The GA
i ncl udes cwosewes208nd nut ati on operators. The crossovetCToPpRAE8#12€xchanges
at | east one of m ssed azinmuth and m ssed el evati on between two individuals
fromthe population in a generation, whereas the nmutati on operator
conprises field-nmutation (replacing a value of the 3-tupel with a randonmy
selected 5 value), increnental mutation (inducing a small nutation in all
fields of the 3-tupel), and no nmutation (leaving the individuals in a
generation unaltered). According to yet another aspect of the invention, a
met hod for disanbiguating a projectile trajectory from shockwave signals

and froma |im tedhe@aicludes clogsole and imadtios bperatoss. i Thelctutesenpesatod ng
shockwave-only signals at five or nore SB&gﬁd .10 ,acousti c sensors, neasuring

muzzl e bl ast sigh et 1‘_%?@‘ qmgfm_;ssg@ azipe §B?s§d e@ﬁ?ﬁ"%‘ﬁﬁfﬁ? ng fromthe
shockwave-only ﬁa@mhﬁ ﬁEh?ﬁé?oNlﬁ{o%riﬁﬁ ertekatidh] Widkas HOMatioh B4t | on for
'Il 0 urt her I f

sensor pairs. e net Includes performng for a predefined
nunber of generampoisss feldranation (plgoing e vatueof the Sriupel Mithaa rapdomly selected t hat

i ncludes a edet erm ned nber..of .1 ndi vi dual s h Lhdiuld r esent ed
by a4 15t el A ahetF R TR S gt Adibink 5 SHAN FroctRf o off Sl She SHGRITSCT
azi mut h and ni s@dco naltatitat (lcaming acindioidnats imggenertidn ahalteted). t he i ndi vi dual s
in each generation, with the residuals including a |east-square fit of a

conbi nation of TDCXcs Caridfer agpoct o thelhvations laghdhsd fot His@mbighdtingal t he
solution having the smallest residual and its anbi guous alternate sol ution

i s greater thanpraiephiledraierionyiromisheckwayg signalsand drom ¢ imited pamber ofmuzdest 2,
th th [ uti =g . t g1 i i t ed
en the solu 'tﬁ%t gxgi(galmch{a@s ﬁ%%ﬁgéhoem-o% dslflgxga'lsd&é?#ve lop %féégg&ﬁ ed as

t he di sanbi guate Jjectile trajectory. Accor t o anot he spect of the
i nvention, ¥ nedchudicfsensosy measnring muazle bipstaignals oot moshAzafl the seas@s,iand t he

presence of 2 shackimusesionel,d Aok ucet, doliPing Sl SLASRY MRS

sensor array angfshabesi foR Senbbiepaid. OTK M¥BoS filithay incli@ds peyforiflingd @ract i on of
predefined number of generations a genetic algorithm with an initial population that
includes a predetermined number of individuals, each individual represented by a 4-

15  tupel which includes shooter azimuth, shooter elevation, missed azimuth and missed
elevation, and computing residuals for the individuals in each generation, with the
residuals including a least-square fit of a combination of TDOA shockwave and
muzzle blast signals. If a ratio of the solution having the smallest residual and its
ambiguous alternate solution is greater than a predefined value, for example a value

20  of at least 2, then the solution having the smallest computed residual is designated as

the disambiguated projectile trajectory.

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



t he shockwave signal, the window is advanced in tine and the total energy
received in the windowis neasured as a function of advance tine. The

maxi nrum of the nmeasured total energy is associated with the nuzzl e signal.
To prevent WoR0e6/09¢88 si gnal s from being interpreted as SHINRAVEOWAef orns, a
5 WD 2006/ 096208 PCT/ US2005/ 030126 projectile trajectory can be elim nated
as being false if the acoustic energy of the neasured shockwave waveform
has | ess than a predeterm ned threshold val ue over a predeterm ned
frequency band, for exanple, frequencies between approxinmately 700 Hz and
10 kHz. Alternatively or in addition, a projectile trajectory can be 5
elimnated as being false if a tinme interval where a neasured shockwave
wavef orm has a positive value is less than a mnimumtinme or greater than a
maxi mum time, projectdxtapétery dande eiminated ppbeing fase of the agpustioeneggieefiths t han
approximately 300 s. .I.n vant ogli n be
det er m ned by i’ﬂ?aé‘SF%F*f"ﬁgg’ 4 %véz?‘%goglglu%rag mse%%‘pgg'teg%%‘%ﬁﬁ %‘%%\A&h&@&ﬁfuﬁ%g Zar ably

di sregar di ng pQirédesitiried filchgent P batel, & eedngie, fregliencivs betiveby approtilnatele7@c hoes.
Advant ageousl y, the peak signal,value can be determiped in the w ndow
produci ng t he Kty A tegratively og Hpdditiopyaprojsetile tajegieny capdieue i s greater

than the measurdghit RLels R EKe iR thitSntdhaPRUeE Y nfeasRECHRLINSRE Waletdmf act or

the peak signal value can Dbe identified as being related to the nuzzle
signal . 15 Embdus aensidveraluee ldssthan g minimymytime el grerierdhan pmagiun binet he

fol1 om0 ¥ €2t Smold et 10h A S8 ALY Al OB opbli ARG A8 2N 01 ¢ e

acousti c sensor ere I n 'vVaritat1l ons, I'ng-vartations and

sensor |ocation variations of .the ten sensors.. T onf.i.dence Jl.evel for
i sanbi guat i on deqbhteniacaS emphdfeRl] HERT BEAEIL belad et W HEE AL 1 e
requi re great erthéRrRasufcaenbigy a0 eithedihdowf préferdbiyodisrdBarding portionk if thens exi st
t he di sanbi guat ed groj ectile trajectory 1s selected based on a ratio of the

residual s fBF tdasclefisiggaloguseddy shociimave eohoes Hihvaniageantlygde peakengativait s,
the Time- DT eréR$edeithmintd it winibbdlodubifl tRIAGMuRAbaPereRlly £ Pk ST M ned

by designating a sensor that first encountérs the 10CK-Wave as a reference
sensor, and setperkgigealfvalusis greaterthaf themeasuieddotel ensrgytin theawintlon 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-Arrival (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



25 anplitude of, for exanple, 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 thwoandsmssgnsors running until the corresponRGIGUREHP8¥ 2encount er s
t he shockwave. \Wen one of the other sensors encounter the, for exanple,
initial portion of the shockwave-only signal, it sets a 6 WO 2006/ 096208
PCT/ US2005/ 030126 second latch for that sensor that stops the start counter
for that sensor. The TDOA values for the other sensors relative to the
reference sensor are then recorded. Further features and advantages of the
present invention will be apparent from the follow ng description of
preferred embogcgRNafchaBthhl 8ok iRt ﬁgﬁ' th®starp cdinteR ForRA GErsBE.| THE TIDOAhE

Drawi ngs These and ot her features and advantages of the invention will be
nmore fully unddnestfoodie bther spasqraralasivg taythe referenqesenspe agdbciyreenriiesh wi t h
reference to the appended drawi ngs, in which elenents are |abeled with |ike
ref erence desi gnalurthes featudesvand edivantages afdhe presentinvendion will be Epp@rent fromows
schematical ly [.0SS- ti.onal ~view of ch.Co [ rsecting wth an
antenna; FIG g’egﬁlg%mgg s@ﬂﬁ?(’?’ccglpﬁfe%% e@ﬁ’é’ %%?eﬂsyang gﬁggﬁ’ggﬁ}%%i with 7

omi - di rect%onl. acoustic sensors, FIG 3 shows schematically the anbiguity
i nherent i n’ sh&ckwe ajectory determnation; FIG 4 shows

schematically a probabili nsity for tinme.difference..of arri.val

measur enents for t@&?ﬁﬁk’%&gﬁ’ésé‘@rww?@SBf&FWe% ‘_"H@?fe‘,“o‘ﬁlf‘é?YS shows
schematical |y {fi®rdd h¢ E1ewig 10GdtFaE 04 deécribtoaRRinteftdnadto HEhMRAdeds hoot er
trajectories; 20 FIG shows a schematic diagramof a correl ation process;

FIG 7 is a prowsdngsfinovhidt elemepshare labeledl yothilika sefersnrs desigpgions and yhic
di sanmbi guating R B&ﬁ?e’lo%&?@t er trajectories; FIG 8 is a process flow for
di scrim nating agal nst non-'shockwave si gnal s;

10 FIG. 1 shows schematically a cross-sectional view of a Mach cone intersecting

with an antenna;

FIG. 2 shows schematically an exemplary sensor array with 7 omni-directional
acoustic sensors;
FIG.3 shows schematically the ambiguity 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 a schematic 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 a process flow for discriminating against non-shockwave signals;
FIG. 9 is aschematic diagram of a shockwave Time-of-Arrival (TOA) model;
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



FIG 9 is a schematic diagram of a shockwave Tine-of-Arrival (TOA) nodel;

25 Fig. 10 shows a schematic process flow di agram for range estinmation; and
Fig. 11 shows a schematic process flow diagram of a genetic algorithmfor 7
WO 2006/ 096v@06/(9p208S2005/ 030126 range estinmati on; Det actmd2deemiiept i on of
Certain Illustrated Enbodi ments As descri bed above in summary, the invention
provides, in various enbodinents, nethods and systens for shooter range
estimation and di sanbiguation 5 of projectile trajectories. These systens
and nethod are particularly useful and advantageous, when an insufficient
nunber of paraneters required for an accurate solution are detected or when
such paraneters cannot be detected reliably. Supersonic projectile
trajectories are estinmated solely fromprojectile shockwave arrival tines
measured by several cl esgleestafaivagd sensors distributed 10 throughout a
"smal | " neasurenent volune referred to as antenna. A neasurenent volunme is

consi dered snal | mhétailddDEEMRVIN oF PRAAIAHlsfratdd BRIbBEENeRAfs | €ss. Once the
projectile's trajectory Is identified, the location of the shooter is known
except for distapggeRasd @09@91shhﬂla&y,@neqﬁmwnrmc&s,qhsw@e can be found
If the antenna also obtains the arrival time of the nuzzle blast sound.

However, the nembodimpntadguethedsaod systsmaliforsheotatanga estimation snd digambagnatie ur at e
shockwave- ogl y f(s)p(%{)_j:églg g?afe?tﬁggs? eﬂ{[eﬁeaé st @&E&BM@&%&Q@@B&#@&@W y-

Referring now shoc Ve surface IS consi e an
expandi ng coni sdvantageougoehena iimsyfficient axhiser obparameterstrequitel] fortam adocilrhtet

trajectory. The,6 shockwave surface i.s also referred, to as th?y Mach cone. To

obtain the shotlyigrarodetested oraienspiparanricrs cannpihe detested religbly, i v o) angl e,

the radius of curY@ldiofic AGEctiEBajesiBidsiafd estfndftiQBlelyOfrorh PRojécHI us Of
curvature of the expanding ‘conical surface are to be determned from

arrival tines sheskuavecrayal fimgemepsurrdrby sayrrdlelpselysnacsd sensumdistiibutedal  angl e of

e Ay RSl it A MR AP GBS 15, L1

traj ectory rel ablume is cwnsilered smaly Hlthessendoe spacinghe? antaesordessTIOnct thebi guous'

angl es projectile’s trajectory is identified, the location of the shooter is known except for
distance back along the trajectory. This distance can be found if the antenna also
obtains the arrival time of the muzzle blast sound. However, the muzzle blast is not

15  always detectable, so that an accurate shockwave-only solution is essential for
determining the trajectory.

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 solution, 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



wi |l be described in nore detail below wth reference to FIG 3. The radius
of curvature of the conical surface at the antenna determ nes both distance
and direction to the trajectory. The gradient of the radius of curvature
al ong t he pa&tiooen96208 he surface-generator determ nes whiRCT/U$20e5080126 t he
bullet is nmoving, thereby 8 WO 2006/ 096208 PCT/ US2005/ 030126 renoving the
"anbiguity' 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 very preci se neasurenents.
For exanple, randomerrors should be no greater than approximately 1 is to
decide correctly 5 between the two alternative shooter aspect angles. The
requi red accuracy can be estimted by considering the propagation

char act eri st i gmoking e 'arhbighityi\bet\@em'thettwdpbssibﬁ direcfionsRdPetermiimipg these al so t o

FIG 2, an antenpa,20 includes N s ors N=7 to determ

arrival tinesthEes ?kazi‘ﬁ?/HWBF‘%'@s ?:C(‘}Hﬁa arglﬁ:(g WB) %g%ﬁ%”ée?ﬁ'ﬁ’gwp 8551#5? | et
trajectories %Bxg@&@emjh@tbtyxﬁngﬁs ﬂeauﬁegmgtﬁémtd}n@xsu@matse Fbf &dmplyWher e, the
antenna el enments 23 to can advantageously be uniformy distributed at

| ocati ons C (@riom @pprs@guld)bepo gresiohiban anproximatelyalcis todegide goreecy enent 22

| ocated i ng th t t that a uniform sensor
aperture |s pﬁéwgrqlttg%ltwao %}(ee[%%e(a(r% 1?%6%1: %ﬁpan Frival angle. The tinme instant
that the first stalﬁesmmlredta&mga@tmbaasttdmedtﬁ,f@mdexmgsthapmpagaﬂienects t he

advancing 15 coni cal ace | s de ote ot her sens detect t he
advanci ng co nehaggctenstis ‘Pf;fL‘% shockwy, ﬁérgs 1%?2%%80% Isp to 2s¥und
propagat i on dbrft&ﬁ‘lﬁ 96 $ndldliek Z‘ﬁsem&ﬂﬁ ﬁ@iﬁ) QtSle &f dddmiRAke RivaDHRQUfGA| Surface are

obt ai ned by mul tiplying ea time differences by the | ocal speed of
sound c, i . e. advdncing eonical shogkwavet Sirveinsoming bvdlet tgectoniasiramessentialy be t hen t he

coni cal Sttg { 265CB87 8l MBI UG E L SRGE SRARE 213, 70 50 determ ned by

t he ot her sensor ree-di nensi onal “coordrnates of the N
poi nts ideall yd»dﬂh@dfom:lmbagnﬁ"bﬂznlpars&imtedlasloozitmhhé? (ct;gpcg,v@,)bavmheﬁ@w\ever

as nentioned ab ve rror as nd sensor
coor di nat es gg&qneeﬁmgnt%ﬁ@g ﬁ%??é‘t%f’%@@ & Zg ‘s%a"\/e cone and
hence al so of uﬁlhf’m sBiisat Qﬁértutéls%résérﬁe&ﬁa@wdent S'fth@%rifvgi drigW. Mhe tinfee

time-difference of arrival precisions
instant that the first sensor, designated as the reference sensor, detects the advancing

15  conical surface is denoted as t,. The other sensors detect the advancing conical
surface at subsequent times denoted as t;. The sound propagation distances in the
direction of the advancing conical surface are obtained by multiplying each of the
time differences by the local speed of sound ¢, i.e., d; = c*(t; -t,). If there are no
measurement errors, then the conical surface passing though the reference sensor is

20 also determined by the other (N-1) sensors, with the three-dimensional coordinates
of the N points ideally determining all parameters of the shockwave cone. However,
as mentioned above, errors in the arrival time measurements and sensor coordinates
can 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



25 needed to nmeke correct decisions about the two ot herw se anbi guous
trajectory angles wll be described. The system advant ageously i ncor porates
features to ensure that it will not mstake non-ballistic signals, such as
vehi cl e nowseposwvéxst i on, w nd-noi se and EM, for a siraaves2005pae12exanpl e,

t he sensor mast can be nounted to a vehicle (not shown) 30 with el astoneric
sleeves in mating joints to prevent rattling. The sensors canbe 9 WO

2006/ 096208 PCT/ US2005/ 030126 attached to the ends of the spines with

el astoneric couplings, having | owfrequency resonances at about 1 Hz to

I solate them from spine vibration. Sensor spines can be attached to a
common hub that contains anal og el ectronics, which can also be attached to
the sensor mast with el astoneric shock nmounts to isolate it frommast 5

vibrations. |naggdid ioQRe erldd@f tHelshided With elagioraéricoabltys| kdvinglow-feeuensyl oyed to
filter out signals that lack the signatures typically found in

shockwave- der i TaSenagFesthpeout AjHz toméatq/tapraé@nawep‘a?ram eSS FpImes gan be
relative, and. eafnRfiold (gt SR A cbitain] Beidg! HchEnick AHisiPeddlaholtcov! ded only

for illustrati ferrlng now t a process 800 termnes if a
det ect ed si gnahttached @ith@teasorfmashwith shstoierio/shockimeunts oriselstegOforminzast s at st ep
802 and che ks in step 804 if the signal is a loud enough event to count as
a shock, e%%‘? 1085 does the peak signal value exceed a given

par anet er I Zed t hr &5 flitsbnOthe felld@ving 8&sion dlgdrithrs carbbé &fiplog@td filfehoutpr ocess 800
continues with step 806 and checks if there is a sharp transient 15 from

zero to the pesignds gﬁhhaclvﬁm@lawtwagmfcémflﬁaﬁhoema‘term%ﬁm% AR s peak
value is not B{e%ﬁﬁﬁgre%%%ﬂ@ ig! i verh?&l' ﬁ'gb@tuﬁécg t@ﬂn&l TRt ude, for

exanple, 1/16 "of t S|gna Va Is Is the case, the process
800 conti nues mluesaepmvméoalrycfomﬂiesﬁaslomf the tinme between shockwave ninina

Thi's s tnddcase, Refre i Bre b St s Rrmie e iR RS Chocks i1 the
magni t udes of bHgInMeH oM aBROCKWRVE. nﬁh@ﬁ@&s%@f@iﬂs&'ﬁ%p BOZI@Sd chetlasSift stef - J-
wi thin 35% of one another, If this is the case, the process 800 continues
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 8§00 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 us. If this 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



with step 812 and checks if the pressure peak transient fromthe m ninum
peak signal to zero is sharp, using essentially the sane criteria as in
step 806. If this is the 25 case, the process 800 continues with step 814
and checkswiof20a6i086208 "es bet ween the maxi num si gnal valREI/E82005t0BE126
zero-crossing and between the zero-crossing and the m ninmum signal val ue
are conparable, for exanple, within approximately 180 its. If all steps
produce an affirmative response, the process 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 WO 20061096208 PCT/ US2005/ 030126 from a shockwave,
step 818. Ref rrlng ?(gck to §3 1, the projectile trajectory is assumed to
coi ncide wit O‘Fﬁé 9ekayve stegiBddvach angle i's given by, () = aresi n(11M,
where Mis the '\m’emn@wa@cbpd@fl n@ébraﬁcmeqa'@étam@hssh&emaﬁmtiweMttdl vided by
the sound velocity c. 'L refers to the characterlstlc | ength of the
antenna. The thadlaxlSoThe(MM)mnlgleeS elfvemhya Q:ﬁn@sra(I/MhevhemM ietesMagh t he antenna

20 are r, and r Vi ew | Lcture

curvature ri ff‘g"?‘%g%ﬁ\ﬁgas tl'ﬁpg?_]gz‘ﬁ%% ?céty %‘é(ﬁa? gy eso‘l’rfd ‘peé e Lr?% angl e

4) is defisnedohe sharicteYistic length 3f the antéfinal ha;te ridiir of SiBaturépth€cord 20the obt ai ns 0
-- L/ 2rt. The time difference neasure of curvature betV}.een the points on
the antenna stiorendeotithe prtemar0age b pad Bodne srd e inthe loff half ofths pisture i s equal

to dt, Ad | showE héW curvafite ¢, i€measufed, ﬂsft)ancé d?s &1|ua‘l th @ <L r, {cB5(¢).CThe abi3R i NME

dlfference measure of curvature at r2 is given by the sane
expressmn vd)ismeﬁﬁe(ismbm(@atle/dZlhosothatforAmaﬁradglngdbymedbtﬁmscpd{L/}r,LS sin(())

/| 8r, 2c. n ased neasurenent errors t the
reasur oment e W R R e o GVl by Sp S OB e ARG PR ool val Ues
havi ng di {¢ erg§dctii@®e Toniedl sudi@ vitiradivs r tid@quapioRits aavsu(ﬁaldbvc dew’r nm ned

st andard devi ati on,a, t he mean neasurenment val ues at the two ends of the

array correcti3cddf é(&ﬁlﬁ% The:time difference mgasurs & curyatuse atExerlf’m &rgn(0) is

di st but i ooy SERSUERIERNYBh U £ Aindbled b ALRERNGES ity pand di2

are shown in ¥ asure i's sHown as X.
The radi us ofsin(@)V &t te e

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

15 time differences dt; and dt, are randomly distributed 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 rp) 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:
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at end 2 (radius r2) is smaller than at end | (radius Ti). Therefore, all
nmeasurenents mnade at end one that have values larger than X will result in
the correct decision that curvature at end | is greater than at end 2. The
probabi | i t wa vad/os%kis correct decision is nade when thepomruS00%038126 at end 2
is equal to X is given by: 11 WO 2006/ 096208 PCT/ US2005/030126 P(r, < r2 1|
X) = P2 (x) JPI (4)d4 | F-a~~P with p2 (x) = e 2¢' 2>a (c=m and p () =
e 2ez ,Sr, Integration over x and maki ng substitution of variables results
inthe followng probability of making the correct decision: P(r, <r2)=1 -
1 Je ""erf(u-a)du 2 2~ dt, -dt2 - L3 with a sin(O ,hci J28r,2cc 5
Referring nowto FIG 5, the probability of a correct decision, or
confidence |evel for disanbiguation, is plotted for two exenpl ary antenna
sizes, L =Imand L = 2m against the cl ogest point of approach (CPA) r

bet ween the projectile's traj &t sryx)amd()he (Eéenna 20. The sound vel ocity
is assuned to be ¢ = 340 nfs. It is evident that a | arger antenna has
significantly expanded range for unanbi guoys sheekwave 10 only sol utions.
For | arge CPA values, the di fﬁ»&hencpz(umﬁ%caa ut® at the two ends of the
antenna (r, and r2) is too small to be divs#ohgui shable, so the probability
for a correct decision approaches 50 % of coeralret e anbi guity. Accordingly,
the confidence | evel dependsamh thg (§)ze~ec.??the diameter or spati al
extent, of the Ny

Integration over x and making substitution of variables results in the following

probability of making the correct decision:

P(r, <) =%— 2\};— r]e"‘ierf(u —a)du

dt,—dt, L’sin(8)

a= =
V20 w/_2_8r,2ccr

5 Referring now to FIG. 5, the probability of a correct decision, or confidence

with

level for disambiguation, is plotted for two exemplary antenna sizes, L = Im and 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 ry) 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 arrival 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



antenna. 15 As nentioned above, errors arise fromtimng errors and sensor
coordi nate wuncertainty. Sensor coordi nate uncertainty contributes bias
errors that are a highly variable function of shockwave arrival angle.
However, fWHm@noens arrival angles, sensor coordi nat e PEyEmetsappzar as
randomtine difference errors. Timng errors arise also both fromgain and
signal strength variations from 20 channel to channel. Tines of arrival are
obt ai ned when sensor outputs rise to a 12 WD 2006/ 096208 PCT/ US2005/ 030126
preset threshold value Vo. The timng error dt caused by a gain variation dg
depends wupon the time rate of voltage increase for the channel, with dt =d
udvdt Timng errors also occur when the signal strength varies over the
aperture. For an aperture of length L and a cylindrical sound source at

di stance r, a RSy rPREd S

equal to po (L&f g%ﬁ%'ém%%ra giewc@ Jlﬂéé mg&gggi&t%%égggg&re atzhtgﬁﬁ apeerrp%cge
center. The timng, err | es .al oragt Mes  type of

error, with th'époé&tb térggfaé%q{voﬁtéﬁ? lgﬁreﬁsﬁ%?ﬂgé)?}éalng?li v@gé}él ngV@wiation dg . The
2r g anplitude errors are not random anong sensors, but vaf§t uniformy from
a maxi mum across the entire aperture to zero at the center. At ranges
greater than 10 10inmmg éwors alsp omtmpépm the signalrserengik ivatianoxemthe apattre. ftoror i s

| ess than 0.05, which i h [ ri nmet er of
02 so thai ot BRrEe sl TefGand 1 S G folBR IS ePR B LR ABBREETC P L
descri bed abovgignaleveligiation m@ssttwembeusteqﬁﬂ tom(m/ezrwaﬂhre:pbnemeadmnds is
smal | enough with respect to the aperture | ength of in that asur enent
errors are not Pie&suie 3t tsAPERyFE center. Hidig timing ?F‘(E§ﬂ‘|‘3r‘r’|9f‘é§°‘fecﬂpp’c“?srﬁl§?gfe bﬁi?sors
caused by sensor uncertainty with thg assunption that the magpjtudes of the
error vectors tpeoferadr with ﬁmlekpreissinﬂeg;emejﬂacﬁngihdrelaﬁviefgeinmayiatims i dibeed
between 0 and 1 nm and that the err angl es are statistically

' ndependent , - t Rg, HE AN 2 ARY! AR allbng RHHE b Vary ikl HofliaSt 11 DUt ed

random ti ne

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 amplitude
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 uniformly distributed random time

difference errors will be equal to —10; =0.85 us. The standard deviation of
340012
20  binomially distributed random time sampling errors for a system sampling at 1 MHz
is equal to 0.25 ps. 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/us. 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



103 difference errors will be equal to = 0.85 w . The standard devi ati on of
340 12 20 binomally distributed randomtine sanpling errors for a system
sanpling at 1 MHz is equal to 0.25 As. Timng errors due to gain variations
are esti matveal2dosrodseos approxi mately 0.75 As for an exenpketysigsizomswi t h a
channel bandwi dth of about 18 kHz, corresponding to a voltage rate of about
0.02 V/p.s. The enpl oyed acoustic sensors for each array were chosen to
have sensitivities within 1,5 dB. Therefore, 25 channel relative gain
variations are approximately uniformy distributed between 0.84 and 1.19,
so that the standard deviation of relative gain is approximtely equal 13
WO 2006/ 096208 PCT/ US2005/ 030126 to 1.19-0.84 = 0.10. The threshold voltage
is Vo =0.15 V. resulting in a standard deviation of timng errors of about

0.75 s, Total dddurtifepp \pi ROEROR D BAs T UITH 9 ke QAR Y R arth

channel gain 'Varig@bi ons, sa variattons, and sensor Tocation
variations are all statistically 5 independent. Then, the timng error
st andard devi alevietiorcefitinbieg egroisrofiaeaiit 835 ps.0. 852+0. 75' +0. 25' =1.1,us. It is

difficult and expensive to achi eve such precisj,on with anal to digital
conversion, bec aE@é‘ﬁ meﬁﬂugﬁf‘fﬁ (e Fragrs are S Talea.by W“IPW@?QSSE%PFI&?IHM e
needed. Two  diafikt®n€Namplihg Viriatiohs) kndsefsbr Mcelioh vERRAEOHS BA@all figtistically
Time-Difference-of -Arrival (TDOA) 10 are enployed in the disclosed system
In one enbddi rindspendente "Eb@éréﬁ Hpyngsyeor standaekdeviation san beyestimatedds £ f er ence of
arrival (TDOA) reireti-t—ts 1 WHz clocks in each channel. The clocks are
triggered wherV@-BE w@A%or 0.3y grkil Mxceed a threshol d signal |evel at the

eferencesensony il e HEMSH BRRA S Bar PRGBS
sufficient to cehvemiorbecdubehighparnjlmgeseiolloked By intmlsticdrarOficeded) TRoact i ce.
{hr eshol d | ovalEenicuruifiiar B TESUIES BBy M FgeRR e AN 8 RO

10 are employed 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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functions: |I. Afirst latch is set when the channel signal anplitude 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

i ncr enent edvo pe/osseoscount at each cl ock cycle. The proceesws00s0wigrted. 3.
The counter in each channel runs until the correspondi ng sensor encounters

t he shockwave. This sets a second latch in the channel, which stops the 25
count in that channel. If no second |latch is set, the correspondi ng counter
runs to an upper limt value. 4. The final nunber of counts in each counter
is recorded in a digital TDOA register. 14 WO 2006/ 096208 PCT/ US2005/ 030126
5. The processor reads the TDOA register. 6. The processor resets the
counters for receiving the next shockwave. |n another enbodinent, the
correlation for &acKhepraeesedr rodds theclIdOA regisier 5 channel is conputed, for a

[ [ 1. jl.on. Th
correlation of -t 4o TOPRPRGRE B iorhf OPEUTRE olcheb SLEING oorr (g, -

Jg(r+t)h(r)dr The correlation is a function oft, which is called a "lag." It
therefore lies in the time domain, and has the follow ng property: 10

Corr (g, h) a Qf)k(anbherdisbodimaindhdicaretation #br cheinetahms) vithfevedyothidrne. G(f) is
the Fourier transformof g(t), .and H(f) is the Fouri;{ tﬁagsformof h(t).
The total powehanpsl I&C%M(ae%ﬁ for @ timefegmens sepipred on thetimg of the hardwarng ¢y 2 gf 15

The {1 me- of - afro/RhetftheiBie il 6Y w8 fhtfighd) deribfbq! (e H)CislaBhigATgL | On (or
summation for ‘discrete data) need only be perforned over @ finite time
interval centered around,the tinme-of-arrival; the length of the data in one

or both channel scop,.@%hyg ?}@@p@gdby zer o- paddi ng so that the duration of
the two signals matched, _gs

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(NHH(-f)

when g and h are real functions of the time. G(f) is the Fourier transform of g(t),
and H({) is the Fourier transform of h(t).

The total power in a signal is:

Total Power = [[i(v)"dr = [\H(/)|*df
15 The time-of-arrival 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 gi(t),

g;(t) are acquired in each channel i, j, steps 601, 602, and recorded as a function of

15



is knowmn in the art. 20 In the follow ng discussion, integrals of continuous
functions are used for sinplicity, although the actual data are digitized
and discrete values. Those skilled in the art will easily be able to

repl ace thavo moegisziss by a summation. Referring now to PETuspse3sniza process
60 the shockwave signal tinme data g;(t), gi(t) are acquired in each channel
i, J, steps 601, 602, and recorded as a function of 15 WD 2006/ 096208

PCT/ US2005/ 030126 time. In steps 603, 604, the total signal power in a
channel i is conputed for subsequent nornualization of the correlation as
Total Power in channel i ~ JJg, (r)l2 d r Signal duration The Fourier
transform G (f) of the shockwave signal time data gi(t) is conputed 5 for
channel i andifdqn c@pd maséa @le(totfa)m%?alf)&ﬁéfﬁﬂac%ﬁ@l 1G0SompitéEpE Se, the
Fourier transform ({f) he shockwave signal tine data gi(t) is conmputed
for all the Gvbﬁsﬁuenéh@méx%lopofgﬁéﬂﬂﬂwﬂa$her eafter, the cross-correlation
G(-f)G(f) is forned for each channel pair (i, j), step 608, which is a

function f;j(t) of the t. The TDOA f or each” channel pair is the tine
t,, where f(t) hTa@thwm anel il ueﬁg:(f #7610. The 10 correlation between
the channels i and j can be defi néa/@gepeak value f ,,j (t) (Power Channel

i) * (Power Channel j) The residual for channel i is conputed by conputing

t he mean val ue fThe Fouriegé¢nagsforni Ggﬂt)@f ﬂalshomm)sian'l ﬁnﬁeia@ig;{@eis ¢omputed

mean( (1- Cqrr ( Si di.cat t 12 TDOAs and
correl at |C§ fgb‘fhaf”ﬂ%\f a%%tgﬁﬁ%'p eta‘fﬁ(ttﬂlé fo gtSt?p 60§ E@ﬁ%f °898rr al |

resi dual are ttaRsms (S ek shSckwile § igﬂﬂtt mtag]amacompaed &1411 theAsthérent i oned
above, the channel data are_typically | ed at d| screte tinme intervals

with a predefshatglsgesisn 600g T#l&{eeﬂqsfthepws-ee(&%ﬁéuo@ & 1sdermacd for each sce.

tTE'eS cor r espQighel faif(i,3), Step'688 witén R4 fﬁncuaﬁ%l@%mwﬁghe théepoRskution for

each channel pair is the time t.x where f{(t) has its maximum value, step 610. The

10  correlation between the channels 1 and j can be defined as

peak value f, (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()_ (1-Corr(g;.g;))
J=i
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 typically 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 us, reflecting the time resolution for the
20  received signal. The cotrelation processing is done with a time resolution that is

improved by a factor of 8 to 3 us 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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20 received signal. The correlation processing is done with a tine
resolution that is inproved by a factor of 8 to 3 s by taking 333333
sanpl es/sec. Once the various tine differences of arrival (TDOA) between the
sensor s hawe® 20096208et er mi ned from shockwave-only si gnatGL/U2pe5/03¢1361t er
azimuth and elevation and the bullet trajectory can be determ ned. The
shooter position, i.e. the distance of 16 WO 20061096208 PCT/ US2005/ 030126
the shooter fromthe sensor array can be determned if the nuzzle bl ast
signal is known in addition. In a Cartesian coordi nate system centered at
the center of the array, i.e. {(Cxo, Cyo, Coo) = (0, O, 0)}, the tinme of
arrival TOA of the shockwave at a given sensor 5 (G, Cyj,. Cyi) (see FIG
2) is given by: tsk~k =to + Mc (cos(6)+ Ma -1 sin(0)) Vsngo_-cx)+vy(xo
-C.,)+V, (xo - Ghp shouterifropothe sgnsot dvtay cols ba/determimada Hihe swyzele biasksignabisr soni ¢

bul l et vel ocit%nwt ;QX; VFZ +W,' +V,2 , V. with ¢ being the speed of
sound and M t h&"WEA ‘E}H%’é‘r. fi represents the "mss 10 angle' between

shoot er position and, bul.let tr.ajector i i ncl udes.both aziputh and

el evation angl es.ﬁ,& 8 C?ﬂfémé%aﬂrsgm&#%%“g%ﬂﬁ CtCBt%E %ithﬁm%é'e'l\@éf?’ angle 0
is defined bycl €,pt(d,0 0)}; théSimFRIFIrRAETOA RO UR shockwaRe aagiosh defisdr! G 3, for
a given shooter position and bullet trajectory, there is another shooter
posi tion antl b{(fs & Enkfsecklor ¥) Bgivenych the 15 TOA of the shockwave at a
gi ven set of sensors is nearly identical. The two anbi guous solutions are in
fact identical if, in Al F) d/@'dq e shockwave is assuned to

pr opagat e across i%‘?é%ﬁdz’f’r(?%/ as a Sipﬂ( i)e wave. If the TDOA resolution

i s high enough to resolve the curvature of the shockwave, then the two

nearly identical solutions ﬁ?ﬁob@xwﬁﬂypi'@ﬂ%ﬁﬂ){o]:@) essential anbiguity of

with cos(f)=
('B) LMc
VX
V =| ¥, | represents the supersonic bullet velocity Mc = ¥ = ,/Vx’ + V},2 +V}2,
V.

with ¢ being the speed of sound and M the Mach number. 8 represents the ‘miss
10  angle’ between shooter position and bullet trajectory, which includes both azimuth

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

defined by 1_1/11- =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 disambiguated. 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 bullet trajectory can be obtained by computing the

shooter/trajectory combination that minimizes the root-mean-square (RMS) residual
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20 shockwave-only TDOA solutions is indicated in FIG 3. Assum ng
sufficiently accurate TOA neasurenents, the true solution for shooter
position and bullet trajectory can be obtained by conputing the

shoot er/ t r Y@2W@H$2080nhi nati on that m nim zes the root - rFEBUSHYLEE6( RVE)
residual 17 WO 2006/ 096208 PCT/ US2005/ 030126 of neasured and conputed
shockwave TDOA's: 2 Ar,.. =mn fr.m- r,".) wherein the sumis taken over
all sensors. One approach for solving this problemis the Li

Levenber g- Marquardt 5 algorithm described in detail in US patent 5,930, 202.
Most cl assical point-by-point algorithnms use a determ nistic procedure for
approaching the optinum solution, starting froma random guess sol ution and
speci fying a search direction based on a pre-specified transition rule,

such as direct,rpm Hgb&gu@gsmggmgt&pcti on and constraint val ues
S

and gradi ent - based net ho sing first and second order 10 derivatives.

However, these nethods have di sadvant agez——!—er——eeaﬂpl e, that an optinal
sol uti on depends on the sel ect edArgi £indh @(Tu;;i—apmand that the al gorithm may
get "stuck"” at a sub-optinmal solution, stch as a | ocal mninmmor where the
cost function surface has a flat valley, so that further iterations wll

not inprove the whemid the surb id thkdnasvebalbsen§apsind t hat a gl obal m ni num of the
shooter direction and the projectile trajectory can be conputed nore

qui ckl'y and nor e Onelapprbhch fot sodvihg thitogreblembiythe $il igvenbesy/Marquandnary genetic
algorithm (GA), GAs m m.c natural, ol ut| r rinciples and apply these
to search and XB9LHHR ?%?PFW lﬂpﬁ‘éﬁd‘hﬁé&“eﬁ g%e%&t &“H’ ! f%?’%ﬁ'@’% GAis
shown in FI G afaortiied 89 defermiindit pRiBedur iaraf&ofehﬁigrmé Sptf@A S01li@én,a sol uti on,
a GA process 70g begins its search by initializinga random population of

sol utions, st eputing fremd rangom alegsewbmani@dsmifmmerasezyclzéwr@nong@ﬁedaniang t he

creat od, *oach FEsRoieg eBifin kA R kR HARoRR RS Sadive RibCHOLERE, °
probl em st ep constraint values and gradient-based methods using first and second order
10  derivatives. However, these methods have disadvantages, for example, that an
optimal solution depends on the selected initial solution and that the algorithm may
get “stuck” at a sub-optimal solution, such as a local minimum or where the cost
function surface has a flat valley, so that further iterations will not improve the

result.

15 It has been found that a global minimum of the shooter direction and the
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. Thé fitness
25 can be represented by the Euclidean distance A1y, between a calculated solution and

the measured solution.
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73, and a fitness (relative nerit) is assigned to each solution, step 74.
The fitness 25 can be represented by the Euclidean distance Azm,, between a
cal cul ated solution and the neasured solution. 18 WO 2006/ 096208

PCT/ US2005M03006286208r ] =min J: (T.1c-=mB ) z IntuitivelGL/USA0SABYAE6 it hm
having a small value of Amin is better. For exanple, when applying the GAto
di sanbi guate the solution for the shooter direction and projectile
trajectory, the exenplary GA uses as a chronosone an 5 initial population of
200 4-s, with each 4- containing the follow ng val ues: [ Azi nlthShooter,

El evati onSh~ter, Azi nut hM ssed, El evationM ssed] [Azi nuthshooter,

El evati onsh~ter] are defined by the angle (0+13), while [Azi nuthM ssed,

El evationMa | are defined by the angle S (see FIG 3). Since nuzzle bl ast

is not used with the aforedescribed shp\/\ave-on}zy approach, a 10 nom nal

range between the sensor array _ t efme@f 100 neter is assuned. The
initial population is created by random’sel ection of the 4-s spanning a
meani ngf ul and reasonabl e range of values (a|l vyalues are in degrees):

Azi nut hshe, r= 1olntuitively, anglgprithe haying asmal va °9¥{5-Trm01,5b.°t.t¢f-, 30}, 15
AzimuthMs:ed = {-20, ... , 20}, and Elevationms, ,d =u%_-2o,... , 20}. It

i s checked in st eferexamplegvhanapplying s to dsambighate theselution fqrike shaotenhi ch
can be set, fop, exannl . : ResR g@g}"@ : ' nunber of
iterations hasar%én recgl%rﬁ%ét,ll%t ajee'la%r%{icessel‘%1 topsusg{asfsa[}gfo({%,bmg% the result
can be 20 ebt hiitidpompation cf200 dist With cach 4t cantaning elfellowing valwesp 76 checks i f
preset fitness criteria have been satisfied. Fitness criteria can be, for
exanpl e, a conput Rimithged,, Bravatidng,.af, AzimathgiQr Eleeatioaisisse).0f t he residual s of
two ambi guous solutions. If the fitness criteria are satisfied, the process

70 stops at step RRimothfigfWERDatichsRey apodefined bptheiangle (OaBrahild t hr ough
crossover, step 77, and nutation, _st e&o 78 arpld t he ener&t ion, counter is
imuthwissed, Elevationpissea] are defined by the angle B?see FIG. 3). Since
muzzle 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):
Azimuthgheorer = {0, ..., 360},
Elevationgpooer = {-10, ..., 30},
15 Azimuthyisseq = {-20, ... , 20}, and
Elevationpmissed = {-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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19 WO 2006/ 096208 PCT/ US2005/ 030126 increnented by one, step 79. In each
generation, the "best" individual is allowed to survive unnutated, whereas
the top 100 individuals, as judged by their fitness, also survive, but are
used to cwepdofs/debmsnext 100 individuals frompairs of gpdeeossusyiz¥ors with
the 5 crossover/nutation operators listed in Table 1. The foll ow ng

exenpl ary crossover and nutation operators were used to denonstrate the
process 70: Operator Nanme Qperator Probability Description sover _Tpe
ossover 0.5 Exchange shooterltrajectory azinuth Azinuth-Cros between two
chronmosones M ssed- Crossover ossover 0.5 Exchange m ssed azi nut hl el evati on
bet ween two chronosones Field-Miutation tation 0.3 Replace a given field
(with a probability of 0.25 per field) with a randomy selected new val ue
within ran e jneeaRARAbgbnd/lstept7oon tation 0.4 Introduce snmall nmutations in
all fields of a chronmbsone (within s2 for shooter information; within

_<0.5 for m sseg ch&}f snBRtibs Thd et Mamauam Aowbdp Ardveiangged,he sol ution
into the anbi guous alternate sol ution -Mitation tation 0.2 Chronpsone

remai ns i nt acwhergagghetop 109 (ndiyiduahs ﬁ-‘igl!ldqudh’ thejr frssedsisuamardut agysshed by
performng a gradhef En@ﬁ%@ ﬂwdgﬂn%llxags{]ﬁ;%xgﬁﬁ}s SThedt 5VivBRdvit e COT r espondi ng

al ternate sol ution.
5  crossover/mutation operators listed in Table 1.

The following exemplary 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 two chromosomes
Field-Mutation Mutation | 0.3 Replace a given field (with a probability

of 0.25 per field) with a randomly
selected new value within range
Incremental-Mutation | Mutation 0.4 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 labeled an “alternate” solution.
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solutions, the residuals and the ratios of the residuals are conputed. If
the conmputed 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

i s sel ect eavo fdobiesasse, no actual selection is nade, ardr/usmosmbizti on with
the lower residual is labeled the "primary" solution, while the other
solution is | abeled an "alternate" solution. 20 WD 2006/ 096208

PCT/ US2005/ 030126 W th shockwave-only detection, the GA al gorithm produced
a sotution on a | GHz conputer running the Linux operating systemin 0.15
seconds on a broad range of simulated shots. 97% of the sinulated shots
were within 15 of m ssed azinuth, and 86% of the sinulated shots were
within 5 of mssed azinmuth. Using the 5 aforedescribed di sanbi guati on

al gorithm cl ose ghat i . Aav | } @,g.pp i wer e

di sanbi guat ed 95% 0 stﬁ%ce ta?%ﬁlg%%cﬁ?‘ég@n%gﬁlgﬁon rgﬁgeglid%ﬁlr%g%??é%}:ed
correct resul t SHzeompoteerutngigdint Ligirooperatidgospstern lire0.4 § sesondsan a broadmangsyy of

di sanbi guation js e cted Vv ba n the sensqke e0 ry and
t he presuned df)til?‘lug%?i Sh?lts‘oi’g/ %ﬂ@i‘ésmﬁa?% sgn%tv%er%\g& ﬂggag{%‘%geedlgag\lfgﬁ’on bei ng
10 easier to dusdg8% oPdkeimulited sHoly wete shthinB2hf ariésed htimath. Asingthe proj ectile

trajectory were obtained without detection of nuzzle blast. However, it has
been found $haeforsdeseriyedidisanbigyation algerithy clogs shotsy s shets Bpypdit missedi ved only
on alimted n h . 0 : i nprove range
determ nation gﬁ‘gh‘ag} gg&éi’%@?@%ﬁﬁ[ﬁ%ﬁﬁgygﬁ%gﬂmﬁ g@ glrsfka*tﬁlﬁggt §/l a di agram of
a Tinme of Arri algbrithi@xpduned ebrrect wisultsfor montakistanit bleds 70% wbthe tieet ke i n US
patent 6,178,141. The A’OA @gdﬁl can bei Hsved to?/oeost%nate t he traljﬂeé:tory of
the projectil e SHECY RELISHRRIBRLIOR;Ts GPETIEHIO AV RATAOY Be SR ALY EEPMPEL ot i on.

The TOA nodel wgd fhepatuned distidlifidrsdfisBotsnaed shbikiavigg andw eledgtabiéingcert ai n
physi cal characteristics relating to the projectile's flight path, such as
20 the air !Ben&?sisy tq disaphignate.r el ated to tenperature); the position P (Px,
Py, P.) of a shooter; the azinmuth and el evation angles of the rifle nuzzle;
the muzzl e vel oci The efpredessebest sofusions fos thegrojeciile Wairwery Weie pbtanadfthoutand t he
speed of Soundfiét\é\@loﬁ%fw&lgﬁb Wk@&%év@ﬂ*ﬂ%%fﬁ#h%ﬂid%ﬂ%@éiJ%Eak Mg thi's
bal listic nmodel, 11 i S pOSSi e 10 Accur at e y

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 proj ectile 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, P, P;)ofa
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 P (Px, Py,
P;) relative to an origin (0, 0, 0), the various sensors are located at points § ;i (Sx5,

Syi» S), and the bullet trajectory is shown as emanating from the shooter in the
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calculate the time at which the shock-wave and nuzzle bl ast reach a
particular point 25 in space. As depicted in the diagramof FIG 9, the
shooter is located at point P (Px, Py, Pz) relative to an origin (0, 0, 0),
t he vari ousvecsnemsssare | ocated at points Si (Sxj, SyipcBupoosesdizshe bul | et
trajectory is shown as emanating fromthe shooter in the 21 WD 2006/ 096208
PCT/ US2005/ 030126 direction of 2. The vector fromthe shooter to the j'h
sensor is b, the closest point of approach (CPA) of the bullet to the j'h
sensor is |l RI1 =1D1 sin(g), and the path followed fromthe point where
the shockwave is radiated fromthe trajectory to the jth sensor is S (the

i ndex j of the sensors has been omtted). The Mach angle of the 5 bullet is

B=sin' (1/ M, 3/ M P%/jgre C({m ﬁ'{g)sﬁéo& to ﬁl;e”‘ @%{%’0? l%tﬁl fhe cMsgst g&gt

supersoni c velo y of th 2o préssure

t enper at ure- Q@%H()C(g%%ﬁﬁle%ﬁmé%'ﬁ% i {or lﬂﬁiC@? gé/ | t atBr aj ectory

and the j' hsens etrajectoylsc azi nmut h

I db
1S ol ovati on BAgre! FanBaRt R 4E ARskPES fttaed ﬁow‘?ﬁeﬁ) e sl one”
that define the E%BP&";E‘Y&ﬁﬁ{d'ékgé{fm& bd¥Bork PasadlgnUHl'itEedéV’?ﬁéM%ﬂ?‘intgl dualh sensor

are witten i terns ese geonetrica quantltle of arrival

S equal 1ot heuiel f% Min'd G/ AGIAS ¥ R0, MIS RMbGIH t%rbp%lt:??ozﬁzlnletbq gdi stance

A1l to the point were so is radfa t owar sor usthe
time it takessuptsoritiodbcipied tlnq)rbyeetue,land h@lsdh@(peassme-l auld fteropardtive- r adi at i on
point to the |j n(i

sensgor. [, t/ =to +-+ | =t + | .si

+B), V co co ‘&ﬁﬂé’?‘éf‘ﬂ 6 é%ime rae FBTsear“éEc%e‘Y’??"r‘f%‘if“W B9 thehdseesOmig ¢ he
speed of soundg Therajddasih 133d]ﬁi'a@teﬁzé Tyﬁtssaﬁlmlﬂﬁibﬁgié fdadufeddotmteReloblbwisan be
safely assune 't hat t he vel oci t the projectile remains constant

from the x-axis in the x-y plane and by its eIevanon angle measured upward from

10  thex-y plane. The equations that define the shockwave arrival time t; and unit

vector at the " sensor are written in terms of these geometrical quantities.

4

The time of arrival is equal to the time — it takes for the projectile to travel the

distance IZ | to the point were sound is radiated toward the j"™ sensor, plus the time
it takes the shockwave to travel the distance |§' from the radiation point to the j™

15 sensor, E—l
cO

4], 18

D .
L=t +—+—=1, +|~—lsm(ﬂ +6),
V.o ¢ 0
wherein t; is a time reference (firing time) and c; is the speed of sound. The
Mach angle © is also indicated in FIG. 9.

It can be safely assumed that the velocity V of the projectile remains constant
20  over adistance 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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20 over a distance corresponding to the sensor spacing, so that there is
insignificant loss of speed between the tines the projectile radiates to
the different sensors. However, over |onger distances projectiles are known
t o sl ow dowo fugoskmsai r resistance. The 22 WO 2006/ 096208u$%05/d362005/ 030126
air resistance can be expressed by a drag coefficient Cb which depends on
the bullet shape and bullet caliber. A mathematical ballistics nodel
derived from physical principles can predict the arrival tine of a
shockwave at any general point in space as a function of a full set of
paranmeters describing the projectile (e.g., by its drag 5 coefficient Cy),
its initial velocity, and the density of the surrounding air are known in
advance. The paraneters required for an exact calculation are typically not
known in a rfplesisfahce 2AbE exiitessédibya dag dodthitiented,ivetlich ddpends\waithe hudlege

estimation can be significant i rovedUgé,an iterative process shown in
!

formof a proﬁ‘é@%a‘ldlwtgﬁa 'B‘.’rfarﬁ‘? e‘Pﬁici SHCS i ,elﬂFﬁ‘Yﬁ‘? ok eRysicat o account
decel eration g, e dah et lﬂe%rﬂx}?{l)ﬁfxleb)’a 1oBRIaveldE anyf EHeRE bARYin s;r%e process

200 begins at step 202°with the OW ng assunptions: co = speed of sound
modi fi ed for autfsndimntofafiei set of pararaéters deseabing the(mrgigctiledesy., bydts dragioni nal dr ag

coefficient ave e ver.anti ci pat ed ons = initial.velpgcity of the
oo ectife HETETY Go: % el e, B E ARRIY of Be Sl sinle BB oy '
initial Mach muabgiceof projectile Afirst estimate of the shooter distance
Do is computed in step 204 using the neasured tine-difference-of-arrival
(TDOA) T. and an gphMiletedd@h@ired fHEin¥RaH calchatdn ﬁaqgﬁean;het GewAdnat the
sensor array and by assuming an initial, constant A 20 speed Vo and Mach
number Mp, actealisicsefting sueheasachagilefighd. Howeyopyanggpestimation cap besigniicapese
assunpti ons, o | e aq o] f : er
position P cafrgﬁlgg%&go %g?ﬂglgﬁiv%pr}? ge‘sggl}(g‘;él @r%%%gﬁgaﬁgtqowlaa%%hgm

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:
¢y = speed of sound modified for outside temperature/ air pressure (=340 m/s)
Cp, = nominal drag coefficient averaged over anticipated weapons

Vo = initial velocity of the projectile, when fired, averaged over anticipated

15 weapons
M, = Vy/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 (TDOA) 7,5 and an arrival angle o between
shock and muzzle sound at the sensor array and by assuming an initial, constant

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

rms : cO

Do = 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

a J’
ColVs

M, =M0[l—
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2 M =M 1- a( Cayo 23 W 20061096208 PCT/ US2005/ 030126 so that the
time the projectile travels the distance a along the trajectory becones,
step 208, a T. a' TV-0 V C6 The angle 0 is related to the Mach nunber M
by the equso 06/096208i n(e) = M wherein the Mach nunber MCT/ES2008/@B)R6ly set to
Mb. It should be noted that the instantaneous bullet velocity is set to the
speed of sound (i.e., Ma = 1) if the conputed bullet velocity becones |ess
than the speed of sound. The revised distance a = 1Al in step 210 then
becomes 10 a = Do - cos(3). | - tan(g) |l M2 -1 The angles a, f,"and O are
related by the equation (a+ 0 + 0) = 90. The process 200 then | oops back to
step 206 by inserting the conputed value for the distance a in the
equations for M and T. above, yielding an updated Mach nunber M and an
updated bul | et travgls tﬁé fifRe the pfcﬁe%@i?é’t}dv\éﬁlt%dlitﬁl{cetafh‘?or{grtﬁé’@li glofi stance a. 15
The neasured TDOA r, and the cofrputed updat ed val ues T‘ and a are then
used to succesbecvmleyswpdé&e the value D for the shooter range:

D=c-(rm+T)+s This process is repeated until either a nmaxi num nunber of

iterations has be reached or the range values D converge, as determ ned
in step 212. 20 T proc \/57200 al so checks in step 214, if the revised
range value D = | Dl fvpr-—t—hé di stance between the shooter and the sensor

array is a "reasonable" v@lue, in
The angle O is related to the Mach number M, by the equation

5 sin(©) = A}

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., M, = 1) if the

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

distance a = |Z| in step 210 then becomes

a= - COS - tan(ﬂ)
10 D, -cos(B)- (1 \/34—?1}

The angles o, 8,'and O are related by the equation (a+ 8 + 0) =90°. The
process 200 then loops back to step 206 by inserting the computed value for the
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, -(z',,,, +Ta)+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 = ‘f)‘ for

the distance between the shooter and the sensor array is a “‘reasonable” value, in
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24 WO 2006/ 096208 PCT/ US2005/ 030126 which case the process 200 term nates
at step 216. For exanple, the value for D can be considered valid if the
di stance a traveled by the projectile and the distance s = a - sin) between
t he sensor wayyWdod/ddgop0i Nt where the sound wave is radi at\er/usoes(oad)i2é r om t he
projectile to the sensor are valid nunber values, i.e., not a NAN. A NAN is
5 a special floating point value representing the result of a nuneri cal
operation which cannot return a valid nunber value and is typically used to
prevent errors from propagating through a calculation. In addition, a and
/'3 should both be less than a predeterm ned threshold value, indicating
that the projectile was indeed fired toward the sensor array. 10 As

menti oned above, the nunber pair (rnf a) is initially used to conpute the
shoot er range which daseZthe ptdees3[B00 Ceriniftds @hstep 2. ot exegnpléjairgeahiefot Dean

projectile' s speed, along. t trajector If the jteratiye process 200
descri bed aboWs® T ‘ta%fjé{]tﬁ?H‘S’é‘“c%ﬁ%‘%ége@@ﬁfttheg@%tleﬁn‘iﬁ’ﬁﬂgﬁ‘Wﬁg t he nunber

pair (r., a), theng solution is discarded. 15 Even if an exact solution
may not be obtska -~ petwieen the genmbr and the printwelicoeethe soumdtwaye istadistedr range D
and the missed azit and el evation angles (which are related to fi) that

most cl osel V. 1Ml 3rdlERToGH: &py%&@@n@gﬁe@ammﬁm INAN. A NRNYs  AS

al ready nenti oned, ock-on ween t'he’various sensors can in
nost sit uati onspésaliflehiisgpointrvals uepresentitpathes tesult of a mmericahoperatios hather

| evation, 20 but not the.sh det er i ned f th
Chock: onl y TDGRO TR VR PP AME BRLIs PR SEE R SE B o 4).

It will be as gatingahrotifiea ddRNation. In adi@ioMC@And B Shdifd Béth 86 Isdiakwave and
the nuzzl e sound can al so be neasured, whereby the nuzzle sound nmay not be

det ect ed by alPredetsamingd dseshold velue; indigating;that theyrajeptile tas fndpadifired sgwarghe
iterative proqﬁess%ngoqg{rg es not return a 25 valid result, then the process
200 attenpts to conmpute the shooter range by invoking an evolutionary

apply hodd 1o odgripiotiwet® uft Bty 8l s SBUIMGIR eyl ig! P o5 and
shooter range Dy 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 supporting the number pair (7ms, @), then 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
) 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  but not the shooter range, can be determined from the shock-only TDOA'’s using the
known sensor array coordinates (S, Sy;, S5). It will be assumed that the TDOA Ty
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



search with a random set of solutions, instead of just one solution. Once a
random 25 WO 20061096208 PCT/ US2005/ 030126 popul ation of solutions is
created, each is evaluated in the context of the nonlinear programi ng
probl em andvagobédawess (relative nmerit) is assigned to epchusmbsidsos. In  one
enbodi nment, the fitness can be represented by the Euclidean di stance between
a calculated solution and the neasured solution, for exanple, by /It" t'
Skoek. cak - Skock,neas ( Ni | 5 ArAYp ="' N +abs[Er m-t | | /I m, neas
J s=1Intuitively, an algorithm producing a smaller value of 4;,, is
better. A schematic flow diagramof the GA process 300 is showmn in FIG 11.
The process 300 uses the tinme-difference-of-arrival (TDOA) T. and the
arrival angle a neasured previously for process 200, step 302. An exenplary
nunber of 3-t ypgdatidh diamhﬁgxstlhe[emed wach if RANGd ivkbe ddnjexi 6f Hehonlidaras an
initial population, step wgereln RANCE s the shooter range D = | DI
shown in FIG P@ng%PF rraad & fmessArelatvg megids gisigned forachsdutigh: dhevat i on.
The MA and ME @l hesuihBst ﬁl@tf@nepélcaﬂ(mé’r epmsﬁ}e& byenﬁlﬁubﬁaeamdmee tb@ﬁvete@aget in
azi muth and elevation space illTustrate exanple is
assuned to be calhdatsén@lohoramdatbe mﬂseredmolutlm, fqmgwmalel bn in step 15 304 is
created by random sel ecti on of the 3- tupel spanni ng a neani ngful and
reasonabl e range of vaI T{angesho (1000 ... , 3000) [neter],
AzimuthM ssed 2 (<20, I3 i thagidos] .

vati on ={-20, Cee
20) [degrees], ZQ,The. aghput ation foll oy, E j( oce%s as outlined
||M ms,meas

above for the shocRavk- only &l ution. Ini generation Gen = 0,
step 306, .the shooter position vector P (Px, Py, P2) is conputed for each

3-tupel Wit h theI ulgv%louanl agotq’ F){ndggg%?J%g@?e%alu%mym S%&gerel evation, and

an assumed RANGE
A schematic flow diagram of the GA process 300 is shown in FIG. 11. The
process 300 uses the time-difference-of-arrival (TDOA) 7,5 and the arrival angle o
measured previously for process 200, step 302. An exemplary number of 3-tupes
10 having the values {RANGE, MA, ME} is defined as an initial population, step 304,

wherein RANGE is the shooter range D = 'ﬁl 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:
Rangesnooter = {1000, ..., 3000} [meter],
Azimuthpigsea = {-20, ..., 20} [degrees], and
Elevationumissed = {-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

P (Px, 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 (Ax 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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Assum ng an initial Mach nunber M, the vector A (Ax, Ay, AZ), i.e. the
position 25 fromwhere the shock sound is radiated, is conputed with the MA
and ME values 26 WD 2006/ 096208 PCT/ US2005/ 030126 for each 3-tupel, step
308. The dWex200m9620D = Si - P between the shooter and (SMUS28e03¢126 | t hat
detects a shockwave are al so conmputed. For each 3-tupel, the angle 0 is
conputed fromthe equation cos fl = AP - s |Al - 11P - SI , wherein the
synbol "." indicates the scalar product between 5 the two vectors. Updated
values for the distance a, the travel time T. of the projectile over the

di stance a, and the Mach nunber M are conputed by inserting the conputed
value for $ and the initially assuned values for M = M) and a into the
above equations for Ma, T' a, and D, step_312. This process is iterated
several tines fof eachdaupelostent 308. The distanees B orS ;exBrhstwees the sheater angl egeh er mi ned
in step 312, whereafter 10 the residual Ttm,, defined above, which includes
the nuzzl e si cisasor]that deferssia dhockwave agalse ompuisd] | step 314. It is checked in
step 316 if a maxi num nunber of iterations for the GA for exanple 25

i terations, have Hveerrhletupticthe angle Blicomputedhirarnibgisauation i terati ons has been
reached, then the pro s-$300 stops at step 320, returning the 3-tupel with
the 15 smal | esgogmes AU S Ouhpra fie syt “B® RRRSEs ARACAHBEFbEK! Beryew

popul ati on t hrough *A.qpr_o sover and nhutation operation, step 318, and the
generation counter i's ' increnmented by one, step 322 In each generation, the
"best" indiyi dakwoé Secbdrs.OUpghtédovaiues Yor\te: distance Al e travalhiieeBSoftiiee t op 100

i ndi viduals, as judged by their fitnpess, also survive, but are used 20 to
create the nexRrolodfeiowenths digiance & arhihp Mach numberddoe somRytedbInggTHng ¢ he

crossover/ mut ajl QB AREd H10L for Bland & iﬁiﬂangﬁﬁglﬁne% Vafle® ¥or MNEM,Ghll 3%htB the

exenpl ary crossover and nutation operators were used to denonstrate the
process 300: 2abowr@R06iC0ERST.RERMIB? 8i6%3 123 (lREproQse isdtepatedNeeveraliraesat or
Probability Dei%(r: Eeallcgtolf e 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 the maximum number of iterations has
been reached, then the process 300 stops at step 320, returning the 3-tupel 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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Type
Crossover

chr onbsomes
el evati on bet ween
Exchange r avgezoobetsessen two Crossover chronosones

M ssed-

M ssed Azi mut h- Crossover 0.5 Exchange m ssed azi nmuth between two
el evati on Crossover 0.5 Exchange m ssed
Crossover two chronosones M ssed-

range Crossover
Fi el dehMubzmos/eso1dylit at i

0.3 Replace a given field (with a probability of 0.25 per field) with a

random y
| nt roduce snal

for shooter range; within 0.1

sel ected new val ue within range

| perturbations in all

for

0.5

on

| ncrenental -Mutation Mutation 0.4

fields of a chronmosone (within 2 neter

The GA process 300 is executed with an initial

3- tupels, wt

isrun 5 tines in
the solution with the small est
for the RANGE, mi ssed azimuth, and mn ssed

h arefill

5 parall el

rate of 50,
with different sets of
r esi dual

for a tot

is sel
el e

m ssed azimuth and el evation) Table 2

popul ati on of 200 different

al of 25 generations. The
initial 3-tupels,
ected as the final

vation of the shooter, whi

GA

and
sol uti on

ch

al | ows conput

1t I @perafor NGO

decrease of anbi guous shots

| east one nuz
channel s, whi g

iDpeRaor
r ophﬁB%

tProy &ty
to 8% on

ental tribekripiighcated a
the sane data set by usi

hg at

TVBssed ARFHuthe 1an
t@rg,gm_,@r signifi

os$oNer
cant i npf

@istion 1o
ovenent o

Cal cul ations t
projectile al
For certain g
may exceed 209
estinmation for
shock-wave onl

Mabsed @leVation! Ak
@@sdvks path d

E CtoddoVerC ¢
e to al 1

PR3l derati
resi stan

Bxcharge Ghisséiimut] LREweiatdd |
V@roradiggénave- only sol ut

ons.

OFk chitige FHsséd cRlvation Bbtwedn © N{
CRolcBrdthokdeover esti mate r

a}

”

Ange.

JAREEd-rAdge aNd S BHdsdowéreT]

plsy dista

NExchaHRE Pangd EtweeR Wl €ST 1 NA

i on

fields of a chromosome (within +2
meter for shooter range; within £0.1°

for missed azimuth and elevation)

0Craserl D af oreglescri bed process famdRsméshi S bias from range
Fie A€ SNPMutled €G0130NS. AS| Rigsdct b PReh RONAth a JFoBALIIHP IS
y solutions cap frequently be of 0.25 per field) with a randomly

selected new value within range
Incremental-Mutation | Mutation 04 Introduce small perturbations in all

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 5 times in

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

only solutions.

or more shockwave channels, which is a significant improvement over shockwave-

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

detections.

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

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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di sanbi guated by conparing the residuals fromtwo different trajectories and
selecting the trajectory with the smaller residual. 28 WD 2006/ 096208

PCT/ US2005/ 030126 If the nmuzzle blast signals are detected on 4 or nore
sensor chanve2ee/0908n t he af or edescri bed shock-nuzzl e aPQDUS10DSMB02EN be used
t o unanbi guously determ ne the shooter |ocation, regardl ess of the nunber
of shock channels. If the nuzzle blast signals are detected in fewer than 4
sensors, but shockwave signals are detected in 5 5 or nore shockwave
channel s, then the aforenenti oned GA can be used with a nodified cost
function or residual, whereby whatever nuzzle signals are available are

"m xed" into thelﬂb@mwzlabiasimmh@m@tﬁcteé oulwmrgmgqhn@eém@RMe onI y

sol uti on and/ o] i f

fewer than 3 r?wué(?efé&% tgﬁ%gﬁé&i&%%ﬁéo%\%ﬁg an g&ﬂﬁ émi;?ﬂ ann&ﬁs are

det ect ed, t henhedhoaleriotation, fegardlws éfthe maited of\sHoblo clianaéls eIfphé mgzAleoblasical i ze

the shooter. The rru&c{e Si gn not be relbw dete ted .on %) ﬁchannel S,
because: 1. TIEnaspEdetssied/in{gyer “éﬁ%“sB’fs’Wﬁrs &H?]%‘S%a?%refiﬁtSCtF R0 detect
with conf 'sde%ﬁmr@sho{m\;mﬁnelsem@mxarosqxﬂa&,oﬂeossardaﬁbe GsddWwifte raw signal,

causi ng the 15 %stem to correlate wth noise, giving unreliable TDOA

esti mat es. st fungtionioe residoal whereby whatexst swizzin §ignals h@ravalﬂﬁélermz zl e

bl ast and can _ar«.i YErB [gystemto
fal sely det ec"?e g‘i( g{sodrlruéptnn?ﬂ\fé’[}ﬁmggﬁoz@fa?ﬂbﬁ& %tﬁy gngg' on yydet ected on
some channel s solutien bitBordtfihe thélesitlhiaSmn aﬂths Hdoadr irge C Howeeergifféweethaas 1 11 A
rrrvn = ~j (Ar_,uiale ralc ~ ~rmun ~ +~ (ArSrinckmc - AT shk nrtr 1

i wherein the myzzisichainels ANP fewer thﬁﬁéﬁheclmaasphwesmc&siem ARaleBduced
nunmber  ofjg Segﬁﬁ’fnéa&ﬁﬁ%dm&# Gk ﬁnét??oﬂﬂ%@t?uﬁs@o and j is summed over

t he sensors etecting the s typl y al sensors). 25 As

demonstrat e by. e CATRGER 6! bDTaRP BiEetcd BE TR HeditheS O

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

15 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

20  situation can be defined as

. . 2 . . 2
_ 1 ! J J
ATnu‘n - \/ Z (A Tmuzz[e,ca[c - ATmuzz/e,mzas ) + Z (ATSImck,cnlc - ATSIlock,men: ) 4
i

J

wherein the first term for the muzzle blast is summed 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).

25 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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provi des inportant information about the shooter azinuth and hence the
projectile's 29 WO 2006/ 096208 PCT/ US2005/ 030126 trajectory as conpared to
a shockwave-only solution, so that the conputed trajectory solution aligns
nor e cl osemo ioé/bvezise of the ambi guous sol utions, i.e.,pethus200t/eaig guati ng
the solutions. Wthout at |east sonme reliable nuzzle signals, a significant
nunber of 5 anbi guous shockwave-only sol utions nmay be generated in
particular at |ong shooter distances, which are | ess desirable than a
smal | er nunber of unanbi guous, but |less precise solutions. In the event of
potentially unreliable nmuzzle detection, an attenpt can still initially be
made to detect nuzzle signals, e.g., to find a nuzzle blast signhature in a
10 noisy signal, and to conpute the resulting TDOA's. The nuzzl e detection
will be deembghjdctorP@s Ecthpardll 8 aishodkware-6nl§isalaAdrS sé it fhe ostp@ed &ajeetbdy Ci ent
nunber of sensor W th sufficient cross-correlation between the channels,
and i f there solutign glignsimgre glopsly withogeef the pmbigueussaluersadenthife nuzzl e si gnal
and the corre i on each channel (offset by a nunber of bins
O Anf B Dok

to account for 15 Ot herwi se, at |least the nuzzle signals

t hat show i nsuf f},Gi i iy he Wi ng " coarse
nmuzzl e detecti orwﬁ$°§g%%lg?%ggﬁl%k§g?&pgﬂ%g&&&gg sﬁggﬂgﬁti n .b%%a!)fs)hock ener gy

fol | owi ng Sa sdnthiguouk blagkivhesenly salitiona say be lgedeyatedsingakticatahatidhg sHooter eby
excluding them as nuzzl e bl asts, .- termpe a paxijumiine i uld take
The. mizabe. WA PHAATS l6o firableMan A SHRlIGE PRI eLa AT PIEBSA 7S dow

havi ng t he cofyr&g%n@iioﬁg duration. Search for mnuzzle energy peaks by noving
this w ndow across substantially all detector channels follow ng the
detected shockwgy g, @%ﬁtwgmnmwnfyﬁﬁbw Bz h1E detelifinl ﬁfiat%'\rlrg)?@h stitfhi ch have

been identified as shock echoes. Integrate the energy _the w ndow,
i .e., seek t hsitiatxberomadofo diteet maZld signals;-Zgaty, find RnOz7le Vast signature in a

10  noisy signal, and to compute the resulting TDOA’s. The muzzle detection will be

deemed to be reliable if muzzle signals are found on a sufficient number of sensor
with sufficient cross-correlation between the channels, and if there is a sufficiently
strong correlation between the muzzle signal and the corresponding raw band on

each channel (offset by a number of bins to account for filter 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:

N W 2

25 f(i)=ZZ(mbﬁj)

n=0 j=0

wherein the square of mb/,

i+]

represents a measure of energy, €.g., energy of the
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wherein the square of nb,;1 represents a neasure of energy, e.g., energy of
the 30 WD 2006/ 096208 PCT/ US2005/ 030126 rnuzzle bl ast, neasured by the n h
sensor. (i+)) indicates the detection channel, with i denoting a discrete
time interwod2beivetnsn the tinme the shockwave was det ect pdranmos/izosbegi nni ng
of the window, and j represents a tine interval neasured fromthe start of
the wndow. 5 To discrimnate agai nst noise, the peak energy in the w ndow
produci ng the maxi mum of function f,,,,u(i) is checked to deternmine if the
energy peak at that nmaxinumis greater than the energy across the w ndow by
a given ratio factor. If this is the case, then the signal in the windowis
identified as a nuzzle detection, and cross-correlation is perfornmed on all
channels in the nmuzzle blast band nb to 10 determ ne nuzzle TDOA' s. The

det ect ed nuzzhezzl tisst, rséagurad by the nl"semsob ¢i+)sedicates the teestionshative!, $hitbot er

range and/ or di sanbi guat e .the shockwave signal,, as.describ ve. In
Caar .t he dodEadEE sing inBaaroeetR e i R e S

unanbi guous| \hPpeyinikes RO WRTdoW, &Gtk EseARd tind ihRival Mdhgeddofrom bBRseet on
shockwave- 15 only measurenents. Di sanbi guation can be inproved and shooter

range can be Wdéhawiaded. i f even a weak nuzzle blast waveformis al so
detected. The systemis relatively insensitive to false shooter indications
in response to Vetiskiminiteageinsbnoisa the padk energyrin thewindow praslacing theecr acker s or

near by shooting.in didect.i ons t : | d be
ment i oned tharf’gi"ﬁ%m sofs rgh}o@@%@ﬁ%%&%@og%@l%%ﬁ%% ésetdkggg orms two test
on the initiahav@vusfiopietef than deteaéngy acrog thd windewdiygrgivencatio facbeelf be

attributed to shockwaves. First, the nmeasured taotal ener in a frequency
band bet meeﬁh‘éﬁﬁaﬁgeﬁ?ﬁ?a @Sﬁeﬂ%“#‘&ﬂ&ﬁﬂ“‘%ﬁ”ﬁ ent 'egé%ﬁ’ﬁ‘é%gﬁ?t{“ﬁmaﬁ"grrpi rical

threshold val§g.coffBlabon fs peftbindditn@fiRahdielé 3 R MidzRMRCHS-A mERN the signal
form be considered as 25 arising froma shockwave. Secondly, the tine span

of the detlectdeterminetugzlesdaOAisye pressure peak nmust be greater than
approximately 70 s and | ess than approximately 300 s. These criteria
provi de i nmuni t Yhefdetetted syugtle tiakt signal cap henibeaiserbiogleterminelthe 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 energy in a 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 ps 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

31



as firecrackers and non-threatening gunfire. If these tests are not passed,

the 31 WD 2006/ 096208 PCT/ US2005/ 030126 detected waveformis not consi dered
a shockwave, and no shooter solution is attenpted. Wiile the invention has

been di scl waeghoépemannection with the preferred enbodi P@ﬂh§2o§§?§n\9ﬂ6a”d

described in detail, various nodifications and 5 i nprovenents thereon may be
made thereto without departing fromthe spirit and scope of the invention.
By way of exanple, although the illustrative enbodi ments are depicted as

havi ng acoustic sensors, such as m crophones, this need not be the case.

| nstead, other types of pressure-sensitive nmechanical or electrical sensors
may be used. Moreover, the values given in Tables 1 and 2 for the various
operators are 10 intended to be exanples only, and other val ues maybe

sel ect ed depeqglefted WBvdfbieh isdot sbkidered dishdcRavd, And e sHdoR)r Soludsitigr di ngl y, the
spirit and scope of the present invention is to be limted only by the
following claafempte® Caims: 1. A nethod for di sanbiguating a projectile
trajectory fromshockwave-only signals, conprising: nmeasuring at |east an
initial portion Whilehie mmnibmwe@nﬂgsclgiegmb@nactidﬁwﬁl&llepmfcreedspaced
acoustic sensor ormn Nt enna tin td m.n error di stribution
for the acousti@® ‘i‘gﬁgt&’s wabﬁrf c#eg«,?rﬁ)le %‘%ﬂ? Hé%‘é%“i%h&‘%% tial portion of
t he shockwaveifiployerfiergdhkor mag be Biaﬂé gieRCwihddt dépaitingofrort THeSPJrithad sensor
pairs with a time resolution {hat greater than the estimated timng
error distribS§taPER! the Jereation Y ey 9?5@ gaﬂﬁwoga%fhédﬂwarwmho@m%ﬁ ectory
based a defin f hg&a{, e of a
resi dual for Eﬁe&@%gg\qu Qﬁﬁéegegggbcss?fl%rfg‘%gg? S. ﬁ&gsecﬁgg%l ﬁﬂéﬁ BE‘{@{}:’Fal m1,
wherein the ticaﬁen@psmadmthmtmes pbpressure-geasitivd Iae@@lmtcml og &lentrigalrsensorsomay

Sanbors. 5 TRE e ABHcRRhaREr Al £ GF T T bRBR BhettBeBlT el 1 or

di sanbi guayi Oﬁhtéfﬁlﬁ@&dlse éxamples only, and other values may be selected depending on the
actual conditions in the field. Accordingly, the spirit and scope of the present

invention is to be limited only by the following claims,
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size of the antenna. 4. The nmethod of one of clains 1 to 3, wherein the

di sanbi guated projectile trajectory is selected based on a ratio of the
residual s for two ambi guous solutions. 5. The nethod of one of clains 1 to
4, wherein the Tine-Differences-O-Arrival (TDOA) for sensor pairs are
determ ned by designating a sensor that first encounters the shockwave as a
referenge. sensor; setting a first latch of a timng circuit when an

anpl it ud8™¥ the initial portion of the shockwave-only signal at the
reference sensor craosses. a threshpld value, said first |atch ctivating
start cbun%é?%tg‘?%ig’@%ﬁ‘%lﬂ‘atﬂgeaEff’l’f'@?leéré‘%@ﬂé?ro%isf‘ﬂcweé’tﬂ &S i n each of
t he ot her cSRPEMS running until the correspondi ng sensor encounters the
shockwave; when one of the other sensors encounters the initial portion of

t he shock = O [ o | eTelaTe N ree di ng
ot her sen!@%g?ﬁggxg?%%gg?h%M§§g¥qug%ﬁ%§rs q?é@hﬁﬁ%%£%¥ﬁgg°§gﬁ§6%§%ﬁand
r ecor di &tgudticgensbfHoraing as afiterina he ot her sensors with respect to the

reference sensor. 33 6. The nethod of one of clains | to 5, wherein a

proj ecti | eedtindtidg@inying srréd distiib@icdfoithe Aedudbe sdhadrse i f acoustic energy of
t he measured shock-wave waveform has | ess than a predeterm ned threshold

val Ue OVer jaehiRRigliRiTine Sebabied HENS $oRRASE th-shddkeaNBILARLi@alChiem 6, wher ei n
t he predeterm ned frequency band conprises frequenci es” between

appr oxi idieeanges7TOBAHIVah (BD Q0 ) kadsensgr paitsevithea timd resblugine thott iscgredterghanthe 7,

wherein .ectile trajectory is elimnated as being false if a tine
intervéﬁaﬂﬁég mgn%%g%ﬁﬁéﬁﬁéﬁﬁtﬁﬁgve waveform has a positive value is |ess

than a mininmnumtine or greater than a naximmtine. 9. t f clai
5. wher e nSUHEMEIR it e R ok sRie T i QoRHRETCT BN i i e o
appr oxi dT&niYuafBR ad onlipvalﬁé"gf ARLiaesl 16 themeoX ofthadhfBusde §sdts. Wherein the

di sanbi guated projectile trajectory has a snaller value of the residua

than any otfieh.ARARYERM Rr Qh&gitnitfl@tiﬂlfr%j el Bis¥ibuidh is related to gain variations,

sampling variations and/or sensor location variations of the antenna sensors.

3. The method of claims 1 or 2, wherein the confidence level for disambiguation depends on a

size of the antenna.

4,  The method of one of claims 1 to 3, wherein the disambiguated projectile trajectory is

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

5.  The method of one of claims 1 to 4, wherein the Time-Differences-Of-Arrival (TDOA) for

sensor pairs are determined by
designating a sensor that first encounters the shockwave as a reference sensor;

setting a first latch of a timing circuit when an amplitude of the initial portion of the
shockwave-only signal at the reference sensor crosses a threshold value, said first latch
activating start counters for each of the other sensors, with the counters in each of the other

sensors running until the corresponding sensor encounters the shockwave;

when one of the other sensors encounters the initial portion of the shockwave-only
signal, setting a second latch for the corresponding other sensor that stops the start counters

for that other sensors; and

recording the TDOA values for the other sensors with respect to the reference sensor.
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6. The method of one of claims 1 to 5, wherein a projectile trajectory is eliminated as being
false if acoustic energy of the measured shockwave waveform has less than a

predetermined threshold value over a predetermined frequency band.

7.  The method of claim 6, wherein the predetermined frequency band comprises frequencies

between approximately 700 Hz and 10 kHz.

8. The method of one of claims | to 7, wherein a projectile trajectory is eliminated as being
false if a time interval where a measured shockwave waveform has a positive value is less

than a minimum time or greater than a maximum time.

9. The method of claim 8, wherein the minimum time is approximately 70 us and the

maximum time is approximately 300 us.

10.  The method of one of claims 1 to 9, wherein the disambiguated projectile trajectory has a
smaller value of the residual than any other computed projectile trajectory.
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