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.
HROO11- 04- C- 0035 awarded by DARPA ATO. Field of the Invention The present
invention relates to |law enforcenent technol ogi es and securit and nore
particul arly to SYSTEMPANDYMEIAODSHOR BISAYRIGHATING SHPREER LOGATIANS directi on
of 10 travel @fovah&lieRtet Projectiles. The methods and systens are capable
of determ ni ng and_di sanbi guati ng shooter |qcations even for |arge distances
bet ween shoot er ﬂBeUsSeF?QYﬁmme&h]%i’sﬁﬁ@Fruhbc%ﬁegﬁﬁlsWFHWIW@CMRH signal from

the nuzzl e sounghilescif@mShntesto reqBREMOPALHOGRE totﬂa@nsé SUENE 1@&0@6%&% and
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trajectory of sepeyidehioebifhelermsof CanractdNps HRAH 11041G-0038 aﬁﬁdeddmmwy shel | s
by neasuring pafpneters associated with the shockwave generated by a

projectile. One such system described in U S. Pat. No. 5,241,518 includes
at | east three $dsrk BRafkién Sensors, with each sensor incorporating three
acoustic transducers arranged in a plane. The sensors generate signals in
response to the shpsid@naniehticael@tto 1 atR@mb dchdidhids i odid a0 €l evati on

angle to the origin of the shockwave. Shock-wave-only neasurenents are

unabl e to det ermArneariqylarty fospethade andesystamesor deteratping Be 0B aptiestonsf i gi n of t he

shockwave. (D $ta281eLsupBEaid PRbjbcitks. Bhelnyddiodfdnd ¥ysRiats 3t teshblelo Mtdrhhidpuzz!l e fl ash
or nmuzzle blast. The azinmuth and el evatign_ angl e of a shooter with reference

to the sensor |%¢diFmdnenatinesheqissications evyn fo large sistmesy befwass shpqigy and

Ti me- of - Arri valsefs$OMd with @6 BiBdal &bnBfa weal sigml 1 e 8s108dahd B Rdeiddiockwave
signal at each sensor. Each of the sensors encounters the signals at a

di fferent tinme Budkkréi®Aof Mt BSemiosi gnal in response to the nuzzle and
shockwave pressure. The signals fromthe various sensors are processed, and

a direction (azi lsm&mﬂndneihedsatdlmm)mfhhmﬂdmmﬁeﬂmgm(m) dire@tibemdor i gi n of the
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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 mugzzle flash or muzzle blast.

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

battl efi el d@Bé@&ﬁé}gﬁ?sure nmuzzl e and shockwave pressure P&mm&y/(}?@?&i onal |y

at their re ocations. However, unless the sensorsS are atively
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 Time-of-Arrival information of the 10 shockwave at a given set of

SeNnsors is neaghyech F’eﬁ%l ﬁ:@ierﬁﬁ%&*c)%i"@id@i)f&i&%fs%& Bt habnteSHPLVMiclk B AL | ONs.

Conventional algori require at |east shockwave and nuzzl e detections
so that a 4x4 camied by seldiersom 4 bajtdafiel) and meaguremprzie andhpekwayverptesserhockwav e
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whi ch gives inaccurate range estinates, f ong-range shot eing fired
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need for rapi dlgy.c0¢ahighdGiréHeg@itdd hns capabl e of accurately estimating a
di stant shooter range. There Is also a need to disanbiguate 20 shock-wave

onl y soLutions { or ufye SRR Sl dn bEGaR-cickEEuch Sof Uiahie ifvdifiadl 10 extract

nmuzzl e signal s that cured by”acousticsignatu es unrelated to the
muzzl e bl ast. Swwnedypysséms. Ne adivientsysems with amorlyniagginaldtnexssastidrian

deficiencies of the prior art.by, in.varjo 25.enbodi nent vidin
net hods and syﬁ%%teggb‘%‘g‘ﬁ si‘?&&%%ms%&eﬁ ﬁ’ﬁ?ﬁ@%ifrb‘?a?frge -aﬁP‘&ﬁé@es hot g in
parti cul ar,1oWh@RodiWa%é & aSdiesmaseSofaefsof it ey iskical for®ioafirRe simeftic

shooter locations.

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 nsufficient nunber of detection channels. The discl osed nethods and systens
al so inprove disanbi guation of shockwave-only shooter trajectory sol utions,
with 2 WD 2006/ 096208 PCT/ US2005/ 030126 additional inprovenents achi eved by

i ncl udi ngA\ﬁg%ﬂ%&g&% unreliably detected nuzzle sound 11&664}@(}5%9315@ zation

process. one aspect of the invention, a metho

di sanbiguating 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,

determ ning fromthe neasured initial portion of the shockwave-only signals
Time-Differences-O-Arrival (TDOA) for sensor pairs with a tine resolution

that is greater an the estimated. tijng error distributi.o d selecting
the 10 di sanbi ga‘i‘{}%‘%mf&mw *E‘ﬁ}’ﬁydﬁﬁ)uﬂ)‘ag @’8%&”@2qriuﬂée&‘a€lgﬁ${gﬁt§§ce | evel
for di sambi guatjugsle 361N tHR opfiiatien pcésesi dual for the TDOA of the
acoustic sensors. According to another aspect of the invention, a nethod

for di sanbi guat i ngagoRdiRk &Friel Bpdct 81 RE InREMtich! £MeHBe Fr ALY Malings gnal s
I ncludes the steps of neasuring at least an initial portion of the

shockwave- onl y projretilestragctdry frompshoployave oplycsighalsdneludes the steps 9émeasusing et ni ng
an antenna, determni.ng fromt asured injti rii f .
S hockwvoront s el feRfed dnEBRRNSEonlY Sirfls £ b pfflofiephddf acoustic,

appl yi ng a genetdrgorslfgreing fmaritenna estimitingd tiring@mos diskibutidrefor therpaistes
projectile trajectory assynpiions, for a predefined nunber of generations,
conmput i ng resi d&ERS, e(?ﬁ““é‘ﬁ!‘&uftrf”@ﬁge ’Bﬁisaﬁeaé‘HHWWH‘oc“WgﬂlﬂﬁhB 798 r om t he
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smal | est residual” and on its anbiguous ‘alternate solution, and if a ratio

of the sol uti onthatisignepteribanghebdtionstedrtaningl emér digitibution, andrsblegtingtbe al t er nat e
solution is,gQreater.than r fi I i ' sol ution
ff e RisEoiel o Bropbe BT Ay Ko ¥ e Rl SR el i For

havi ng t he proj ec e trajectory.

Accordi ng to yedisambighigtionampeaia vafuebfie rdsidvairtor the TDOX af thie atvaktid sehseesit | mat i ng
a 25 shooter range by detecting shock wave and nuzzl e bl ast, shockwave-only

signal s as According to another aspect of the invention, a method for disambiguating a
projectile trajectory 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



wel | as nmuzzle blast signals are neasured. An initial shooter range is
estimated fromthe neasured shock wave and nuzzl e blast signals, assum ng
an initial bullet velocity and a bullet drag coefficient. The instantaneous

bul | et vel ogit a bullet trajectory is iterativel 0 obtain
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an updated S oo?er range. The 3 WD 2006/ 096205 PCT/ US20 unber of
muzzl e bl ast detection channels is usually |less than the nunber of

shockwave detection channels. Advantageous enbodi nents may include one or
nore of the followng features. A tine-difference-of-arrival (TDOA) between
t he shockwave-only signals and the 5 nuzzle blast signals and an arrival
angl e are conputed for determning the initial shooter range. A certain
nunber of iterations may be perforned or t he updated shooter range will be

considered to be the {inal if.ar ns

successi vel y dePHRYEr ﬁ@ﬁ“‘ﬁﬁ 'dfe?ﬁﬁ?ﬂ Q?agéiqséa]aég&‘{)rﬁ@q‘fbmger gence
criterion. For %@gpi@dewagorpgﬁwlgence cri ter| on may be sel ected so that
the 10 difference between the successively determ ned updated shooter ranges

or a percentage Cﬂé"{}gﬁa g&%‘r’ﬁ%%ﬁ&ﬂts ﬂ§§devcﬁ1|e36r ARt e tho BflowRtAk agres NoOt er

ranges is smaller term ned val ue. To obtain real solutions, the
conput ed bul | et A tined-difietopce-sf-arivali DAtV ebr thashodasve-ohly Sgneled.nd)thesound

The solutiong are ch consi te t he d d shoot er
fange 15 consi dBped Piayamals ind 58V A RR s ERfraf P oirpila IROBNEL, £V a)

angl e are det er gligdef rdnge.nA @ftsianembérditeAtiofy malcheierfonaet, vatheapddteen if the
conput ed shooter range is determned to be invalid, a solution may still be

obt ai ned by app$hpplesTaneg ilkbs eonsidgsdit bthe fipg!. shegfer TaR8shp ElAtoRSRIR; ¢ j g
popul ation of tRg,céh %ﬁ}‘fc&&s@el?&l@t@ﬂﬁﬁéﬂﬂ?ﬁgd W&m&fes kd@ﬁﬁé’d tﬂé’@énﬁrefg@ﬁbebe

defined, 20 where each individ I's represented b tupel which incl udes
an assuned shooeriterior. dregexamplai the ecdlvatzcnmtcmeﬂmh\)naalbd Sdemd;svetdiatéhev ation (ME)

gener at i ons 0 anfieer et BF stitess e Rl RE w e RS BS Hpon ar e

conput ed. | n eagdtc@@ipechingbetween ftelsuédessively ddierivlivied updated shooter ranges is
smaller than a predetermined value. To obtain real solutions, the computed bullet
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.



smal | est residual is selected as the individual which survives umut at ed.
The 25 solution having the smallest residual is selected as the updated
shooter range. The solution can be refined by performng for each 3-tupel

in a generatiqn edet ermi ned nunber of iterations t evi sed
o Bnghasl P ORefisid

shooter ra n the residuals for the individuals in each generation
are conputed with the revised shooter range. 4 WO 20061096208

PCT/ US2005/ 030126 The GA incl udes crossover and nutation operators. The
crossover operator exchanges at |east one of m ssed azimuth and m ssed

el evation between two individuals fromthe population in a generation,
whereas the nutation operator conprises field-nmutation (replacing a val ue
of the 3-tupel with a randonly selected 5 value), increnmental nutation

(i nducing a smal | tatjon, in all fields of. the 3-tupgl) and no nutation
| oaing 2 e o v 1A Pniods usserarind ot Ploilals Al bty ot

anot her aspect Qfxcﬁdﬁgeddl‘léh@ttdrﬁfbfrrﬁsse@himdthfaﬁﬂ niléssd Blev Gioatbefged twPr Oj ectil e
trajectory from shockwave signals and froma limted nunber of nuzzle bl ast

si gnal s i ncl udesnéinidgals fiom the perulation inp Bonedtignaviereas the putagen pREFEos paced 10
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sensors, and determning fromt wave-only si

Ti me- Di f f er ersc esvalife), Aneréemerital(iTiDadYn (indufiog remnalbmutation e ald Geldpaf the 3-tdfied), net hod
further includes Herfortr? ng( for Be .grie%efli ned nu er of1 gﬂgger ations a
genetic al gori t HFRPERRLengaying the pidividiels Bt geperation gU3HerRd) "5 " or edet er mi ned
nunber of individuals, each individual represented b 4. 15 tupel which

i ncl udes shoot er aglrcﬁﬂrtdh‘fg R ELA eé#@%%f’?ﬁﬁ}“ﬁf‘%%“e& “ﬁ%ﬁ?ﬂﬁhgﬁﬂﬁﬁﬁ?%&a

el evation, and cgpjREtile idjctRsy HoialsBodkWavd dighalsidl \Holit2 limited n@ABE of BR@ZEL | ON,
with the residuals including a |east-square fit of a conbination of TDOA
shockwave and rhlast signals Hstudes mersnyng shoclgvavgronly signalsa fie pumicrsspaedi ng t he
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projectile traj Shiformdtion for sensor pairs. The method further includes performing for a
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  ofat 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



Accordi ng to anot her aspect of the invention, a nethod for extracting a
signal froma nuzzle wave in the presence of a shockwave signal includes
defining a time w ndow having a width corresponding to a tine required for
a nmuzzle raverse a sensor array and detecti ve

si gnal . Fma¥§ﬁbﬁgg 0éectlon of the shockwave signal, t[ﬁ?iﬁgaﬁﬁﬁgﬁzmgdvanced
in time and the total energy received in the MﬁndOM/IS neasured as a
function of advance tinme. The nmaxi mum of the neasured total energy is
associated with the nuzzle signal. To prevent spurious signals from being

I nterpreted as shockwave waveforns, a 5 WO 2006/ 096208 PCT/ US2005/ 030126
projectile trajectory can be elimnated as being false if the acoustic
energy of the nmeasured shockwave waveform has | ess than a predet erm ned
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| ess than a mi niPsesierm Fq‘b‘?‘é}ép %(va %F@"ee PQH’O’EW&W&% | ess
than approxi mat @{/,ndQ okH Agfeﬁ?attleélgfohﬁ{hda%hoé(p Eﬁlle)fraﬁ@% canle advant ageous
enbodi nents, the total ener can be determ ned I nte ratl ng the neasured

energy over the elmmwﬁas;he@géalamfy tanesintsgial wherg amﬂaﬁqf@ﬁ] ockwavesvavefosmt ect ed
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can be determ née W n ow produci n energy and if
t he peak si gnalfovedangle, Eesgthemtpprotihatelyt TmpmmMazmmmppﬂoxmmﬁO@ ps.t he
wi ndow by a predefined ratio factor, the peak signal value can be

identified as bei ngh adantagebus @embbdimefsztht otal iegergy canlte detdpmitietby iistegitidghe
i nvention nmay i ncl ude one or nore, of .the fol Iag) ' ngr features The timng
error distri butitBemessuredensigy exerhe windgw, prterably.disiegarding perions infhe pe

related to ggin I vamd &
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depends on a si zenbé detﬁmnméhmwmdMepr asduging thel thaximamttetahensrgyeandiifthe gr eat er
measurement acc ur eRCH gnal t'alue is greater than the measured total energy in the window by a

predefined ratio factor, the peak signal value can be identified as being related to the

muzzle signal.

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

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

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

In other advantageous embodiments, the Time-Differences-Of-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



20 two anbi guous sol utions exist, the disanbiguated projectile trajectory is
sel ected based on a ratio of the residuals for two anbi guous solutions. In
ot her advant ageous enbodi nents, the Tine-Differences-O-Arrival (TDOA) for
sensor pai s, can.hsdeterm ned by designating a sensor tpegfyshdospiorgncount ers
the shockwave as a reference sensor, and setting a first latch of a timng
circuit when the 25 anplitude of, for exanple, the initial portion of the
shockwave-only signal at the ref erence sensor crosses a threshol d val ue.
The first latch activates start counters for each of the other sensors,

with the counter in each of the other sensors running until the
correspondi ng sensor encounters the shock-wave. \Wen one of the other
sensors encounter the, for exanple, initial portl of t he o ve-only
signal, it setssegong! 9@%@%‘7‘6%2 atﬁ@?ﬁ@ﬁéﬁ?@%@’@& taéé"é‘é?fd Ror that

sensor that stapgek lﬂf‘r tR Sthér ééﬂéé'?st 1%Tat1t/9fo th Rfer&RE $&sor akd ﬁueﬁ%rdeﬁal ues for

the other sensors relative to the reference sensor are then recorded.
Further features i PHRSEREnt Ab4 @51 ¥ 4 arent
from the follow 23[ Besc??ﬁ??ﬁﬁa%%nﬁgﬁfoegﬁ &enﬁgycfﬁrrents anc]J ?Rgtm
clains. 5 Bri efthbfdlomiing descripsfontolfi prefirredienysdimients and frdmghéedpiniseat ur es and

advant ages of the invention will be nore fully wunderstood by the follow ng
illustrative deBuefiDescriptioniof therrawinesce to t he appended drawi ngs, in which

el enents are labeled with |like reference designations and which may not be
to scale. 10 FI G Thesdumdsotiss Heatmres :m@llaklyaxﬂgescfsthe awettionnaill beinsose fllya Mach

cone intersectin wth an tenn G shagws sche t| cal enpl ary
sensor array V\A‘{'}%efﬁt%prm’a]b‘i %QE‘E’I“@aE‘PS té‘f?dé%ﬁqpé‘%&' §‘°’“F—‘i t@xt}‘%a ﬁ'&ﬂ%é
schematical l'y td}ﬁwﬁlrg@'lﬂbulﬁd‘x MRS lablleSWAR hlé@i«é‘fer@ifb'e)ﬂem tibhPArRGHAEY
determ nation; FIG shows schenatically a probability density for time

di fference of azrlﬂywtlbetm%renents for determning the curvature of the

Mach cone; . _
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 aprocess 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 a schematic 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 5 shows schematically the probability of correctly disanbiguating

bet ween shooter trajectories; 20 FIG 6 shows a schematic diagramof a
correlation process; FIG 7 is a process flow of a genetic algorithm used
to correctl | l,guat i ng between shooter trajectories; FIG 8 is a
process fl o&"f%&’a@?@éri m nating agai nst non-shockwave si GhHUS20054316 g jg 5
schemati c di agram of a shockwave Tine-of-Arrival (TQA) nodel; 25 Fig. 10
shows a schematic process flow diagramfor range estimation; and Fig. 11
shows a schematic process flow diagramof a genetic algorithmfor 7 WO
2006/ 096208 PCT/ US2005/ 030126 range estimation; Detail ed Description of
Certain Illustrated Enbodi nents As descri bed above in summary, the invention
provi des, in various enbodinments, nethods and systens for shooter range
estimation and di sanbi guation, 5 of projectile trajectories. These systens
and method are particul 5585 SH¥BAGP: and advant ageous, when an insuffici ent
nunber of paraneters fequired, . urate_ solution are detected or when
such parameters catfd deserntion an Hustrated Emybadiments; projectile
trajectories are estimated solely fromprojectile shockwave arrival tines
measured by sever afs §¢seaqdabeyminsymeten, dresnygngon pioyides) i1 ¥aiq¥s oughout a

"smal | " neasure . : me is
considered snall i qu%{ﬁlet&,'?r;ert]lio?% g@{)%}ehg f?‘s%hga%ﬁag%sesdr 'HF&Z:E&SHd celgul\égéﬁj
projectile'sS t rafjpegjeaily trajsctodesntThesesyystemnb end method ane pafticulady sbefatapd i s known

except for distance back .along the.trajectory. This distance can he found
if the antenna 34V2YagoHE AL aPﬁ]fug}%ﬁn\{/'é‘{'mew ﬁég%?m%}ﬁré r?ﬂi‘irfagorﬁpggﬁurégund.
However, the mughitRnRiaddtedtd it @thed Sudhl padirietiet RabHel dRteckd rélfadly. an accurate

shockwave-only solution js essential for deterninj n% t he t,ra_{ ectory.

Ref erring now to FPeperspnicriediieErfrIodes it sstimated SolelyifmBraistitto be an

fﬁgj@gg; ggyco%g@ocmvfemah tpeDhehdufedBY sSverAlicREEIY SPHcedbdilorns AR triyttdaet
10 throughout a “small” measurement volume referred to as antenna. A measurement

volume is considered small if the sensor spacing is 2 meters or less. Once the
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



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
expandi ng CQBizﬁ@sl/osszfEface are to be determned from ar rl;é/ﬁbszg)jjsr@&zgreasur ed
at five or nore antenna sensors. The arrival angle of the conica
surface-generator that first reaches the antenna determ nes two possible
relative angles (often called 'anbi guous' angles) of the 25 bull et
trajectory relative to the arrival angle at the antenna. The 'anbi guous
angles wll 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
di stance and direction to the trajectory. The gradient of the radius of

curvature al on Soof b ~ or .-det ] i

direction the %WFP@FH%;%WQIWIH%{%?%E'E L@g&@%‘%&%%};@&%&@ﬁﬁﬁ% 030126
removi ng the 'thrésishitkivave pepertienacctratel yamdposedtlyl decide betwteen the. twbpbssitié ni ng
these three s,hog.kvvavge rogtglrties accuratel y.and correctl& deci de bet ween
the two possi bREOIENGHLIHEROR anElesjoauH e Y BT EaneSHETIERS: Fif SRapPleei se

measur ement s.  EQionf %R0 skould B@H&'Qx@a@f thad SHpedimbEiyDeudwe dtigatstectipan
approximately 1 s to decide correctly 5 between the two alternative shooter
aspect angl’%s. befweenrthetwa dtermative shooter espactiapglest i mat ed by consi dering the
propagation characteri.stic ofcthebshq:kg&vbe degi ctneqhi n_Fl C;. 1. Referring
now al so to FIG e gauired aeayracy caf bf sstmpted ygomsfennethy RIOpsaigh o 1 o

determ ne the @gafdciéaibtid bRS sidkk®ive depicRdén PIG. 40 Refating how KB VEFIGOR e

incom ng bullet trajectorjies can essentially be, 10 expected to originate

fr om anywher e, antgnaa 20 inchiles N sspsont @Iﬂalrlstoz%tme thejpaneyaes iy pe

uni formy di stgjBitaddlical HoRkWARS Sinck SncbmirfgbullcFthaj@YGiesar PREIHAATbe
surface, with one elenent 22 located in the center "at (Cxo , Cyo, Cao), so
tha]t a lﬁnlﬂ or enpseted tororiginat hQﬁl@lBahs?’imr%mmnﬂlddmp@ﬁ@émzmant heharrival
angle. The ting, inst | I | grat e { erence
sensor, detect %dvtmllnt%geé’gév& I‘tl) % iu%tgfor&’ﬁﬁ %Hb@%p %g@?#fgg Seeie@’q d@f’fo@g g %grsa sipg?ééf?'L e ot her
sensors det ect surface, adthasneielegneno? aited muthd ceneer at (Cxy bEg T2t sd thass denot ed as

t;. The sound propagati on di stances i he ) i
\?m%%n%ensor aperture is presentecﬂnéependent of the arrival angle. The time

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



direction of the advancing conical surface are obtained by multiplying each
of the time differences by the |ocal speed of sound c, i.e., d; = c(t;
-to). If there are no neasurenent errors, then the conical surface passing

t hough the reference sensor is 20 also determned by th
sensors, wWWH2KLEH ee- di nensi onal coordinates of the?)ﬁ?é%?@f’émii%)eal Ly

determ ning all paraneters of the shock-wave cone. However, as nentioned
above, errors in the arrival time neasurenents and sensor coordi nates can
result in erroneous paraneters for the shockwave cone and hence al so of the
projectile's trajectory. In the following, the tine-difference of arrival
preci sions 25 needed to nmake correct decisions about the two otherw se

anbi guous trajectory angles will be described. The system advant ageously

i ncorporates features to ensure that it will not mstake ngn-ballistic
signals, such aaftaghedite the ends efthe spingsayittuslastonesis-caupligs ayingpw-freapgncy
shooter. For e I hegl * t
shown) 30 Withxlzeé ast(i)efc‘re{r.|i‘?o((:)ﬁfsa glg\}%{sgglﬁ%tﬁrﬁﬁflﬁgl Jﬁgfié%tgg?%pp%g%ﬁﬁ?ﬁéﬁaﬂgi@ng. The
sensors can be atfichd 1@ 806MERBI0B tHACTHUSRNaBElog 3lEtenich thanhinad alsobe he ends of

the spines with elastoneric coupli havi ng | .ow-frequency. tfesgnances at
about 1 Fo to | SBPEEAS Measiser Bt ayoinsnn Pask meunigio sl o e g
attached to aa cgprmEendiub t hat contains anal og el ectronics, which can al so be
attached to the sensor nast with el astoneric shock nounts to_isolate it from

mast 5 vi brati ons. naddisign; the sllowingdecisionalgorifuy ean by employedde filtehA%an be

enpl oyed to fil, | s nSd S I | ywif ound in
shockwave- deri vég{aésﬁg%te{?ﬁ tﬂ%ﬁ@“ﬁ’%ﬁ‘@%ﬁ@i@ﬁfﬂg@nﬁ tE ??Pgﬁléﬁ!se .At]f

rel ative, and cthavideesareparametedeeral.t.yrelalivie ahd sandat tunesl extsgnallye Tihe disteded onl y
for iIIustration;:i1 10 Referr('inlg E%g)rwntsgrflG 8, a process 800 determnes if a
det ected si gnalV ‘6%%?9{8‘{”8% PHEMR ARG ve. The process 800 starts at step
802 and chegks i n RéRRingH¥ tolFIGhE airgess s00ermhinuslifadetegled sigaslt to count as
a shock, for example, does the peak signal_val ue excegd a given,

paranet eri zed t9HSEes fprpa sheckyave. siis progess §00starts at sigp 802 and checks in step

804 if the signal is a loud enough event to count as a shock, for example, does the
peak signal value exceed a given parameterized threshold of, e.g., 500. If this is the
case, the process 800 continues with step 806 and checks if there is a sharp transient

15  from zero to the peak signal value, making sure that the transient to this peak value
is not preceded by another signal having a significant magnitude, for example, 1/16
of the peak signal value.

If this is the case, the process 800 continues with step 808 and checks if the

time between shockwave minima and maxima has a sufficiently large value, for

20  example, 200 - 400 ps. 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 ys.
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



case, the process 800 continues with step 806 and checks if there is a sharp
transient 15 fromzero to the peak signal value, nmaking sure that the
transient to this peak value is not preceded by another signal having a

si gni ficant [ , for exanple, 1/16 of the peak si I If this
is the caséwgﬁﬁgmgﬁggess 800 continues with step 808 anJQgﬁégﬁgmgﬁzghe tinme
bet ween shockwave m nima and maxi ma has a sufficiently |arge value, for 20
exanple, 200 - 400 As. If this is the case, the process 800 continues with
step 810 and checks if the magnitudes of the mninma and maxi ma peak signal
anplitudes close, e.g. wwthin 35%of one another. If this is the case, the
process 800 continues wth step 812 and checks if the pressure peak
transient fromthe m ninmum peak signal to zero is sharp, using essentially
the same crit efdnrasBockWat®d, elep89%. If this is the 25 case, the process 800

continues with step 814 and checks if the tinmes hetween the, Xi J;um si gnal

val ue and the zerReferingbagkgo Mg b peisctinbaiseey i asumedtp wineidedith ni ni num
si gnal val ue , r; a{r@ = Wi.L:hi 1 I 80 As. |If
all steps progﬁgéggd a ??%%gP @ésggsp ﬁgk,&%ﬁghgﬁgggggﬁggghﬁﬁﬁ? es that the
si gnal can benumbehdefited uetha pebjédhide wilaitalV disidpd by the Seuhd wiaejty 81 6. refers

Conversely, if one.of the. 30 deci sion s s LS .answered.jn the negative,
the detected stPé*PFaﬂha{?B‘&‘é‘Stfng“& Pgﬁ%ﬁé?‘s’maié%aﬁdﬂd’éé}“a\é%?d% ‘kﬁﬁ?”@@@‘@a 030126
from a shockwayg,endd SMhSdftennB2OFd 1, B8 HATKe &l Vidvein the 1dAMaISfANESibIute
trajectory is assuned to coincide with_the x axis. The Mach angle is given

by, 0 = aresi rehewajiow gpmp@ray issmeasared/sPistange discaquelde dmdarcas(®). nEhengleect i | e
velocity V divjde the sound el ac) efs. 5 it e acteristic
ength of 't he SR BBPaT ' Bt forimels b Bnolilinl S ELPROTL LIS
of the ant ennarmdQinid differenédfledsdre ofBervatnet Betvesknitlie pdivits be tHe difehha irfatdre

picture shows how curvature r, is neasured. Distanced is equal to(% =
r,cos(0O. Hhe Wisrgiies thy corica) surfacs withradiphy ¢y equatodtiz= ad /c sqnir i ¢ +&rP'smmal |
angles O one Obf AL S/ (ger de)! THe fithe dif?éhéf?xcé neBuft dflcBhaReeatPas U S.aiefty vat ure
bet ween the points on t%e antenna surface 10 bisecting the conical "surface
with radius r,given lecthesameexgtessien, Adth r, substifuted for rg) Atcardingly, dt92 dty + L’
sin(©) / 8r %c.
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 o, 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 r7) is smaller than at end 1 (radius r;). Therefore, all measurements
made at end one that have values larger than X will result in the correct decision that
curvature at end 1 is greater than at end 2. The probability that the correct decision

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

11



[/ 2 c =1L2/ (8r, c). The tinme difference neasure of curvature at r2 =r, -
Lsin(O is given by the sanme expression, with r2 substituted for r,.
Accordingly, dt2 =dt, + L3 sin(G / 8r,2c. Assum ng unbiased nmeasurement
errors, i.e @&?H b§d that the neasurenent 15 tine dif and dt2
are randon1y I'stributed val ues having different means ‘fﬁ’ﬁ%ﬁ@"%&%‘ but the
sane statistically determ ned standard deviation or, the nmean neasurenent
values at the two ends of the array correctly determne the | ocal curvature
there. Exenplary distributions of nmeasurenment values for the tine
differences dt, and dt2 are shown in FIG 4. 20 The sanpl e neasurenent nade
at end 2 is showmn as X. The radius of curvature at end 2 (radius r2) is
smaller than at end 1(radius r,). Therefore, all neasurenents nade at end
one that have values larger than X will resylt in the correct decision that
curvature at end | is greater p qx)gg,d( nip'(g)ggprobabl lity that the
correct decision is nade Wnen nmeasuf engnt at end 2 is equal to Xis

gi ven by: 11 WO 2006/ 096208 PCT/ U82005/ 030126 P(dr;L <rz21 x) pz (x) jp,
(4)d~ with p2(x) =1 e 20" 2t ® %, 1 2na Integratlon over
x and maki ng substitution of varlabl 5 % sﬁ%s in the fol | ow ng probability
of making the correct decision: P(r <r2)=1- ree(g fpu-a)du 2 2~ dtl -dt2 -

L' sin(O wth a=~a f8r,zca,y, - T
p.(f)—J——
2ro

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

20

probability of making the correct decision:

1 %
P(r, e erf(u—a)du
, i j f (u—a)
— 3 1
with _ dt, —dt, _L smz(H)
V20 \/_2_8rl co
5 Referring now to FIG. 5, the probability of a correct decision, or confidence

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

antenna.

15 As mentioned above, errors arise from timing errors and sensor coordinate
uncertainty. Sensor coordinate uncertainty contributes bias errors that are a highly
variable function of shockwave 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



5 Referring nowto FIG 5, the probability of a correct decision, or
confidence level for disanbiguation, is plotted for two exenplary antenna

sizes, L =Imand L = 2m against the closest point of approach (CPA) r
between the projectile's trajectory and the antenna 20 vel ocity
i s assum&*d"’(‘g2 @0%92“—8 340 m's. It is evident that a lar 55?@%@%%226ha5

significantly expanded range for unanbi guous shockwave 10 only sol utions.
For | arge CPA values, the difference in curvature at the two ends of the
antenna (r, and r2) is too small to be distinguishable, so the probability
for a correct decision approaches 50 % or conplete anbiguity. Accordingly,
the confidence | evel depends on the size, i.e. the dianmeter or spatial
extent, of the antenna. 15 As nentioned above, errors arise fromtimng
errors and sensor coordinate _uncertainty. Sensor coordi nate uncertainty
contributes bi asessythesshold yalue YoeThe thngs pigor df saused by a £yRVENYINSE PR wave
arrival angle. However, for random arrival angles, sensg& geordinate errors
appear as randapoh ilresingk fafecofernitagednereass fortheihapnedrwith gt a 2al.s0 both from
gain and signal strength variations from 20 channel to c¢h | . Tinmes of
arrival are obtained when sensor outputs rise to a 12 WD 2006! 096208

PCT/ US2005/ 030126 Rk |3 db
JFd D30 Gpsebsgil Tty ety 00 e, S92,

a gain variation i ol tage increase for the
channel , with dinapertige di/ledgth LTandi axyliadnaal sound sanrescat distanken thdmaxiingmal

strength varies.over the.aperture. For an apertur | engt h. L. and ‘
cylindrical SSOma@%&?lérénéfoncﬁcgc{sgﬂlg@p?@ur? ﬁeeqﬁﬁﬁ? PﬁJ@ﬁ /gr)s i@ﬁ%ﬂ’" |‘S<La\‘7%F°‘\I}§ri ation
across the aperﬁrws&eiasme@tﬁa{ure Benit®. (The tim#p)erronb@iation @bdve applies aBU fis thier essur e
at the aperture center. The tim ng error equation above applies also for

this type of meog,reregk}‘gsg{p 8 et BYRRSEO RplaciBRh ARiaRYe kAR vhliRhi . gal N

variation g-. Itude errprs are not random anong sgnsors, but
vary uniformly froma maxi numacross the entire aperture to zero at the
center. At rancaeplifidsgrmers arpaef raglom among sensors, but vary uniformly from a

maximum across the entire aperture to zero at the center. At ranges greater than 10
10 m, for a | 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 1 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 5(% =0.85 us . The standard deviation of
20  binomially distributed random time sampling errors for a system sampling at 1 MHz

is equal to 0.25 us. Timing errors due to gain variations are estimated to be

approximately 0.75 us for an exemplary system with a channel bandwidth of about

18 kHz, corresponding to a voltage rate of about 0.02 V/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



10 m for a | maperture, the maxi nrum anplitude factor is |ess than 0.05,
which is less than the channel gain variation paraneter of 0.2, so that
effects due to anplitude errors can be ignored. Conversely, as described
above, at r t han about 10 mthe Mach cone radj i.s smal |l enough
W th respecmﬁﬂ?gﬁgperture length of 1 m that neasure ﬁ?szg?ﬁ/%P]'g“are not
very inportant. 15 Realistic estimates for timng errors caused by sensor
uncertainty with the assunption that the nagnitudes of the error vectors
are statistically independent and wuniformy distributed between 0 and 1 mm
and that the error angles are statistically independent, the standard

devi ation of equivalent uniformy distributed randomtine difference errors
will be equal to 10 3 340 12= 0.85 X. The standard devi ati on of 20

binom al |y distrilhyLegsrandomtine sanpling errors for a system sanpling at
1 Mz is equalo =8, 10 TThe thgesheld yplagg i Ve B Oddi ¥ resuitingtin @ standare
estinmated to be a-ﬁ—ggoxi mately 0.75 its for an exenplary systemwth a
channel bandwi ponding to a voltage rate of about
0.02 V/s. The g%ﬁ?t%eﬁﬁgg%%gﬁgg%gﬁgﬁ&%or each array were chosen to have
sensitivities w tfAotal measrepi®nt Tingrgeforsgre dinwtedrhysissunshgthatehageéligamar i at i ons

are approximately unifornmy distributed be en 0.84 and,l1.19. so that the
standard devi at'fHio8y S¢EP 15{5 \pLea %ﬂshaquse'ésﬁf){o\gitforrr‘ﬁ'tag?tiloné&{faqnlsm}’?n?}%y
200610962085 PC{defsetae/ A%ed, 28 tithing brrdOst@{daievialiod fan bEItitbteg¢ 810l d vol t age
is Vo =0.15V, resulting in a standard deviation of timng errors of about

0.75 s. Total r{ﬁm]wrmiuaisﬁﬂmpj,rors are estimted by assum ng that
channel gain wvariations, sanpling variations, and sensor |ocation

vari ations are al lItistddficult indakpgnsive to adhigye sutbprecisidnewith anedog todigigl er r or

standard devi ation can, be est.i.mated as 52+Q. 752+ = I IS
di Tfioult and SYBEFRIGR, Redapse g %%"f'lgg5%@88“?@%‘?6&%3&3%%%#%@%3{%“56?68- E{”éi t al
conver si on, bedqifseant bir@lits Sargoturaglyrméassridgthé TinedDifferénce-ef-aatiedl (TDOA) e
needed. Two_different circuits for accurately neasuring the

Ti me- Di fferlgncéiecﬂ’nﬁi?xep\}%?he(dﬁﬁgﬁﬁdosysmm'

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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10 are enployed in the disclosed system |n one enbodi nent, the exenplary
systemuses an analog tine difference of arrival (TDOA) circuit using 1 VHz
clocks in each channel. The clocks are triggered when the sensor signal
exceed a th§85h0|g % gnal level at the reference sensor, which was defined
above as t h&O<LEHE ?2 hat first encounters the shockwave. POTEUSRR0SH3WRG, 55
above, a 1 WMHz clock rate is sufficient to elimnate the inportance of
time-sanple errors in practice. The system operates in an anal og node,
relying on the detection of threshold levels, with the digital |ogic
performng the followng functions: 1. Afirst latch is set when the
channel signal anplitude at the reference 20 sensor that first encounters
t he shockwave crosses a threshold value. 2. The first latch sets start

counters for each c ted by one count at each cl ock
. C A dRbcesstf el B SDOMEIEHRR

cycle. The processo ter in each channel runs until

t he correspondi ng. sdieprocessooresttethe cotrters fraedeivingthe Abntsheckwaver second | at ch
in the channel, which stops the 25 count in that channel. If no second | atch
is set, the corresponding counter runs to an upper limt value. 4. The

final number of c¢ounts in,each cqunter eco

register. 14 WO %W%@T@S IS %f@ﬁ%lﬁéﬁ%;b{f%ac Eng’ eg%gtﬁf“ reads the
TDOA 1 egi stser .chBanel 3R oRpRACE P4 t1ﬁ1€§ nt ERGOLEH BE S OF tHeQBRIwAY t he next
shockwave. ~ In anot her enbodi ment, e correlation for each channel with

every other STROAdetrtions Thepqralaston °1f Byo funetians, deaeige FOTTERH M.a¥ eedingdbY he tine
of the hardware TDOA det ectl on The correlation of two functions, denoted
Corr(g, h), is defined by ;l(g - Jg(r +t)h(r)dr The correlation is a
function oft, whie¥rigsh k%\lflg "D‘é@ " It therefore lies in the tine

domai n, and has the foll oW ng property:

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(YH(~S)

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

The total power in a signal is:
Total Power = J']h(r)l2 dr = J'|H (f )]2 df

15 The time-of-arrival signal has a finite length, so that the integration (or
summation for disctete 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
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10 Corr(g,h)tz" G f)H(-f) when g and h are real functions of the tine. f)
is the Fourier transformof g(t), and H(f) is the Fourier transform of

h(t). The total pomer in a signal is: Total Power= Jlh(r)l2dr= JIH(f)Izdf 15
The tinme-of -ar ignal has a finite length, so that he i.nt ration (or
sunmmat i on f@{?ps@%’?e data) need only be perforned over %Tfiltzr‘ii’ﬁ?‘g

interval centered around the tinme-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 follow ng

di scussion, integrals of continuous functions are used for sinplicity,

al t hough the actual data are digitized and discrete vaIues Those skill ed

inthe art wil] easily be able to rep cetheinte ummat i on.
Referring nowtins i giepss003; isp“aﬂ't?rt%‘g%@ BO‘Y‘TfénéﬁW@R ’@%/“é‘?aﬁla‘f’rti me data g;
(1), 9 (1) a%fRaHt AdfaliuiBRoNtHE 8RO RMonas |, St eps 601_ 602, and recorded
as a function of "15 WO 2006/ 096208 PCT/ U82005/ 030126 tinme. In steps 603,

604, the total signal power in a channel i is conputed for subsequent

normal i zati on of 7Lhe Pewkr BlcakiseN; A4S Tg,ai-#laewer i n channel i JJg; (r)J2 dr
stgnul d...rion The Fourier transfgr] ‘G, (1) of the shockwave S|gnal tinme

data g; (t) is conputed 5 for channel i and the conjugate G -f) is forned,
step 605. Likew dggnal time
data gi(t) is cozg?if&gﬁfgrr%%rﬁ{(}@ 96% aéngri snﬁa%aéggﬁé%g iiEer eafter,
t he cross- 6or rfel chtirehi Hd(thé gtdﬁﬁtigata@‘(—ﬁ)nsrfmm&mtepe@bh Likeivasen the Foarier (i, j),
step 608, whic ion f:Jt) of the ! a f.or . each
channel pair @“tﬁ%ﬂﬁ@@%‘i?é& ésW?lt'"?‘FéE ?@W‘rﬁ%’ﬁﬁf‘ﬁ%g’eo&%p 610.
Thle 1? corr elcﬁztdneia i Redpe8N ThBRafed? 2O BloSs-toraNfioh Giar) e Rebimddorgacpeak
value f;, t

b channel pair (i, j), step 608, which is a function f;j(t) of the “lag” t. The TDOA for

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

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

peak value f, ,(2)
J(Power Channel i) * (Power Channel j)

Corr(g:,8;)

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

sensor i over all sensors j:

Re sidual(i) = mean(z (1-Corr(g; . g,))
J#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 correlation 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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Corr(g; , 9~) _ (Power Channel i) *(Power Channel j) The residual for
channel i is conputed by conputing the nean value for a sensor i over all
sensors j: Re sidual (i) = nmean((1-Corr(g; , gA ;.r 15 as indicated in step
612. The T rrelations for that channel with t%wﬁ%ﬁ?osﬁlﬁmfﬁ-

smal | est) oveérall residual are then selected as the "best™ solution, step
614. As nentioned above, the channel data are typically sanpled at discrete
time intervals with a predefined sanpling rate of, for exanple, 41, 666. 66
sanpl es/sec. This corresponds to a bin wwdth of 24 s, reflecting the tine
resolution for the 20 received signal. The correlation processing is done
with a tinme resolution that is inproved by a factor of 8 to 3s by taking
333333 sanpl es/sec. Once the various tine differences of arrival (TDOA)

bet ween the sengor ] { 3 3 Ve Shgpal s, the
shoot er azi mut ﬁﬁ%snhéogﬁégrgttﬁg%rﬁs%%ﬁ? %ﬂqe‘%@ mteéglj%eéé%@?@e gfaa%\t s@h%gt er m ned.
The shoot er po%nbiwaln additton. t he di stance of 16 WD 20061096208

PCT/ US2005/ 030126 the shooter fromthe sensor array can be determned if
the muzzl e bl ast 34 gCattesidn cosridvite systeAidhiciedrat thereteCfithearani.€(C,di nat e

system centered_at_the center of the arr i e. . 0, 0, Co) = (0, O,
O)y), Che time dhodei 0k the tims gt apbaihos of Be S@cgwawt?@@aﬁens)sr(cé, CA,
CA) (see FI 16 : Xemb@tc(cos(p)+ M -1sin(s ) with

cos(, 0) =\( X(? _équ,_k%,(th\é?%g&?IG.)@3%@1’(6«;(1??02) Lisle V, V = V1, represents the

supersoni ¢ bullet velocityy = Vj_M_Z +WH+V, Z , Y,
[+

V.(X,-C)+V, (X, ~C, )+ V,(X,~ C2)

ith cos{B)=

W (ﬂ) LMc
VX

V =|V, | represents the supersonic bullet velocity Mc =¥ = [V} +V} +V},
14

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 8 = 0. The Mach angle O is

defined by _Alz =5in(®).

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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with ¢ being the speed of sound and Mthe Mach nunber. $ represents the
"mss 10 angle' between shooter position and bullet trajectory, which

i ncl udes both azimuth and elevation angles. A direct hit would correspond
to S = gIeOis defined by M= sin((r)). msntloned above
and i ndi cat{é@m‘gfé 3, for a given shooter position a TR#0pAP012
trajectory, there is another shooter position and bullet trajectory for
which the 15 TOA of the shockwave at a given set of sensors is nearly
identical. The two anbi guous solutions are in fact identical if in a
sinplified nodel, 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
di sanbi guated. The essential anmbiguity of 20 shockwave-only TDOA sol uti ons

i s indicated i ofHedSured andssupatedystogkwavei TERAy: accur ate TOA neasurenents, the
true solution for shooter position and bullet trajectory can be obtained by
conmputing the shooter/traj ectory corrbl na n that nimzes the

r oot - nean-square (RVB) residual 5%‘20@"13 / US2005/ 030126 of
nmeasured and conputed shockwave TDOA S: ... =mn f (rwk -Toren) z J
wherein the sumis, tak over sen ors One approach for solving this
problemis the LI Wh@@‘éﬁ@% Wﬁgﬁﬂa‘??’%& £e0PFor i t hm descrl bed in det ail in US

pat ent 5, 930, 202. Most cI Si C i nt 0 rit

deternministic pr o@B%IﬁHpé"qC °raSBB'r"&£‘8ﬁlpﬁ‘{:}’ ‘%/'ﬁg”l}‘b{“l HﬁYﬁ gt i“(f]H*‘Ia starting from
a random guess ;elifhd @RcAd it BasH frvmgatan%e;@oqbz dMo@@élﬁs@i&al%%ﬁfﬂ) QR
pre-specified transition rule, such di rect nethods using an objectlve

function and @lgnsthmmc adetbruwslsumroquamfemppmbmgmqmwnusﬂu@nf| rst and
second order 1%&4&” a?xﬁo L"ﬁ% %6 t:orﬁriﬁc? @‘?}Hﬂg%e 3 rghg 9&‘{)&‘965 for
on ecte

exanpl e, that Ion epen sol ution
and that the abgaospleélﬁeﬂ tm)smon rule, such as direct methods using an objective functxon and

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. The fitness
25  can be represented by the Euclidean distance Az, between a calculated solution and

the measured solution.
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get "stuck" at a sub-optimal solution, such as a | ocal mninmmor where the
cost function surface has a flat valley, so that further iterations wll
not inprove the result. 15 It has been found that a gl obal m ninum of the
shooter direction and the projectile trajectory can be }’a e

qui ckly and¥3108/02%08 ap| y di sanbi guated by using an ev&’%&ﬂﬁgﬁr\(’g gloq%(raneti C
algorithm (GA). GAs mmc natural evolutionary principles and apply these
to search and optim zation procedures. A schematic flow diagramof a GAis
shown in FIG 7. Instead of starting with 20 a single guess for a solution,
a GA process 70 begins its search by initializing a random popul ati on of
solutions, step 71, and sets a generation counter to zero indicating the
initial solution set, step 72. Once a random popul ation of solutions is
created, each is evaluated in the conte onl i near progranmm ng
problem step 73, and a fitnes&,(@,lng,t' Trlrer} ,2)2i s assigned to each

sol ution, step 74. The fitness 25 can bE7represénted by the Euclidean

di stance aa,j,, between a calcul ated solution and the nmeasured solution. 18

VIO 2006/ 096208 PCHRONSLAQIRim Havinkh sl Dt bf AL, is pbbrce*l | nLUI L1 vel y,

an algorithmhaving a s val ue of mn is better. For exanple, when
applying the GA t Lsaihi I ioldp : [l L.on and
projectile traj ec'?: 8?5%@%%@%‘2&5%@&@@%@%& cﬁtrhgﬁglggﬁﬁefoéﬂiegﬁl&%%fi al
popul ati on of 2difecHersandyirdjactdea rhjedtorys theteaemplany GAasdsak b chongpsomat ares :

el b s SR BRI B

Azi mut h ,ed, Elevati o def i ned t le O FIG 3).

Since. mizal o bl adRAe bmeElet et AETH Do St BB Shockuave- onl Y

approach, a 10 nom nal range_between Hhe ansoryeﬁrray and_t he_shooter of 100
1

meter is assumed. [AZIRhanorri Blevalinerboat atsifiefined hyethe angle (O tAnWBIS sel ecti on of
the 4-s spanni A z¥muthyisses, Elevationmissea] are defined by the angle 8 (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):
Azimuthghoower = {0, ..., 360},
Elevationghooter = {-10, ..., 30},
15 Azimuthyisses = {-20, ..., 20}, and
Elevationpmissea = {-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
a ratio 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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meani ngful and reasonabl e range of values (all values are in degrees):

Azi rrut hshEM = {0, ... , 360}, Elevationshaer = {-10, ... , 30}, 15 Azi nut hM
s,ed = {-20, ... , 201, and ElevationMsud = {-20, ... , 20} It is checked
in step 75 i f maxi mum nunber of iterations for t he GA, can be set,

for exanpl ewogl?“@%“o’has been reached. If the maximum nur%:gfusaqosm?qlgr ati ons

has been reached, the process 70 stops at step 80, and the result can be 20
either accepted or further evaluated. Otherwi se, step 76 checks if preset
fitness criteria have been satisfied. Fitness criteria can be, for exanple,
a conputed m ssed azinuth of <15 and/or a ratio of the residuals of two
anbi guous solutions. If the fitness criteria are satisfied, the process 70
stops at step 80; otherwi se, a new population is created 25 through
crossover, step 77, apd nutatign, step 78, and the generation counter is 19
VO 2006/096208“¢WﬂWQ}§ﬂ@U@F®§61%2 i ncrenented by one, step 79. In each
generation, the "best" |nd|V|8H 4 is allowed to survive unnutated, whereas

the top 100 indi Vi eaghIsgneration, et d’tvfpé‘?]rlsﬂl‘?"?‘f’é‘stg suypvegnayiaedye  but are

used to creatgde aqyp 16@&&«1@5&' &qaag%dfby%még a@sfo shhs&eebﬁt%e/bgéars wi th
the 5 crossover/mnmutation operators |listed in Table 1. e follow ng

exenpl ary cr oge oxeate themkextri@Gindiyiduglsdrom paits ofithese ws‘eﬁorsmthdbemnst rate the
process 70:

er at or ilLity Description Type
Azi mut h- Crésgpoc\’}%sr"ovéﬂggl\l‘zag\%&%ﬁaé sgxsé%aﬂggﬁ oo%/er/traj gct ory aggorruth bet ween
t wo chrormsorre_s r.1[1\/1 ZS@@" Crossox Cr ossov uQ " ra%rsgwerrguscs tg
azi mut h/ el evat i or 15 & RNANE FXTEPLATY SISV ffgAnd mutation ope s

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 03 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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Field-Mutation Mutation 0.3 Replace a given field (wth a probability of
0.25 per field) with a randomy selected new value within ran e

Increnmental -Mutation Mutation 0.4 Introduce small nutations in all fields

of a chronosone gvvithin -< for shooter information; within 50.5 for m ssed
i nf or mat i onWRIPWREASt i on Mutation 0.1 Change the sol utiSFVHIG/BEH

anbi guous alternate solution No-Miutation Mutation 0.2 Chronobsone remains
intact Table 1 10 Disanbiguation is achieved and/or inproved by performng
a gradient search on the best solution and the corresponding alternate

sol ution. For both ambi guous solutions, the residuals and the ratios of the
residuals are conputed. If the conputed m ssed azimuth is <15, representing
"close" shots and if the ratio of the residuals is 15 >2, then the solution
with the lower residual is selected. Otherwi se, no actual selection is

made, and the sol UVitbshaokwiave-ordy defagsiony the Gevalgoritbm| papduicedia solutionsm avhr v
| ution, whil | Ut ' . " tLon. 20 WO
50061006208 PP SBBRREERESRE i TntSopsPa i P14 el on oipall it

al gori t hm pr oduefsimalatalshidts. M YOsT the simGldied chorp wesr within nbhof thissedlaizimuth,
operating systemin O. seconds .on a broad range f.si ted shots. 97%
of the sinulat end§eat %g'aéflé“‘\?ﬂt?qﬁhﬁfsi’?r?)‘fmﬁfég Qg%ﬁf?‘ﬁﬂﬂ‘ﬁ‘,‘twiﬁﬂlg%% of the
simul ated shpt s,mRbEHbEddiSmbigiatith SBEShATZ LIBK shotsUsd, BEots R&ing Ahak&descr i bed
di sanbi guation algorithm close shots, i.e. shots having a mssed azinmuth
of <15, were di&zmbihgdatl 8% weEdismbiguatediSiis of thetinie.sEhbdismehiguntion al gori t hm
produced corr ?C£1 rrﬁﬁr‘ﬁ' trédJcQ& cJFPe%Preg{lé.B'%orgla%ainh%% ’Rf%Bf'tEne tifdee ThIhe
accuracy of di SARDI gueﬁ on 1S eXpected to vary based on the sensor array
geonetry accuracy of disambiguation is expected to vary based on the sensor array geometry

and the presumed distribution of shots, with shots having a low elevation being

10 easier to disambiguate.

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

advantageously used to improve range determination and disambiguation.

15 FIG. 9 shows schematically a diagram of a Time of Arrival (TOA) model,
which is described in more detail in US patent 6,178,141, The TOA model can be
used to estimate the trajectory of the projectilé 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  in space.

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 S + (Sxis

Syis S;), and the bullet trajectory is shown as emanating from the shooter in the
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and the presuned distribution of shots, wth shots having a | ow el evation
being 10 easier to di sanbi guate. The aforedescribed solutions for the
projectile trajectory were obtained without detection of nuzzle bl ast
However, it_has g’een found that even a weak nuzzle signal or a nuz

si gnal receVOSMSB28 o0 a Iinited nunber of channel s carFClTéUszgﬂf(%%?“ageousl y
used to inprove range determ nati on and di sanbi guation. 15 FIG 9 shows
schematically a diagramof a Tinme of Arrival (TOA) nodel, whichis
described in nore detail in US patent 6,178,141. The TOA nodel can be used
to estimate the trajectory of the projectile and the shooter direction
relative to the sensor |ocation. The TOA nodel is based on a ballistic
nodel t aki ng into account certain physical characterl stics relating to the
projectile's fidiredtionpith, TherodotaasroROthe shwoter to e jissenyor(isvl) the ¢losestgioatted t 0
tenperature); the position P (P~, Py, P.) of a shoqter; the azinuth and

el evati on angl oapproach&CPAJ ofgherbutlet torthe j{sensor s \eRI\Fe| |@m(ﬁ) ofnd thergatipr oj ecti |l e
(or equival ent Mach nunber); and the speed of sound (which varies wth

t enper at ur e/ ai folibsvediftoy) thevbmhwhhieshd:shbﬂdww s mdidiet] froit the rajectesii thltlee t o
accurately calculate the tinme at which the shockwave and nuzzl e bl ast reach
a particul ar por ansoras Si (rﬁheslpé@‘e of the derﬁtaéheanpmlﬁéd)leé@MWh@ﬂgIFP@he9 t he
shooter is |ocated at point P Pz) relative to an origin (0, 0, 0),
the vari ousSsebubstds Arasin ¢a0e a?/ /a@thlsthsMaeE%pmbers;ﬂthe mojectilgristhe bul | et

trajectory is shown h 2006/ 096208
PCT/ US2005/ osof&%"‘”&?’ﬁé"&%ﬁg%kh‘ggff”"?‘%a‘“’e@ {@‘gt(‘?er%sosh{ef “Fteﬁ’é’o ef°to the j h
sensor is 5, tlal ependas pgleedof sotind. O'I“heammmﬁgw beGrRA) trafectoheartdithd Ftsehsor ishe | m

sensor is | ath lowed fromth oi nt where
t he shockwave .ﬁs ]FIEEPEP‘@W’%PEW‘WECPFD 1’6‘P9‘ %letrﬂ%asuﬁe ﬁ°‘§\§?‘i§g9° B¢ (the

[ ndex | of the qangesaas daeppRRl Eﬂdaﬂ')ﬁs oSl Elstrcd ph Gl et 15

9= sin (1 /M, M=V he Mach nunb of teprolectlle,V|sthe
supersoni ¢ IOeI @hﬂ x-y pbhe t Tﬂ@e ?ﬂuéil@@tthﬂt defingribe shock\sa\tehm‘(ab timed;and unidnd
tenmperature- a“t‘ %%e)]"'%é’r?s‘c’sﬁar%n%%' Aterntd ¥ thdlk BEorRAgL S quidhiggen traj ectory
and the j", senso

4

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

distance IZ { to the point were sound is radiated toward the j'h sensor, plus the time

it takes the shockwave to travel the distance 15‘{ from the radiation point to the j™

15 sensor, —.

t, =t +lA—l+l—S;|-z +’£’sin(ﬂ+9)
¥ 0 ~ ‘o ’
v o 4
wherein t; is a time reference (firing time) and ¢ 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 a distance corresponding to the sensor spacing, so that there is insignificant loss
of speed between the times the projectile radiates to the different sensors. However,

over longer distances projectiles are known to slow down due to air resistance. The
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S. The trajectory is characterized by its azinuth angl e neasured
counter-clockwise fromthe x-axis in the x-y plane and by its el evation
angl e nmeasured upward from 10 the x-y plane. The equations that define the
shockwave arrival tine ti and unit vector at the j'h sensor are witten in

terms of tMQGEAYIMK rical quantities. A The time of afCT{EERBP3%Yyal to

the time Vit takes for the projectile to travel the distance 12 1 to the
point were sound is radiated toward the j'h sensor, plus the tinme it takes
t he shockwave to travel the distance ISI fromthe radiation point to the j'h
15 sensor, 1li 1. co ASDt) =10 + V +l I=t0O+lc IIsin(J3+8), CO 0 wherein
tois atime reference (firing tine) and co is the speed of sound. The Mach
angle O is also indicated in FIG 9. It can be safely assuned that the

velocity V of the projectile remgins constant 20 oyer a distanc
cor r espondi ng a{réesfﬁﬁ%wg&%llﬁe"?ﬁ‘é%%ﬁ’ia 28t lmetnth &\4}05 dFPF_é’idE;H?f eg’é’H?t | oss of
speed between shhR ahd FRIRt EAfbeR! Rindhidmabicdl BaNiBi@Inddel ddiRed ibgIhg8EalSENSOr S.

However, over longer distances projectiles are known to sl ow down due to
ai r resi st ancerindipies caprdict2bo gtigeldree RGeSy 8Y WI@EnB2l pRint i @IFst ance can

be expressed . ot f LCl el e l.et shape and
bull et cali belr%;(aimg%@ﬁ%ﬁaa |13%@%3{%%??%“@5%%%%@ggoﬁ?c\%éd&%f’g&q%ﬁi§a§i cal

pri nci pl es 5carogffieidntdls,),titsanigial velarhty} dndeheadensitysdfodksumoenditg ainyredaoenal poi nt
in space as a function of a full set of paraneters describing the
projectile (ely3dVepsf-jts drag 5 coefficient Cb), its initial velocity, and
the density of the surrounding. air. are known_ |n advance. The paraneters

required for an ekBRRATRBFIERIreAUSH forag SX3PhFRCHIAUPN 78R LYRIGBRP VA el | st i ¢
setting, such agis@c Raldg &ichal 9 bakloRQY SHowb @R Ien R titRidnUan baBighicai gni f i cant

improved by an iterative process shown in form of a process flow diagram 200 in
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:
¢o = 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, = Vi/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, 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

Tms i cO

D, = —tm % _
* " 1-cos(x)

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

position P can be computed in step 206 from the equation

2
a
M,=M,1-
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i nproved by an iterative process shown in formof a process flow diagram 200
in 10 FIG 10, which takes into account deceleration of the projectile
velocity along the trajectory. The process 200 begins at step 202 with the
foll owi ng assu ions: co = speed of sound nodified for Qutsi epper at ur e/
air pr essur‘ga(z[r’—}g}iwzﬂq s) Cb = nomnal drag coefficient 5;&(!}6203/0@{}@?

antici pated weapons Vp = initial velocity of the projectile, when fired,
averaged over anticipated 15 weapons MO = VO/c = initial Mach nunber of
projectile Afirst estimte of the shooter distance Do is conputed in step
204 using the neasured tinme-difference-of-arrival (TDOA) r, and an arrival
angl e a between shock and nuzzle sound at the sensor array and by assum ng
an initial, constant 20 speed Va and Mach nunber M, according to the
equation Zm C DO 1-cos(a) Wth these assunptions, the projectile's speed at
a di stance a fromso that thedimeesthe proisstilejtanelpthealistanee a glopathatrajestasyep 206 from
t he equation I\/q)eg%%g- @y 208 V 23 WO 2006/ 096208 PCT/ US2005/ 030126 so that
the tine the projec |’Fep?rdvels the distance a along the trajectory

beconmes, step 208, T a a V Ch The angle O is related to the Mach nunber M

by the equation I si d wherein the Mach nunber Ma is initially set to
K. It should be noted._ thatVhe

0 Cb

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

s sin(®) = A;

wherein the Mach number M, is initially set to M. 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 = l;{" in step 210 then becomes

_ D -cos(g)-| 1——t208)
10 a=D, (ﬂ)[l \/&0_2_’1]

The angles a, §,and O are related by the equation (@ + 8+ ©) = 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 7y, and the computed updated values for T, and a are then

used to successively update the value D for the shooter range:
D = CO .(Tm: +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 = ’Dl for

the distance between the shooter and the sensor array is a “‘reasonable” value, in
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I nstant aneous bullet velocity is set to the speed of sound (i.e., M =1) if
the conputed bullet velocity becones | ess than the speed of sound. The
revised distance a = IAl in step 210 then becones 10 a = D cos(/J). 1-

tan(#) Mae 1 The angles a, $,,and 0 are related by the eﬁlsgatlon é + (
0) = 90. THEO2MPEMY 200 then | oops back to step 206 by THSEYEIHY he
corrput ed value for the distance a in the equations for Ma and T. above,

yi el di ng an updated Mach nunmber M and an updated bullet travel tinme Ta,
respectively, for the traveled distance a. 15 The nmeasured TDOA ram and t he
conput ed updated values for T. and a are then used to successively update
the value D for the shooter range: D=c¢ - (r,,, +T )+s This process is
repeated until either a nmaxi mum nunber of iterations has been reached or

t he range val ue ver det er m ne 212 0] rocess 200
al so checks in §t°gﬁ hep'%fésf‘ 2@0 gf}‘ingtgﬁlg}rsgel‘?&g%g?ﬁ ple, ﬁle)l F‘&fg I?
di stance bet wesgcdndRlefel 9ali®if i\ dsthlte a3Neled b thedyojeail@and Badsnakd €' val ue,
in 24 WD 2006/ 096208 CT/ U82005/ 030126 which case the process 200

terminates at gtep silf) SH‘-‘g B R YR St Bn D AR b TRIRLEoT o0

valid if the dlsta rav Ojectl ean he distance s _ a
sin(/3) between the sensor and the poi nt Wnere t he sound wave is radiated
sin(a) fromt h&omrtb? projectile t@ thetstrsor am yelid runebey yalies, henatia NANUASNANi®. | not

g m#e ] EA‘C al® o pg P%letc}agﬂgétﬁ% é’ﬁmt valggge{ppegerﬁ?nl nﬁe r\éﬁtl o‘?’é n%g{eez?ﬁﬁ%t ERfort hﬁ esul t of

an n a Va ue an
typi cal | y usedcimoprctiviedvalel mumiter Valoenandds opghy used td preverg Rrrarsdsdng ul at | on. In

addition, a and a should b th e |less re ed threshol d val ue,
i ndi cating t haPropAgAtipE f)rean;a alogliation. nH‘ég t‘PF’rCé%‘dt‘gﬁiHP{ﬁm%'ée lesdage array. 10
As nentioned aBRM&erntil& t'ﬂkk"s‘mﬂ vk, lindidating at the pkdjedtléWhyinde@dirkPronapput e the

the sensor array.

10 As mentioned above, the number pair (7,5, ¢ is initially used to compute the
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 (7, @), 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
B) 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 (Syj, Sy;, S5). It will be assumed that the TDOA 7
between the detected shockwave and the muzzle sound can also be measured,

whereby the muzzie 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
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shooter range Do in zeroth approxi mati on, neglecting change in the
projectile's speed along the trajectory. If the iterative process 200
descri bed above does not return a consistent geonetry supporting the nunber

pair (r., e soI ution is discarded. 15 Even i ol ution
may not bea%vé)tztg?ndaag%tog is a goal to find values for t %ﬁﬂ?ﬁ@g}%@gr ange D
and the m ssed azi mJth and el evation angles (which are related to (3) that
nost closely nmatch a nmeasured shock TDOA and a neasured nuzzle TDOA. As

al ready nentioned, the shock-only TDOA' s between the various sensors can in
nost situations be reliably nmeasured. The shooter azinmuth and shooter

el evation, 20 but not the shooter range, can be determ ned fromthe
shock-only TDOA' s using the known sensor array coordinates (St, S,;, Szj).
It wll be assg@%titog%gsélﬁ?onz% ted! eadh§t %@ﬁ{lﬁ&ﬁﬁtﬂﬁ%ﬁ&&?&t@é%‘ﬁ%e and the
muzzl e sound c al'so be neasur *Wher e nuzzle soun t be

det ect ed by al programmsiag prubtem afd 4 fitness (ublaneemene)ds assigaédio eﬁdlﬂsdhktmn fhe

iterative process 20Q.does. ngt return _a 25 vali e ocess
200 at t oot s ¢ rssAIRCsBe Binetreah oF mRgsowy b PeERripcas it ety
genetic al gori tenidtéelohd R an@themédsiied solafioH, #r eQMﬁblH,tB&nar y principl es and
apply these to search and optim zation procedures begins its search
with a random set of solgtions;—instead-of just one solution. Once a random

25 WD 2006/ 096208 PCT/ Usguph/ 030126 ﬁ()’pul ation of solutiops is created,
each is eva# uated,in tlv;,-cont ext o &n,m:c rogra ing problemand a

nonlii
fitness (refative fer Tt) 1 asspygned to E w1 gn.” ™" | one enbodi nent,
the fitness can be represented by the EUC|I an di stance tvveen a
cal cul ated sol ution and the neasured solution, for exanmple
(1 Shxk, [ ol c-t Shof nﬁaw\éﬂ(Nnuagsrlﬂa"hprﬁducmgaSwllﬁéb%hle?fmmmdS‘ieﬂer /1 ..ea ,=1

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, and the arrival angle «
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 = 'DI 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:
Rangeshoaer = {1000, ..., 3000} [meter],
Azimuthyiseed = {-20, ..., 20} [degrees], and
Elevationmigsed = {-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 (P 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, A;), i.e. the position

25  from where the shock sound is radiated, is computed with the MA and ME values
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Intuitively, an algorithm producing a snmaller value of At,,,;,, Is better. A
schematic flow di agram of 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 viously for process 200, step 302. nunber
of 3-tupege‘?§%1°§@i"‘{%g§t he val ues (RANGE, MA, ME) is define "gsgﬁdgﬁg‘f}%ﬁytim

popul ation, step 304, wherein RANGE is the shooter range D = IDI shown in
FIG 9, MAis the mssed azimuth, and ME is the m ssed el evation. The MA
and ME val ues indicate by how nuch the bullet mssed the target in azinuth
and el evation space. The target in the illustrate exanple is assuned to be
the sensor array. The initial population in step 15 304 is created by random
sel ection of the 3-tupel spanning a neaningful and reasonable range of

I : Ra = . ; tegLp i =l -, 20
[dearees] . and DBEa eI gas THEdAlecs B85 phS B gt =)
conput ation folsgm%- t@nlaf&éi@c:ctsaz[sh%%%%eaﬁso%{ﬂphﬁﬁﬂ above for the shockwave-

ally,

only solution. Init or generation Gen = 0, step 306, the shooter

posi tion vector Eo‘(glach36'5%{%?&;%“2%1%&%2{%@&%\%??% tignt upel with the

previ ously determ ned sh and an assumed RANGE
for the particul ar 3ze|pel§) Assuping an initial Mach number M), the vector A
(A" Ay, A), i.®sBn x> Sfherenthe pyaphohhey wdicatss SN aguodist bPwWeaRdi at ed,
is computed with the and ME val ues 26 WD 2006/ 096208 PCT/ US2005/ 030126
for each 3-tupe|, step 30 The djstances.D = S/ - P het n_the shooter and
each sensor j tt“ﬁ%‘@ @f%%?gp%?t@h"&b?ﬁgvg?@r‘%mﬁQothﬁgﬁ’f)‘?ljlt‘&vj\‘fﬁﬁéﬂ‘eeach_ 3-tupel ,
the angle $3 i $r&5eeMebest the SRR, RHAE MABh nurfthe? M.Q%e domphted by W@l n the

synbol 'W indicates the scal ar product between 121. 91 5 the two vectors.
Updat ed val ues theeompusediiaineafioe 8 ard the firatiallypsaimed;vianesfor da £ Mg and 2 into the

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

A

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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projectile over the distance a, and the Mach nunber M are conputed by
Inserting the conputed value for 0 and the initially assuned values for M
= Ma and a into the above equations for M T'" a, and D, step 312. This
process is | everal times for each of the 3-tupels, for exanple 3
tinmes, as deev{ogzﬁ)@n&oﬁgz(g?i n step 312, whereafter 10 the resi SR ef i ned
above, which includes the nuzzle signal, is conputed for each 3-tupel, step
314. 1t is checked in step 316 if a maxi mum nunber of iterations for the GA,
for exanple 25 iterations, have been reached. If the maxi num nunber of
iterations has been reached, then the process 300 stops at step 320,
returning the 3-tupel with the 15 smallest residual. O herw se, the process
300 creates a new popul ation through a crossover and nutation operation,
step 318, and the generation counter is increnented by one, step 322 In

each generation, the "best' 'individual is allowed to survive unnutated,
V\,her eas the t op 100 il\d:l vidual o ac 1 ndaod by t hC: £ 4f4 LRess al o IS ETAVIRY]

100 i-pdi-vi-duals—as—j-Hdged—hy—th ERESS—al-SO—SHRH-Y
but are used RoOPsTatPERNpme heOResator] pﬁ%i‘(ﬂcual s frorﬁ‘ﬁ&'l"?gmb t hese
survivors withlthe craossaver/ImiE¥PEon] operatord listed in Table 2 belowl The
fol | owi ng exenpMisssd Agimwiover| Gagovent 0P on oper| Fxehasesmisiedgzimythbetween two
denonstr at e thhc‘wﬁﬂ"@qu 300 27 WD 2006/.096208 mhpmqml;/ 030126__Qperatpr
Nanme Operator PMesesbpleyation DesicrPpevesn| 48 h- _Tpg Fekengemisgpdslepationbsityenni ssed
azi muth bet weehCrogsgverM ssed Azi m Croskover chrgriiie ShpsosoNessad- gl '
ossover 0.5 ExtMissgeragssed ef @o#PYeon| Bét ween gﬁéﬁ§§?@¥$ﬁﬁﬂmﬁhW6nDsones

hfomesones ossover chr onpsol

M ssed- range (SES@9#¢T 0 5 Exchange rahge betwee
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 04 Introduce small perturbations in all
fields of a chromosome (within £2
meter for shooter range; within +£0.1°
for missed azimuth and elevation)

Table 2

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

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

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

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

only solutions.

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

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

detections.

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

selecting the trajectory with the smaller residual.
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Field-Mutation tation 0.3 Replace a given field (wwth a probability of 0.25
per field) with a randomy selected new value within ran e

Increnmental -Mutation tation 0.4 Introduce snmall perturbations in all fields
of a chromosone (within 2 nmeter for shooter range; within 0.1 for mssed
azi mut h andV@I28¥P¢28%) Tabl e 2 The GA process 300 is exdRGHERNR%BH2%GN
initial population of 200 different 3- tupels, with a refill rate of 50, for
a total of 25 generations. The GAis run 5 tines in 5 parallel with
different sets of initial 3-tupels, and the solution with the small est
residual is selected as the final solution for the RANGE, m ssed azi nuth,

and m ssed elevati,on of  the shoqter, Lch al |l ows conput at i of ,yector b.

Recent experi nen?lgfhetrp‘?zéfesbq?%ﬁ‘%ﬁﬁ 25| dgt\é%g(gpréggxém&e Sﬁﬂg’}gé’&%‘&s@ﬁﬂ tgef rom 95%
to 8% on the sRrRecdabad SRtk-BizEIS al}grithinsca@bé uRdto umHigucuslydelermitannel in

addition to 5 10 or nore shockwave channels, which is _a significant

i npr overrent  ovie sBepsendogalian. resardlessoif theirymber Qféhe‘ﬂ‘l ‘ﬁ‘ﬁ“&ﬁlr% If ﬂ‘&t‘f‘%lelﬂﬁ“ t ake
| nto consi der aipilc 5B R:ARERI AL fih Pleslie, i Qio%ﬁ/é\}e%igﬂgs%@dét&?edqﬂgh Juete

air resistance to overestinate range.” For certain geonetries an
sufficiently dosmemstshedkwiage chanhels,dharths tforertentioneddyA earcieceube@ ®4th aThe 15

fored i bed t hi.s bi.as f timtion f
ong-range sholTO0HE( G0 FREO Streniidal, YiSEehy R et RIS Etels 4R 8tihlav e onl y
sol utions can feeeiedat into BR optimeAfibh GinetiGitkoliisamdifaateithdshoblevdvesontual s from

two different trajectories and selecting the trajectory with the smaller
residual . 28 wo! Rfslerﬂewswzmsqfcsg@smgter 1ange. Hdoweres, ibfepenthan 3i gnal s

are detect ed opfPEndREE ANEY RWer A3 RbRwa mmafg%gg{eg@gﬁﬁg@ Refert

shock-muzzl e al gorithns can be us t o unanbil guous
10 can be activated without attempting to localize the shooter.

The muzzle signal may not be reliably detected on all channels, because:

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

confidence.

2. The muzzle energy is not discernable in the raw signal, causing the

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

. . ] . X 9
= i — i J — J
A Tmin - \/ Z (A Tmuzz/e,cn'/c A Tmuzz/e.mea: ) + z (A tﬁack.cnlc A TSlmck.mea: ) ’
i

Jj
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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t he shooter |ocation, regardl ess of the nunber of shock channels. |If the
muzzl e blast signals are detected in fewer than 4 sensors, but shockwave
signals are detected in 5 5 or nore shockwave channel s, then the
aforenmentiopned GA can be used with a nodified cost function or residual,
wher eby mf@&&%’“ﬁi}?&l e signals are available are "ni xRETVRIGBHES

optim zation function to di sanbi guate the shockwave-only solution and/or
refine the estinmation of the shooter range. However, if fewer than 3 nuzzle
channel s AND fewer than 5 shockwave channels are detected, then an alert 10
can be activated without attenpting to |localize the shooter. The nuzzle
signal may not be reliably detected on all channels, because: 1. The
detection level on one or nore channels is too lowto detect with

confidence. 2. The nuzzle energy is not discernable in the raM/si%naI,
causi ng the imjestost amompared o a shackwayerenly spiptiom, so hatthe gorapited frajedlery TpoA

estimates. —SsofliPARml kiR LBRLPIAE SHAUHEALBRS SORAGR! 4 WAdk L he mizzl e

bl ast and can arrive ler than the nmuzz ast, causing the systemto
fal sely det edisambigoatingshersodutians. Wth a nuzzl e bl ast signal only detected on
sonme channels, the residual in this 20 situation can be defined as Q Tmn -
~~Zmual e, en( ¢ - ~Hithoat atdenst sometreliable ibluodksigmisea signiloamt npmbedof | | wherein

the first termfor th zzle blast.is su d over, the reduced nunber of
sensors (<) GRIEIAN DERCE e AR ANLIODS HaY bF BRI 8 PEUSHBLEITR TORE sencor
detecting the jxhRekVahRh@te/RiCdkirablthhn £ SRARE SdmbetDf HfarliipRE g by the
exanpl es descri bed above, the nuzzle blast signal provides inportant

i nformati on alptgiseselatiaisoot er azi nuth and hence the projectile’'s 29 WO
2006/ 096208 PCT/ US2005/ 030126 trajectory as conpared to a shockwave-only
sol ution, so thain thhevend abpatentially anrsbatde yuzalodetedtion, al dtigmpt eanrstilic| osel y with
one of the am?r'li }dP}H,Se xﬁ:?cje% 'd(e)t@gt’mllxz'zﬁe'signt ,ues.g., to find a muzzle blast 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:

25 16)= ﬁ:i(mb; ) )2

n=0 j=0

wherein the square of mb,; represents a measure of energy, e.g., energy of the

30



di sanbi guating the solutions. Wthout at |east sone reliable nuzzle signals,
a significant nunber of 5 anbi guous shockwave-only sol utions nay be
generated in particular at |ong shooter distances, which are | ess desirable
than a snal {@r 0{)162({;? k of unanbi guous, but less precise solutions. In the
event of pot&mR @ unreliable nuzzle detection, an at tBmsPS203%Re | |
initially be made to detect nuzzle signals, e.g., to find a nuzzle bl ast
signature in a 10 noisy signal, and to conpute the resulting TDOA's. The
muzzl e detection will be deened to be reliable if nuzzle signals are found
on a sufficient nunber of sensor wth sufficient cross-correlation between
the channels, and if there is a sufficiently strong correlation between the
nmuzzl e signal and the correspondi ng raw band on each channel (offset by a

number of bi n%m#%le%‘fa% WilasrOd I?)g thk h®erfiGl, ?¥Q>md13a§es%é"@&é’@h§ﬂ t:h%ﬁ.fnelI @gﬁﬁ the

muzzl e signals ow I NS Icient corrélation are erase
foll owi ng ° coaleswingazatidcecteltme driterval betwegn theitsne the shoeliwave wasodetdetad apéaks in
t he shock ener‘%bfol | owi t he eaks

echoes', theré e@%@rwfﬁ}% ‘?iﬁ‘apﬁggémégé’fggmmig‘[egmewatﬂfﬁ‘ﬁf%@%mﬁé&ﬁwm time

it woul d t ake grlgR WwiHdsle wave to traverse the 20 sensor array and define a
“wi ndow' having the corresponding duration. Search for nuzzle energy peaks

by moving &his Vm@%@nﬁﬁﬂa@egﬁgaﬁidbﬁxs%nﬁlb%a{k%néﬂgb' u‘i‘tﬂe%h&fw ploadineine fol | owi ng
t he detected shockwave, sk |pp|n? sections in the detected signal which have

been i dent i f | aepximuBlesSinctiembed) is eheekpdde determinei dhegpetpydeak tdhati ndow,
I.e., seek th‘?{xmﬁﬂ‘f%‘éﬁte&h?@&e eﬁéréy chgés'gi?he wﬁdgwjbygfgwkﬁ r&ﬁd‘%&@? ﬁquare of

an+J represents a neasure of energy, e.g., energy’off the 30 .........
WO 2006/ 096208hiPisThéJSa0hérOme tighal in the wmdow is ldentxﬂed as a muzzle detection, and
cross-correlation is performed on all channels in the muzzle blast band mb to

10  determine muzzle TDOA’s.

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

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

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

system,

20 It should be mentioned that the system detecting the shockwave signals
performs two test on the initial waveforms for determining if the signal can indeed
be attributed to shockwaves. First, the measured total 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
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nmuzzl e bl ast, nmeasured by the nth sensor. (i+j) indicates the detection
channel, with i denoting a discrete tine interval between the tine the
shockwave was detected and the beginning of the window, and j represents a
time interval neasured fromthe start of the window. 5 To discrimnate
agai nst noi ¥@2006(0862p%ak energy in the w ndow produci ng tHE/US2005/080106 Of
function f~(i) is checked to determne if the energy peak at that maxi num
is greater than the energy across the window by a given ratio factor. If
this is the case, then the signal in the wwndowis identified as a nuzzle
detection, and cross-correlation is perforned on all channels in the nuzzle
bl ast band nb to 10 determ ne nuzzle TDOA's. The detected nuzzl e bl ast
signal can then be used to determ ne the shooter range and/or disanbi guate
t he shockwave signal, as described above. In sumary, the described system
can accur at el ydetegtadoxavpiosmds peticensidatedmbogimays) and pefer soliionds di recti on
and bul | et traﬁtéﬁn&‘)f%iy based on shockwave- 15 only neasurenents.

Di sanbi guati on can be inproved and shooter range can be estimated if even a

weak nmuzzl e bl asteaygLOLIES, Al 30 ILAREEH: colh SN S Thb Ferhal 1 vel v

insensitive to fa\ivse oote icatrons 1 n response hicl'e vibration

and noi se, nogmbuditdemnosioen and decribakiardstaily vanieas ngdifioatidnsagd i n di recti ons

away fromthe . system 20 It should ci)e menti,qﬁed t hat the system detecting
t he shockwave GRgREmentsihereen may befmadedhcretg yithqut depprting fromythe spjpthands o

det erm ni ng i fgchpEofth@RRbntioAl ByneSast exfplatAthbiinitRélilfustrathe clivBigRntsFi I St
t he nmeasured total energ\ﬁ/ in a'frequency band et ween approximately 700 Hz

and 10 kHz is @edmisted ashavingasoesipisensersl such peisstphonesathigncednoybeithe t hi s
threshol d val ug i i [ ' arising
froma shoc kwa‘%g%' nggt)é%ﬁ §ﬁ1§9tylp§sg&"tpﬁ%gur§ 5%{%313)/1; E’feﬁglrg%tl é@%}g&&g%}l ?%llsgﬁﬁ "gag/si tive
pressure peak paased . bMogroat, die valuasgiaapinibableat ahy 2 Tér the asribuk ep&atoitare

approximately . 30 . ,These criteri rovide i nit f the system from
i mpul si ve Hbi s'élEengﬁ’i‘H be gxamp lFs ad pheD alies py Pé’&é@ﬁif’?ﬂj@ﬂ&% the 1t these
tests are not RAmPEShditid8 imthe field. Accordingly, the spirit and scope of the present

invention is to be limited only by the following claims.
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WD 2006/ 096208 PCT/ US2005/ 030126 detected waveformis not considered a
shockwave, and no shooter solution is attenpted. Wile the invention has
been di sclosed in connection with the preferred enbodi nents shown and

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 qf.exanple, although the illustrative enbodinments are depicted as

havi ng BUstic sensors, such as microphones, this need not be the case.

I nstead, other types of pressure-sensitive nmechanical or electrical sensors
my bel-udemethod ferssumatingashogier gg by defesting shegkekave apddnuzziedilast.he vari ous
operators r|$91 intended to be exanples only, and other values may be

sel ect ed depen |§g on the actual conditions in the field. Accordingly, the

T AR M ST S S 4 1,
det ecti ng aateafi wave and nuzzle blast, conprising: neasuring shockwave-only

signals at a plurality of spaced acoustic sensors formng an antenna;

neasuring a mkaélrghl meizlestig dignatat tHag luthlity A hédas@d seasqyst i ¢ sensors;
determ ning fromthe measured shock wave and nuzzle blast signals an initial

estimate of qbfagnRMRAtRH tHeaRGRured SR e 8Ad mOLlE BlastiddaRlan\fkiatdstiharnd a
bull et drag coefficient; and iteratively conputing an 1nstantaneous bull et

vel oci ty alféhresheotoutange; trajectory to obtain an updated shooter range. 2.
The met hod of claim 1, wherein iteratively conputing conprises performng a
pr edet er m nedssumiiesn inftial beltettvelocisy and. a bithlet dreg baxdficiéntchrai m 1, wherein
determning the initial shooter range includes conputing a

ti mal- di f f er eneetioély @bmbitalg {nTiéMntakuyBERt VdlecigNIsiobbideptthj¢cteiydbabgirand t he
nuzzl e
an updated shooter range.

2. The method of claim 1, wherein iteratively computing comprises performing a

predetermined number of iterations.

3. The method of claim 1, wherein determining the initial shooter range includes computing a
time-difference-of-arrival (TDOA) between the shockwave-only signals and the muzzle

blast signals, and an arrival angle.

4. The method of claim 1, wherein iteratively computing comprises defining a convergence
criterion and accepting the updated shooter range as a final shooter range if a relationship

between successively determined updated shooter ranges satisfies the convergence criterion.

5. The method of claim 4, wherein the relationship between successively determined updated

shooter ranges is a difference between the successively determined updated shooter ranges.

6. The method of claim 4, wherein the relationship between successively determined updated
shooter ranges is a percentage change between the successively determined updated shooter

ranges.

7. The method of claim 1, wherein the computed bullet velocity is set to the speed of sound if

the computed bullet velocity is less than the speed of sound.
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bl ast signals, and an arrival angle. 4. The nmethod of claim1, wherein
iteratively conmputing conprises defining a convergence criterion and
accepting the updated shooter range as a final shooter range if a

rel ati onship between successively determ ned updated shooter ranges
satisfies the convergence criterion. 5. The nmethod of cIain14 wherein the
relatio s be e succe sive te ned u dat ed ote r S is a
G 11 er ohoe AP REEno R b et b Riet Bofieh eibs RuanudSeh el AIRTES

The et hOdtréjEct&I adngle‘hnd\ﬁﬂﬁfrﬁﬂaﬂaﬂg'lkearé Sleatet MR RipredertARA vamecessi vel y

det erm ned updated shooter ranges is a percentage change between the

successyVv n11
wher ei ngt ﬁie%clg&n%ﬁ ?d%%l?%gﬁgm t ?gheslﬁerﬁﬁfggg?%%crs%g%dl m‘}agguﬁglyﬁ{

conput ed bgdnese algetithoi (GA)by:| ess than the speed of sound. 33 S. The rret hod
of claiml, wherein the updated shooter range is considered invalid if a
bullet traj eieﬁrmmg aamgtid papdladon afithe Ga, tl&rp@belaﬁmrehaym@a predétératingd number
predet erm ned, v thod of, clajm

he | udi f th
updat ed sHjdpdi %Pajﬁgeé"l} @glvﬂﬂ}‘gf feareseﬁiﬂ*;bmé, “éPel a@wét"? ud&isgﬁaysvhﬁg ele'sa}erﬁye
def i ni ng aaangewm@sbd eamk@em aerah%@ecﬁ%vahbﬁ(ﬂﬂ?b‘fﬁ%bQF‘etlﬁ%Yécﬂ)gya

pr edet er m ned nunber i ndi VI dual s, each individ represent ed by a

3-tupel whichy fﬂﬁﬁlﬂgﬁ’%@ﬂff@ﬁiﬁﬁrﬁ%ﬁﬂf?ﬁﬁ&ofg@r‘fl-;gftlon@* v Ssed agtmith (M) anc

a mssed el evation et trajecCtory; performng the GA for a

predefined ny pﬁ%tn?gfregigﬂﬁrfrt ) ﬁllelCﬁl?lprH%acﬂ%ﬁner "{?d“gﬁlfhf or the individuals

in each genera ing in eac e solution having the
smal | est re5|d as the indi.vi [VIVES unnut at

S hod of o srisRing R shek ganbratipn ﬂﬁépwamba‘f%t“stsea R0l e

pr edef i nedyhioh leveOiinfB@RRgat i ons have been perfornmed, the solution having
the small est residual as the wupdated shooter range. 11. The nethod of claim

9, furt b@rmﬁgﬂaﬁa#gbmalﬁm aR@GIHH3F fn\’!f?ﬁlng'tﬁb Qe ngereeﬁﬁ @fteaﬁf]gea@mq a
predeterm er of |terat|ons to eare ot er range,
wher ei n t heumessiof gerlesatops ha\reéesmm:nﬁormgal tlae salutgmdiaviperibe saltest residual as the

updated shooter range.
11. The method of claim 9, further comprising

for each 3-tupel in a generation, performing 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.

12. The method of claim 9, wherein applying the GA comprises applying crossover and

mutation operators to the population in a generation.

13. The method of claim 12, wherein applying the crossover operator includes exchanging at
least one of missed azimuth and missed elevation between two individuals from the

population in a generation.

14. The method of claim 12, wherein the mutation operator comprises field-mutation,

incremental mutation, flip-mutation, and no mutation.

15. The method of claim 14, wherein the field-mutation operator replaces a value of the 3-tupel

with a randomly selected value.
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are conputed with the revised shooter range. 12. The nmethod of claim?9,
wherei n applying the GA conprises applying crossover and nutation operators
to the population in a generation. 13. The nethod of claim 12, wherein
appl yi ng the crossover operator includes exchanging at |east one of m ssed
azinmuth and m ssed el evation between two individuals fromthe population in

a gener n T t hod of aim12, wherein the tation gperator
ot o0 e RaTB % Nereindfb REHrHat BrHRD OpHRoT MG Mand. no
nutation. datidhf AEhd@b Qe §ln@lem 14, wherein the field-mutation operator
repl aces a val ue of the 3-tupel vvith a randomy selected value. 34 16. The
nmet hod rai uces a
snmal | ﬁfut]g{e%églﬁcfdﬁ(’fa%fllqe &Jangth%‘ﬁfé t{aﬁgﬂef}%‘ het éhgﬁ%égm% ! ;nglngl ai m 14,
wher ei n t hgenktatipa toutssmtoguoas elternate sclhamrgmsthttgmlewmtl on in a generation to
its anbi guous alternate solution in the generation. 18. The nethod of claim

14, wher8&iThetniehotoeficldimt i4owherprrtad no-nlueaioe opéawr laadesvhel imlivdduals ia a gener ati on

unal tered. 35 .
generation unaltered.
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