SYSTEMS AND METHODS FOR DI SAMBI GUATI NG SHOOTER LOCATI ONS Gover nnent
Contract The U.S. Government has a paid-up license in this invention
and the right inlimted circunstances to require the patent owner to
| i cense others on reasonable terns 5 as provided for by the terns of
Contract No. BRO011-04-C- 0035 awarded by DARPA ATO. Field of the

I nvention The present invention relates to | aw enforcenent
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supersoni ¢ proj & _ tmet hods and systens are capable of

determ ning and di sk dttrhmG: B9 L& BGM 18 EveANEInd Ak nhdf0e
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general direction _and 15trajectory of supersonic projectiles, such as
bull ets and artﬁﬁpery shells by neasuring paraneters associated with

t he shockwave ggﬁgggéeg béb@ projectile. One such system described
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with reference to the sensor |location are typically determ ned by

measuri ng Ti me- Bhckgponidofithe [riyépfipn i:nf or mati on of the 25 nuzzl e signal
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Distance information is typically obtained from the muzzle flash or muzzle blast.
The azimuth and elevation angle of a shooter with reference to the sensor location
are fypically determined by measuring Time-of-Axrival (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 &
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 deterrnined.

30 Conventional systems employ microphones, which can be relatively closely



5 precision needed to obtain accurate shockwave-only solutions is
very high, and special techniques are required. A |arge antenna size
can be a mmj or disadvantage, for exanple, in vehicle- nounted
systens. In addition, systens with an only marginal tine resolution
can gener at 6yghikeeids sol utions in which the Time-of - Argriusaboso30126
information of the 10 shoci cwave at a given set of sensors is nearly
identical for two mrror-symetric shooter |ocations. Conventional

al gorithnms require at | east 4 shockwave and muzzl e detections so that
a 4x4 matrix can be inverted to nmap a plane waVe on the shockwave
TOA. Small errors in shock and nuzzl e TOA determ nation can produce
substantial errors 15 in the range estimations. Mreover, the
conventional al gorithnms_assume a constant bull et SBﬁe al ong.the
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approxi mately 300 m “Accor di g}gl.y, there is a need for_rapidly

convergi ng al goemeirtissciionphyatdhesrrespective dacatiops.cHoweksh uplgssihefeaorhre
shooter range. i 2 Fhnb RajEl TN ietith o Ake R0 B 1ANE
only solutions %%@pgﬁgagﬁbﬁkg??ggﬁectignﬁﬁ$here is_Funfﬁgg alneed to
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=el ated to the 2 3 HipRry of the Invention The invention
addr esses the d%ﬁ%tgcﬁgiqe?%? tH e prior art by, in various 25

embodi ment s, provi g JAELAAGS ARMe 1 KioP Had RliaeSol SR i RARLET
range for |ong-range Shots, In particular, when nmuzzle signals are

ei ther weak or uetmed systenp Hradiitionfsystemsarith anonlyanargihaldimpergsqligion can
channel's. The dj : - t T A b TR §YEaation of th
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detected nmuzzle,s i he optim zation process. According to
one aspect of tﬁheog%éﬂ@gﬁ{&fl%n, a method for disanbiguating a projectile
trajectory from SNoGHEHRNS- M ¥hnil Ak St hAE) AR EndhiBe Bhections so
measuring at 5least an 1nitial portion o e shocl cwave-only signals
at five or nor ethgpadddnarocantbednverted to map a plane wave on the shockwave TOA.

Small errors in shock and muzzle TOA determination can produce substantial errors

15  inthe 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



sensors formng an antenna, estimating a timng error distribution
for the acoustic sensors, determning fromthe nmeasured initial
portion of the shocicwave-only signals Tine-Differences-O-Arrival
(TDOA) for sensor pairs with a time resolution that is greater than
the estimat aggobioihdigser ror distribution, and selecting ﬂckfﬁls}aﬁsm 0126
di sanbi guated projectile trajectory based a defined confidence ;1evel
for disanbiguation and on a value of a residual for the TDOA of the
acoustic sensors. According to another aspect of the invention, a

met hod for disanbiguating a projectile trajectory from

shoci cwave-only signals includes the steps of neasuring at |east an
initial portion of the shocicwave-only signals at five or nore spaced
acoustic 15 sensors form ng an antenna, determning fromthe neasured
initial portion RMitloha iBi@einEene\eChieved by SrcHidiblgSveak and/or unreliably detected
Time-Differences-O - Arrival (TDOA) .for sensor pairs, applying a
genetic al gori t HRAYEAS SQHnd IRithe oRRMIZRHRIGSe, t hat conpri ses projectile
trajectory assunptions,. for a predefined nunber of .generations,
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iteratively conputed to obtain an updated shooter range. The nunber
of muzzl e bl ast dethseeriing toanathvedspect of theinxgntion,|ageethadiferdisambiguatiiger  of
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determ ni ng nirtra oot er range. certain nu I ons
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tnvalid if a solution having the smallest residual as the disambiguated projectile trajectory.

According fo 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



15 bullet trajectory angle and an arrival angle are determ ned to be
greater than a predeterm ned value. Even if the conputed shooter
range is determned to be invalid, a solution may still be obtained
by applying a genetic algorithm (GA). For exanple, an initial

popul ati on ofobkuendsfeswi th a predet erm ned nunber of i ndpoirckiadss3azn
be defined, 20 where each individual is represented by a 3-tupel

whi ch includes an assuned shooter range, a mssed azimuth (MA) and a
m ssed el evation (ME) of the bullet trajectory. The GA is perforned
for a predefined nunber of generations, and residuals for the

i ndi vidual s in each generation are conputed. In each generation the
solution with the smallest residual is selected as the individual

whi ch survives unnutated, The 25 solution having the small est
residual is sel emtnber G’snuzhbbumteeﬁb@hmﬂeﬁs useallydess e thestugtbetsf can
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from shoci cwaye @irgbitle beien {he @mﬁcassmlyu&aﬂuﬁvdmbmmhomah@s bt ﬁSt
signal s includes nmeasuring shockwave-o e or nore
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Tinme-Differences-O-Arrival (TDOA) .informatiqgn for_sensor pairs., The

met hod further ivYslcipissetiepynbar) lees thesnesd of squnte ThesoMbieps ¢ checked
generations a g %P&dnﬁst@ﬁ@oﬁ’érteﬁﬁﬂlﬁ% ttliﬂe atbdihbtad raRRRY bHsidered tfvakid if a

i ncludes a predeterm ned nunber of vi dual s, each indivi dual
represented by dulfet t@sectqmpmglwﬂ@h miﬂﬁéhaaalé@re%tewe?d ta P gtrelsr thama ot er
el evation, mss dyapd mssed el evation, and conputing
residuals for t e I I’lgl viduals in each generation, with the residuals

| nol uding a | east - it dolnpfibd hopRAEAS aaaﬂm?@@%&hmm&md

muzzl e bl ast signals. ratio of the solution having the smal | est
resi dual and |t§tlélrb§pgfw9@bsampéﬂm&en§@|alaon@m (GA)g Fenpramplehghinigial

predefined val u epoRIﬂerl £ vith P réretn Qi nudfoed idividuald &‘ﬁ%e Hgfﬁled

sol ution having 't smal | est conputed residual is demgnat e
di sanbi guat e?0 prwesesach gldwch;ab:gg@re;ented by afctupa! avbiry incdudes en W%‘sﬁb%@f
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in the presence 0 oci cwave  si gnal Ing a
wi ndow havi ng a Thediisqsripmad dorch mefefinedaumbersf gengrations andbresiguaty fov the

wave to 25 t rave}mig]et 1S ENSAI %@&fa ) %ﬁ&nﬂﬁfeﬁ%'e% ggfeﬂcfi' é&ﬁﬁﬁé é%‘l‘lﬁl ﬁwnP the

signal. Foll ow ng ection ocl'cwave Si e W n
advanced in ti nenwmilest tesisnalas selectsd os Gy indiviwiahmehich 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 ai 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.



in the window is nmeasured as a function of advance tine. The maxi num
of the measured total energy is associated with the nuzzle signal. To
prevent spurious signals frombeing interpreted as shockwave
waveforms, a projectile trajectory can be elimnated as being fal se
if the acousti y of the neasured shockwave wavef

than a predg%%ﬁﬂgﬁﬁéﬁthreshold val ue over a predeternlgggh$$%%%g%§y
band, for exanple, frequencies between approximately 700 Hz and 10
kHz. Alternatively or in addition, a projectile trajectory can be 5
elimnated as being false if a tinme interval where a neasured

shoci cwave waveform has a positive value is less than a mnimumtine
or greater than a maximumtinme, for exanple, |ess than approximtely
70 us or greater than approxi mately 300 us. |In advant ageous

enbodi ments, the tofrRIGA RGN EtioRPardehRitidh Op&atB. TRE OEsVdr Oferhthe
measured energy over the w ndow, preferabl dlsr ardi ng portions in
the 10 detected ?W@ﬁ@?sﬁéﬁﬁéﬂeﬁ§mg d&HEE ewma@g 80d¥sl vy,

the peak signal zﬁaivuﬁaﬁ%mttﬁe ﬁ@hﬁﬁaﬂ a%me&&hw&a@m&m%u%aﬂos he
maxi rumtotal energy and if sig value is greater than the
measured total efRERREiFeS ﬁf:lci-wetatwm aa’abr: effibe Briengl Wik ¢ gndopaly gelectedhe
peak signal val U@alﬁe?rln&&nérﬂ:ﬁE’rmtafn'oﬁ@n&:%mlg%'sﬂngll En%la%ﬁﬂ\ atllcﬁeidé%ftméztﬁ;%l
signal . 15Enbodi the i nvention may include one or nore of he
fol |l owi ng feat ur &l noThationeaingthe Hidivigusls in pganprgtiorpinaltered)ant enna

and/ or the acoustic sensors can be related to gain variations i
sanpl i ng vari at i onsAwAMingdnyelanotherasnegtpf therinventionn s method fos disambigyating a

sensors. The confi,dencea jleﬁxlglﬁ&ﬁghommmu%m%ﬂaM%mﬂm&ﬂe of
the antenna, whereby sndl antennas require greater neasurenent
accuracy. |f 20 blaw signds olodes neessuning sheskwavesnly signals @t Everdyimprrospactd
projectile tig eghon: sbﬁoé%@a@ﬁrﬁ% %1a9a- alE@ﬁhtc}n&fMtoﬁ@g g&%@%ﬁ&s

for two anbi guous so utions ant ageous e ment s
t he Ti me-Diff er edetesmindig ftom ihpahoowmegnlj %gnakﬁéhsg@lﬁqﬁmss -OfAnial (TDOA)

det er ni ned by de Ogggﬁdnf}gr&n&?ﬁ}aﬁ T%]Qﬁﬁe Bdﬁ:%er‘??&?&sé?bcﬁ—g h@‘? ra

shockwave as a reference senso t|n
timng circuit wredefinednimibenofgentratttms @gc;netlmlgmmmlw anumeallpnmtlatah that

portion of the Sfﬂ?ﬁ@%‘fp}‘ﬁe@%%{ﬁ } f’}ﬁdr%lggal%? Pitbdnicaby 330

a t hreshol d val ue c i va coun? e 4Ach
of the ot her 1%enwgpelshiokiitdiudehshootermirauth) shocﬁer@ﬂevmtiont imssmdzemuﬂsmdsmssed

running until th rres ondi t he. shoci.cwav
When one of t he SrHor ahenrulis BERRIpEBE PANEER i cifp Bt G he
portion of the shadkalwivduding yleastgqake fitiof a saﬁlﬁnxﬂ]onWDI'DOA shockwave and
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ambiguous alternate solution is greater than a predefined value, for example a value

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

the disambiguated projectile trajectory.

According to another aspect of the invention, a method for extracting a signal
from a muzzle wave in the presence of a shockwave signal includes defining a time
window having a width corresponding to a time required for a muzzle wave to

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

measured total energy s associated with the muzzle signal.

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



val ues for the other sensors relative to the reference sensor are

t hen recorded. Further features and advantages of the present

I nvention will be apparent fromthe foll ow ng description of
preferred enbodi nents and fromthe clainms. 5 Brief Description of the
Dr awi ngs woeseeag ot her features and advant ages of RATAISRI/@IRI60ON
will be nore fully understood by the following illustrative
description with reference to the appended draw ngs, in which

el enents are labeled with |like reference designations and which may
not be to scale. 10FIG 1 shows schematically a cross-sectional view
of a Mach cone intersecting with an antenna; FIG 2 shows
schematically an exenplary sensor array with 7 omi-directional

acoustic sensors; ~ FIG 3 shows schematically the anmbiguity
i nherent in shocpmtﬂé_iremtyrma@baﬂ@&@@ﬁ@@@%&k%é@6?P,ustm @ergx?éﬁsms
schematical |y a probaid{idiafenaielotmhe ledsitlR aPkdibRRFRELHRAEHAM VAl¥Adver a
measurenents for det er mning the curvature of 'the Mach cone;, FIG 5
shows schenat i capteyeterminedrfesiqudncy bangd, o exampleeiequoncins Saivwsey rproximgately 700
bet ween shoot er 4,3} ¢} Ok CRiteriobiPor f AR o frone iRl doforylags am of a
correl ation proc%%gl;“?ﬁq%q 7 Fes',gagl_ ps_‘gf:less ?(}G%w of a gehet Pgé al gorithm
used to correét | gliningtadrds bring falsgyifis dimedrterval vderesrmeasupdghoghwaye wapfam g
is a process flow fo ' | I ' Lost - adngn e
R G 5 e a scholiitesHE Gl 18l b AGRMAT1mRQPLERGEARY ol
nodel ; 25Fi g. 10 faheanple less Hamapirexiprtelyd§gis bt greatetithagrappiokisratel nifats.
estimation; and Fig. 11 shows a schematic process flow diagramof a
genetic al gorit hm flordvan@ge@Bembod Re8RUK tualnesy 0aukkaBtamingéby integrating
estimation; the measured energy over the window, preferably disregarding portions in the
10  detected signal caused by shockwave echoes. Advantageously, the peak signal value
can be determined in the window producing the maximum total energy and if the
peak signal value is greater than the measured total energy in the window by a
predefined ratio factor, the peak signal value can be identified as being related fo the

muzzle signal.

15 Embodiments of the invention may include one or more of the following
features. The timing error distribution of the antenna ahdfor the acoustic sensors can
be relafed 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 requife 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 unti!
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



Det ai |l ed Description of Certain Illustrated Enbodi ments As
descri bed above in summary, the invention provides, in various

enbodi nents, nethods and systens for shooter range estimation and

di sanbi guati on 50f projectile trajectories. These systens and net hod
are particularly useful and advantageous, when an insuff.igi er
of paramnet erVEOF&éﬂW?Ogd for an accurate solution are de%ét@gﬁﬂ%oﬁm en
such paraneters cannot be detected reliably. Supersonic projectile
trajectories are estinated solely fromprojectile shockwave arri val

ti mes neasured by several closely spaced sensors distributed 10

t hroughout a "smal |l " neasurenent volune referred to as antenna, A
measurenment volunme is considered small if the sensor spacing is 2
neters or less. Onc gjectile' s trajectory Ls..dentif] he

| ocation of the Sﬁ?Bglaﬁ%?ﬁ&%ﬁW %@8‘8& 6‘? %}?'%m“&fééf?é&‘a %?B?((’ra:rg‘g?bﬁe
trajectory. Thi sallesShame ethevsendass rélativedo ihe réffrenceREomnae tks fecoldédi NS
the arrival time of the nuzzle blast sound. However, the nuzzle bl ast
i sI not 15al ways deFﬁlﬂie?fbhﬁéessﬁ idhﬂagﬁﬂoiﬁﬁeﬁpté@ﬁtﬁnﬁdﬂﬁ&kﬂﬂh&-a@ﬁir&ht from
solution is essent|] for deternini tyaj ect : Referring
now Lo FIG 1. CheoLoeR EcRERRion G e Shedi TaPL P el

expandi ng co$i C%Mﬁ%axi s coincident wwth the bull et
trajectory. Phe R 2% also referred to as the Mach
cone. To obtain theg shocj cwayve: 20 on solution, thre ropert.ies,
The art i val  angl e TERESHNG iy duf Pirkires ShhEmymiob ST PERBGNT on,
Sf the ragi ]chs ofunmwuﬂltuyrtpe I@floxtrihgillﬁmm(;mdﬂd@@ji;ﬁi@ﬂiw@tﬂh'ef&ﬂxlid‘ea@&xeaﬁ;ﬁnﬂdd be
et erm ne romarrival tines neasur t .fiye qr nore antenna, .,
Gensors o TnaRiinss aidhotns sdelsg ek st AL i
first reaches thavaptiagaiet erm nes two possible relative angl es
(often call ed 'anbi guous' angles) of the 25bullet trajectory relative
to the arrival angFis, at shdes saidnexicaly a thes-sertidabuion of 2 Bagh eme Mtdrbechiep
described in nore detail .&el gﬁﬁb‘wth reference to FIG 3. The radius
of curvature of the coni'¥&@éf¥¥ce at the antenna deternines both

di stance and direcld tp the trajectory. The gradient, the radiu
of curvature al ongﬂtcﬁg r?g?vﬁs ?Waﬁﬁﬁﬁﬂfgwlﬁ%ﬁ%f%{%ﬁyHaﬁéf’m"}i@é“ma h
direction the bullet is 6Rid@nsoidner eby renoving the 'anbiguity’
between the two possible directiqgns. Deternm.ning these three

shoci cwave propert¥ 3aé]?:‘l}\‘sa§€}é9“3f“%ilél&P@F}b&'ttyy’hﬁé@ilﬂléh%@t’%é’ﬁlyt he two
possi bl e ' anfgi guous' tr aRebAIdktean@htRR; ' €QUi res very precise
measurenents. For exanple, randomerrors should be no greater than
approxi mately 1 psFi® 4deRiviiacheiatiotlylaprobabiBl \deity féiintemiratice onatil-a e
shoot er aspect angl es. The requj red accuracy can be estimted by
consi dering the propagafieaHireisaisdendeferainng thercupjatureofdbadatheonspi ct ed
in FIG 1. Referri PI%? O\Qilo%sssghe%l%tic':zalilgcfithezp’rob%&lityof 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. % 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



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

uni formy di slorndenbaack at | ocations C (C4, CA, C4) over pegidsdshsits
surface, with one elenent 22 located in the center at (Cxo Cyo, Czo),
so that a uniform sensor aperture is presented independent of the
arrival angle. The tine instant that the first sensor, designated as
the reference sensor, detects the advancing 15conical surface is
denoted as t,,. The other sensors detect the advancing coni cal
surface at subsequent tines denoted as tr. The sound propagati on

di stances in the direction of the advancing conical surface are

obt ai ned by nul ti plyi ng resgelestfiatihee tinme di fferences by the | ocal
speed of sound c, i.e., th =-- c(ti -to). If there are no neasurenent
errors, then the cbeiailal Desgriftmoef Gertain Mgsttated Endbotlingentsef er ence sensor
is 20 al so determined by the other (N-1) sensors, with the
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| owfrequency resqgnanges .at ab hl ii 0 I.sol hem roms F
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contai ns anal og d@tﬁi@éb&ﬂ'&ﬁ)ﬁg MHa}’é@t@ﬁ@Whﬂd&&ﬂb&aﬁ%@&ﬂ@ﬁhﬁ&aﬂéﬂﬁa gensor
mast with el astoneric shock nmounts to isolate it from

Svibrations.  obais ety Hme phige W%‘%Wﬁﬁ&’“&%cﬁ%‘f"%‘ﬁf é‘l‘eg}BW'cel]Pllﬁsb‘éHOtbe
enpl oyed 10 fsi | LQfayQHétectAtilé] 36 &aiatﬁ%edrﬁ@%oé%v%ﬂl@%lﬁﬁ&ﬁsEéé@dtﬁﬁfo} y
found in shoci cwavé-derived signals. t he val Ues are

par anet eri zed, |de@“mn‘rnéltf&ctfwt°%nd can be tuned externally. The

listed values are @y \ﬂBlFYGfIO’Ehe shdckwhvealitR is cbA5Edr&l thibBan NOW tO
FIG 8, a process 800 determnes if a detected signal originates from

a shockwave. Thexpandinesenigrguréacahavingdts axis epinadent Wil thethuligt drajeptoryt dpe
804 if the signal,dafe Pt ; Fﬂgyﬁ?enﬁaﬁ)%t%%&ﬂ%gﬁc ax%d%ta%me&oc%\g;{ve-

exanpl e, does the peak signal value exceed a given paraneteriz
t hreshol d of20 e.ogly soBtion, thee prapestigssthe treival avgle, theredips ofsupgtugoend the

o ueS 1 A BB Aok S R S

fromzero to the _ | ransient to
this peak val ue dnetpnmoed frore awtyaldingsp measvrddet five ognmre BrEiering gengors.

this is the cace, thgmmiBlaRIARlctonty tal TRt oy Bd U slilnn
if the 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



ti me between shockwave m nima and nmaxi ma has a sufficiently |arge

val ue, for 20exanple, 200 - 400 its. If this is the case, the process
800 continues with step 810 and checks if the nagnitudes of the

m ni ma and nmaxi na peak signal anplitudes close, e.g. within 35% of
one anot her . ht d305' S the case, the process 800 contigfu&si tep
812 and checw}sn?"?}a%ﬁz[g pressure peak transient fromthe mni %M%@k
signal to zero is sharp, using essentially the sanme criteria as in
step 806. If this is the 25 case, the process 800 continues with
step 814 and checks if the tinmes between the maxi mum signal val ue and
t he zero-crossing and between the zero-crossing and the m ni num
signal value are conparable, for exanple, wthin approximtely 180
ps. If all steps produce an affirmative response, the process 800
deci des that themsignhé aadipuity batwebinth vanpossiblel dirdvtions. @esdrmining these
processed, step, 816. .Conversely, if one of th 06, deci si on _steps..isS
P ower ed | n°t hamRERREAY brorer s b @l “of tarisP Ty diatie bEedh PE pRARbL
from a shoci cwainshigiue pradiSry dngleetetuing véra plecisOmEds@embntst Rer epamplect i | e
trajectory is assunmed to,cqincide mﬁtﬁ the x aéka. The NMach angle is
gi ven by, 0 = dfemfrIeraouig e perraterIbanIBPREERh it dgufs $98ESRs t he

projectile el afsiwedn Me iy higk@chtivy sHober apdinsheys! ocity c. L refers 5 to
the characteristic length of the antenna. The radii of curvature of

the cone at the tvideEsgaEedACCHRGY cap besitimatsd by sensidenngthe propagationend vi ew

in the left hal b rv bl I
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v2 x)'-' P2 (X) R!igqegde. .

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



S1-112 1-2 withp2(x).e 2 42z a Sthce 12 --c- e 2 2fr cr Integration
over x and maki ng substitution of variables results in the follow ng
probability of making the correct decision: 11 = - -_ P(r, <r2)1 -a-
e "2 erf (u-a)du 2 2-21ir , with a =dt, - dt2 L? sin(0)

42cr - 428ri cofobieheands ng now to FIG 5, the probabilityearfusacososnmsct
deci sion, or confidence |level for disanbiguation, is plotted for two
exenpl ary antenna sizes, L =1 mand L = 2m against the cl osest
poi nt of approach (CPA) r between the projectile's trajectory and the
antenna 20. The sound velocity is assuned to be ¢ = 340 nls. It is
evident that a |larger antenna has significantly expanded range for
unanbi guous shockwave-

attached to the ends of the spines with elastomeric couplings, having low-frequency
resonances at about 1 Hz to isolate them from spine vibration. Sensor spines can be
attached to a common hub that contains analog electronics, which can also be
attached to the sensor mast with elastomeric shock mounts to isolate it from mast

5  vibrations.

In addition, the following decision algorithm can be employed to filter out
signals that lack the signatures typically found in shockwave-derived signais. All
the values are parameterized, i.e., relative, and can be tuned externally. The listed
values are provided only for illustration.

10 Referring now to FIG. 8, a process 800 determines if a detected signal
originates from a shockwave. The process 800 starts at step 802 and checks in step
804 if the signal is a loud enough event to count as a shock, for example, does the
peak signal value exceed a given parameterized threshold of, e.g., 500. If this is the
case, the process 800 continues with step 806 and checks if there is a sharp transient

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

If this is the case, the process 800 continues with step 808 and checks if the
time between shockwave minima and maxima has a sufficiently large value, for

20  example, 200 - 400 ps. If this is the case, the process 800 continues with step 810
and checks if the magnitudes of the minima and maxima peak signal amplitudes
close, e.g. within 35% of one another, If this is the case, the process 800 continues
with step 812 and checks if the pressure peak transient from the minimum peak
signal to zero is sharp, using essentially the same criteria as in step 806. If this is the

25  case, the process 800 continues with step 814 and checks if the times between the
maximum signal value and the zero-crossing and between the zero-crossing and the
minimum signal value are comparable, for example, within approximately 180 us,

If all steps produce an affirmative response, the pfocess 800 decides that the signal
can be a shockwave and the signal is processed, step 816. Conversely, if one of the

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

10



10 only solutions. For |arge CPA values, the difference in curvature
at the two ends of the antenna (ri and r2) is too small to be
di stingui shable, so the probability for a correct decision approaches
50 % or conplete anbiguity. Accordingly, the confidence |evel

depends on ;Qﬁﬁ@iﬁ/?ﬁmsi .e. the dianeter or spatial extenf.. Qb Lha,

antenna. 15 I'Oned above, errors arise fromtimng errors an
sensor coordi nate uncertainty. Sensor coordi nhate uncertainty
contributes bias errors that are a highly variable function of

shoci cwave arrival angle. However, for random arrival angles, sensor
coordinate errors appear as randomtinme difference errors.

Timng errors arise also both fromgain and signal strength
variations from 20 channel to channel. Tinmes of arrival are obtained
when sensor outfpoashpeiawave.sten 81$r eset threshol d val ue Vo. The tining

error dt_caused breRrfSRitAc G, Ak fecRRAMB R M ubyBf 1o dofftide i O
vol tage increase for the channel, wth dt -"dg Vo g dV/ / dt

Ti ni ?g errgrs ahesmxm&hﬁmi;awghﬁegiﬁfi@yaﬁ =g ossigMVD, Wéllvéﬂhvégactx he
aperture. For an rture e . ipdric Qun rce
2r G stance r, PrE% AkhiiGs o AR elooB P ol by B hER RO DR
aperture i s Sequathe timrgpteristic length df theundenga. ptheiradit dfeussurechftheaoseiat¢heat

D DT U1 SR o e k0 Bl HE A B AR R e
gai n vari ati on shlvs hoMvardturemn measeed. ebistancs dds equalab drairdes@p)amhe gngle
RN ERT Pt i NN T R
The time difference measure of curvature between the points on the antenna surface
10  bisecting the conical surface with radius ry is equalto dty = Ad /c = (1, - d) / ¢ ~ 1} @’
/2¢=12%/ (8er)*c). The time difference measure of curvature at ; =r; - Lesin(8) is
given by the same expression, with r, substitated for r;. Accordingly, dty = dt; + L?
sin(8) / 8ry’c.
Assuming unbiased measurement errors, i.e., assuming that the measurement
T 15 timedifferences dt; and di; 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 ry) 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



10 m for a 1 maperture, the maxi nrum anplitude factor is |ess than
0.05, which is less than the channel gain variation paranmeter of 0.2,
so that effects due to anplitude errors can be ignored. Conversely,
as descri bed above, at ranges | ess than about 10 mthe Mach cone
radi us i s sngbhogsst@h Wi th respect to the aperture | engtfssedosdaoiis
that nmeasurenment errors are not very inportant. 15Realistic estimates
for timng errors caused by sensor uncertainty with the assunption
that the magnitudes of the error vectors are statistically

i ndependent and uniformy 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 tol0 0.85 ,us . The standard

devi ation of 340.-5 20 blnonlally dlstrlbuf d randomtine sanpling
errors for a system sanpling af(f<wHp 5 & & ]adP4so 0. 25 ps. Tim ng
errors due to gain variations are estimted to be approximately 0.75
irs for an exenplary systen1mnth a channellban&W@ath of about 18 kkt
corresponding to a vol tage rat¥thf ahéd tfg;pZ Vi‘us. The enpl oyed
acoustic sensors for each array were cho %o h ve sensitivities
within 1,5 dB. Therefore, 25channel | atlve n variations are
approximately uniformy distri ed A 5 84 and 1.19, so that

t he standard deviation of relative gainis apprOX|nater equal WO
2006/ 096208PCT/

voltage is Va qgéggaé? res%ﬁ%ﬁﬂéﬂ nbgﬂgﬁgﬁggrgﬁ@éﬁg@??gﬁgéﬁﬁ??%]ng
errors of about plobabilitysof makingTos eoreetslasisioenent tining errors are
estimated by assum ng that channel gain variations, sanpling
variations, and sensor |ocation varlaulons 3_@ al | tatlstlcally 5

i ndependent . Then, the tinm ng &rok) 1% aﬁgﬁg ¢ &t #4K can be
estimated as j0.852+0. 752 +0O 252 1 111 ™It is difficult and
expensive to achi eve such precjgsion i #h- dhal &sin(@) di gi ta
conversi on, because high sanpllng ra esJEQIIo&éyzay interpolation are
needed. Two different circuits for accurately neasurlng t he

Time-Differe nce- of Iérférhxg?‘%\& t-B[?%) 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 ry) is too small to be distinguishable, so the probability for a
correct decision approaches 50 %, or complete ambiguity. Accordingly, the
confidence level depends on the size, i.c. 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



10 are enployed in the disclosed system I n one enbodi nent, the
exenpl ary systemuses an analog tine difference of arrival (TDOA)
circuit using 1 MHz clocks in each channel. The cl ocks are triggered
when the sensor signal exceed a threshold signal |evel at the

ref erence sens%r Iw%'ch was defi ned above as the sensor(ﬁﬂﬁﬁmﬁbh
encounters tHWE gﬁB% ve. 15 As discussed above, a 1 Nﬁ& clock rate

Is sufficient to elimnate the inportance of tinme-sanple errors in
practice. The system operates in an anal og node, relying on the
detection of threshold levels, with the digital logic performng the
foll owi ng functions: 1. Afirst latch is set when the
channel signal anplitude at the reference 20sensor that first
encounters the shockwave crosses a threshold value. 2. The first

latch sets star tp coupteioa {Ate FR¢H: HHRROR:d MAGIA Sir RRLAIER Rkl

&
one count at ea cycC e processor 1s alertea.

counter in each changnel runs.until.t Qr,r espondi erdgort,
encounters the s‘f’?8ﬂa‘ﬁ§‘\9§.m‘fﬁf§a‘t§§?E‘crg&gg%r necfﬁgne{ltegh"?tlgrﬁ the @harnel

whi ch stops the 25count in that channel. If no second |atch4s set,

t he correspondi ng counter runs to an U@per limt value. 4. The final
nunber of counts i NEIBHEFTEBAROSLCY Fheplls pigad strensth vaTiesiave theapepure. For

register. WO 20f ﬂgﬁ@@ﬁ?@{ HIRODHNRSLPHURY sotiE alliQERE B Qe thAGSlEm!t e

TDOA register. 6. rocessor resets the counters for receiving the
next shoci cwaVe.signal level vatintign atress thecapertac inseital torpn & C30-rdiceaio dihe gound

each channel Wi th.L\eLYmOLeireReMBAARE limin ¢ {%%%m,abI,wap@iésiagﬁgor this

segnent centered on the tinme of the hardware T det ection.

correl ation of LR Ju4AGk e ABARKAILCRPLEH, uibheinla ENARARNZE 4

amplitude errors are not random among sensors, but vary uniformly from a
maximum across the entire aperture to zero at the center. At ranges greater than 10
10 m, for a 1 m aperture, the maximum amplitude factor is less than 0.05, which is less
than the channel gain variation parameter of 0.2, so that effects due to amplitude
- errors can be ignored. Conversely, as described above, at ranges less than about 10
m the Mach cone radius is small enough with respect to the aperture length of I m

that measurement errors are not very important.

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

independent, the standard deviation of equivalent uniformly distributed random time

difference errors will be equal to -—1—(—]:3——— =0.85 us . The standard deviation of
340012
20  binomially distributed random time sampling errors for a system sampling at 1 MHz
is equal to 0.25 us, Timing errors due to gain variations are estimated to be
approximately 0.75 ps for an exemplary system with a channel bandwidth of about
18 kHz, cotresponding to a voltage rate of about 0.02 V/us. The employed acoustic
sensors for each amray were chosen to have sensitivities within + 1,5 dB. Therefore,
25  channel relative gain vanations are approximately uniformly distributed between

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

13



The correlation is a function oft, which is called a "lag." It
therefore lies in the tine domain, and has the follow ng property:
10Corr(g,h) <r> Qf)H(-f) when g and h are real functions of the
time. f) is the Fourier transformof g(t), and H(f) is the Fourier
transf orm of total power in a signal is: 440 r
ph(r)l2 dr = I%§ %%mﬁf 15The time-of -arrival signal hgégﬁ%%f%B&QMe
| ength, so that the integration (or summation for discrete data) need
only be perforned over a finite tine 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
mat ched, as is known in the art. 20ln the foll ow ng discussion,
|ntegrals of continuous functions are used for sinplicity, although
the actual data awﬂlb%dmé‘ﬁuéhﬁﬂfﬁkgeﬂ%&&ﬁls\ﬂ}eﬁxﬂm‘ﬁlﬂ;bkt@ﬂiafm
the art wll eaS|IyJ_' able to replace the integrals by a summation.
Referring nowto FIG in a 0 the shoci cwave signal tine
data g(t), g(t)df?i'iaélmaﬁﬂﬂmfléﬂn‘?rﬁog%’@ﬁt% dinel i, j, steps 601, 602,
and recorded as a t4\GldaQRerdnt titnin¥RirotsAreds@RRe DB Bassiibiftg tHatehain® 2din

signal power in a channel i is conputed for subsequent normalization
of the corr el at vasiations, sppling Yasiadons; 30d senserleqation Yagpt(lqy,a{ﬁallgta@ﬁ%ﬂaﬂy
duration Theg Foihﬁ%}ﬁﬁ%e&( B%é@xﬁﬁ&(eﬁ%r s%d&@@evwi@ﬁ KaPYeCestiiBdhs t1 Me
data g(t) is conput or channel 1 and the conjugate G (4) is
formed, step 603 gkt kewssep.242her Faurier transform GAO of the

shoci cwave signal tine data WO is conputed for all the other channels
j, step-606. Ther ehistdfficult ard expeysive trachigvesmitopredzign with aalqgrty diggal
formed for each ch nn f [

1P(t) of the S EPBR pelikd i sontoling Bl RuBAE m{ff‘lrzl‘l.tlgn c ol B
ta,v, where f(tJiffaest wms:tsrfav(acmmncvanwnnsﬂmﬁ"ltﬁwlff@me{o@z\mw GH'IHIM)on

between the 8hagrré%ln}saloyedalﬂ%eldls%ﬁ@e&)s?stglgf' ned as Corr(g,, g 5)=

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 channe! runs until the corresponding sensor encounters
the shockwave. This sets a second latch in the channel, which stops the
25 count in that channel. Ifno 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.

14



peak val ue jeu(t) V(Power Channel i)* (Power Channel j)

The residual for channel i is conputed by conputing the nmean val ue
for a sensor i over all sensors j: Re sidual (0= tnean(E(1-Corr(g,,9
J., 15as indicated in step 612. The TDOAs and correl ations for t hat

channel wit .e. smallest) overall residual are

sel ect ed asthgE%@%géa' sol ution, step 614. As nentlc?ﬁg&]sé‘f?ﬂ\‘}@mt he
channel data are typically sarrpl ed at discrete tine intervals with a
predefined sanpling rate of, for exanple, 41, 666.66 sanpl es/sec. This
corresponds to a bin width of 24 ps, reflecting the tine resolution
for the 20 received signal. The correlation processing is done with a
time resolution that is inproved by a factor of 8 to 3 ps by taking
333333 sanpl es/ sec. Once the various tinme differences of arrival

(TDOA) between t hé. sFhspmesivawadibeTDOAIregistetmed from shockwave-only
signals, the shootéerﬁgz I mut h_an bul I ra}ej ectory

[ i d.th
can be determ ned e q%g'lcg %’/@&%rso or {3?9“’11"%%%&’8 i"g’ftziﬁocgt"%‘f

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

TDOA detection. The correlation of two functions, denoted Corr(g, h), is defined by
Corr(g,h) = Jg(r +h(z)dr

The cormrelation is 2 function of t, which is called a “lag.” It therefore lies in the

time domain, and has the following property:
10 Corr(g,h) < G(f)H(~f)

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

The total power in a signal is:

Total Power = ﬂh(r)| dr= ﬂH(f )| df

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

is known in the art.

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

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

Referring now to FIG. 6, in a process 60 the shockwave signal time data gi(1),

g;(t) are acquired in each channel i, j, steps 601, 602, and recorded as a function of
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the shooter fromthe sensor array can be determned if the nmuzzle

bl ast signal is known in addition. In a Cartesian coordi nate
systemcentered at the center of the array, i.e. {(Co, Co, C20) = (O,
0, 0)), the tinme of arrival TOA of the shocicwave at a given sensor
5(C;, CA Qibhodshtgest! G 2) is given by: L tsoock = topcrmdYisensis
)1- 11.1727-1sin0)) with cos(fi) ,, - V (X0 -Cx)+ W(X0-Cyi+ V, (X0
-Cz) LM "2; V = VW represents the supersonic bullet velocity M -=
= 11/: +11 +11,2 , V. with ¢ being the speed of sound and Mthe Mach
nunber. 13 represents the 'mss 10 angle' between shooter position
and bullet trajectory, which includes both azinmuth and el evation
angles. A direct hit would correspond to 0= 0. The Mach angle e is
defined by -1 gmsi m(steps 604,464, MRbtalsied] bevia azhshntlidi @aipatkdifer FI G 3,
for a given shooter position angd bullet. trajectory, there is another
shoot er positi Wseéﬁﬂ‘tﬁﬁ‘l"?"é'@m%?@&f"mﬁ?ﬁ BF whi ch the 15 TOA of the
shockwave at a given set of sensors is nearly identical. The two

anbi guous solutio in f j dentj 2,f in a sinplified nodel,

t he shoci cwave isﬂ’%%%ﬁ&tcggﬁée%}pégg}%gﬂr%{:s the sensor array as a
pl ane wave. |f the TDOA resolution’is i gh enough to resol ve the

curvature of the shqcicwave.. th . [ I.Cah i.ONS
can be di sanbi gua@gg'%urﬁfe agf'sfgxghﬁ?%%ﬂglﬁ%l gul ﬁg E]g%al E&%?h%%ﬁéﬁc@énﬂ Eﬂﬁ‘?y
TDOA sol uti §ns fdrshdnnelii and thd corjudateGoi(-B). is formeéks stembfy Lskefrfisecthe Rowrer
accurate TOA neasure S, the true .sol uti . hii and
bul l et traject Hwyﬁﬁ@io%ﬁs Pﬂ%‘g‘v%ﬁ%‘%ﬁ%ﬁ?ﬁ%é&{lﬁé‘p’gﬁ%%{%’?%f !rhgjn@%t ory
conbi nati on t hakanfiY, S 666. tThereafon] thergrass-conelation GREE);(f) i Sorchad For each

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

. each channel pair is the time tyux Where f(t) has its maximum value, step 610. The

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

peak value f; (1)

C 4 &)=
oF (gl. gJ') \/(POWEI' Channel i)*(Power Channel j)

The residual for channel 1 is computed by computing the mean value for a

sensor i over all sensors j:

Re sidual(i) = mean(z (1-Corr(g;.g;))
Jel
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 ps, reflecting the time resolution for the
20 received signal. The correlation processing is done with a time resolution that is

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

Once the various time differences of armval (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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of measured and conputed shockwave TDOA's: A car, =mn 1lE (reek) ,
wherein the sumis taken over all sensors. One approach for solving
this problemis the Li Levenberg-Mrquardt 5al gorithm described in
detail in US patent 5,930,202. Mst classical point-by-point

al gorithms ugg zﬁm@ﬁ?grnlnrstrc procedure for approachrqgnhggmg&%hgum
solution, starting froma random guess solution and specifying a
search d|rection based on a pre-specifted transition rule, such as

di rect methods using an objective function and constraint val ues and
gradi ent - based nethods using first and second order 10 derivati ves.
However, these nethods have di sadvantages, for exanple, that an

opti mal solution depends on the selected initial solution and that
the algorithmmay get "stuck" at a sub-optimal solution, such as a

| ocal mi ni mum orhenhester frdnethe saorfarrmy tandie deternfiseadf themuazlé blast sigadlliey
so that further |terat| ns will not inprove the result. 151t has been
found that a glgﬁ% Wﬂﬁtof the shooter direction and the

projectile trajector n be c nDre nor e re bl y
di sanbi guat ed by ug’iay%f’rgft%%f@‘t ?{%‘?r °a°|°Xt8 rH‘r‘wﬁ“("-’é.c{) @?s
mmc natural ey, T er(r!arOyO)prthmmn@bmmaammoapﬁme shctnkwevetabagaram sdnsand
optim zation _praoge haenmat.i c fl ow diagramof a GA is shown in
FIG 7. Instéad?éﬁdcgtgﬁtqs?’?gﬁﬁﬁhsgﬁe nPYsingl e guess for a sol ution, a
GA process 70 begins its search by initializing a randontpopulatron
of sol utions, steprfl.=R® @isgs)a.\@hemﬁ(;e counter to zero

i ndi cati ng the initial solMgion set, step . Once a random

popul ati on of solutlons is created ch IS ev | uated in the context
of the nonlinear pr é? é%eﬁa}B XndCa) fit ness
(relative nerit) i § rr@hed to each sqnutron step 74. The fitness
25 can be represented by the Euclidean di stance ban*, between a
cal cul ated sol ution t he measured solution. arnin = mr neat
Intuitively, an al orr m having a snal.l | ue of At" ';Jyﬁ—ge%%e
For exanpl e, when yr ﬂ’r"tstés%-ﬁSLlPBmﬂ'f'ggwgf tgMase? solfit t Bnt For

t he shoot er di rectiion and projectile trajectory, the exenplary GA

uses as a chronosone an )
with ¢ being the speed of sound and M the Mach number, 8 represents the ‘miss

T 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 8 is

defined by -Al}- =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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5initial population of 200 4-s, with each 4- containing the follow ng
val ues: [ Azi nut hshower, El evationshoota, Azinuthnss, Elevationm ssed.
[ Azi mut hshoot e" El evati onshooted are defined by the angle (13-113),
whi l e [ Azi mut hm ssed, El evationm ssed) are defined by the angle (I

(see FIG 3) woSotwaes2081zzl e bl ast is not used with the aporegesmsdiied
shoci cwave-only approach, a 10 nom nal range between the sensor array
and the shooter of 100 neter is assuned. The initial population
is created by random sel ection of the 4-s spanning a neani ngful and
reasonabl e range of values (all values are in degrees):

Azi mut hshooter = (0,, 360), Elevationsinoter = (40,, 30),
15Azhnut hm ssd = {-20, ,20),and El evationm"ed = 1-20,, 20). It is
checked in step 75 if a maxi mum nunber of iterations for the GA,

whi ch can be sepsmpiRire®¥fBlputedthodbwavdapdzean reached. If the
maxi mum nunber of iterations has been reached, the process 70 stops

at step 80, and the result can be 20 eith or further
eval uated. Ot herw se, step 76 chefke TP jé’eﬂe'fimta ess criteria have
been sati sfi ed. Fitness criteria can be; for exanple, a conputed

m ssed azi nmut h of <15_ar]g/or .a ratio of the residuals of two
anbi guous sol ut i on¥ber§ip thegamay t[a#ﬂgsoger iStBP®a are satisfied, the

process 70 stops af ste 0, otherw se,..a new ul at i is created
25 through cr ossov‘é‘i‘e,apg 0@ f?'7§°t“aﬁ%wmd§%ﬁ“bﬁ%“’s[rp@ge"?gﬁgg@a’q%’ﬁ‘
generation ceUNGRErithé dedcRibECTTRBIR th UY paae 5,950,202, Most classical mirtby-point
generation, the "best" | ndcj&vi dual, is %I I 3_vved to surt}{i V%‘ unr nut at ed,
wher eas the t op2'gomhms pseA deieppustic propedursdor appropghing the prtipum solugion,
survive, but ar guaHmedoinG raidat getsielutiex andlPecifyit asestunbisectioniiasgibin s

of these survivors w.th the 5crossover/ nut atf_lon gperators |]sted iJ‘
Table |. pre-specified transition rule, such as direct methods usihg an objective function an

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 A, between a calculated solution and

the measured solution.
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The follow ng exenplary crossover and nutation operators were used to
denonstrate the process 70: Operator Name Operator Type Probability
Descri ption Azi nut h- Crossover Crossover 0.5 Exchange
shooter/trajectory azimuth between two chronopsones M ssed- Crossover
Crossover O. e m ssed azinut h/ el evati on betwee

chr onosones ‘E?E?&Wat lon Mutation 0.3 Replace a gi ve%C?%ngSI%sﬁzgh a
probability of 0.25 per field) with a randonmly sel ected new val ue

wi thin range Increnmental -Mitation

ATrm'n =1min JZ(Tca!c = Tmeas )2
4

Intuitively, an algorithm having a small value of Aty is better.

For example, when applying the GA to disambiguate the solution for the shooter
direction and projectile trajectory, the exemplary GA uses as a chromosome an

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

[Azimuthgneoter, Elevationgyeorer] are defined by the angle (0+f), while
TAzimuthwmisses, Elevationisses) 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):
Azimuthsnooter = {0, ..., 360},
Elevationspeoter = {-10, ... , 30},
15 Azimuthmigsea = {20, ... , 20}, and
Elevationyissed = {-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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Mutation 0.4 Introduce small nmutations in all fields of a chronosone
(wmthin 52 for shooter information; wthin...5 0.5 for m ssed

I nformation Flip-Mitation Miutation 0.1 Change the solution into the
anbi guous alternate solution No-Mitation Miutation 0.2 Chronosone

remai ns i nt agio 2006@bd2es 1 10 Di sanmbi guation i s achi eveecTwsdtos030126

I mproved by performng a gradi ent search on the best solution and the
corresponding alternate solution. For both anbiguous 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 | ower
residual is selected, Otherw se, no actual sel ection S made and the
solution with the Iower residual is |abeled the "primry" sol ution,
whi | e the ot herinesemhent¢ddry ang. ke8| ed an "al ternate" sol ution.

Wth shockwave-only detection, the GA algorithm roduced a sol ution
on a 1 GHz conput & each gefiergiop. ke bFﬂu%d’Jb’g?’dﬁW@"e {ASTUBHHYS Yrpytat,

seconds on a broqadat 8RS Qo itdiitlaR] S‘s@uéé%@b?theﬁﬁ%c@i aldQurpiveBhekeshed

shots were within 150 of m ssed azimi
to create the next 100 individuals from pairs of these survivors with the

5  crossover/mutation operators listed in Table 1.

The following exemplary crossover and mutation operators were used to

demonstrate the process 70:

Operator Name Operator | Probability Description
Type
Azimuth-Crossover Crossover | 0.5 Exchange shooter/trajectory azimuth
between two chromosomes
Missed-Crossover Crossover | 0.5 Exchange missed azimuth/elevation
between two chromosomes
Field-Mutation Mutation 0.3 Replace a given field (with a probability

of 0.25 per field) with a randomly
selected new value within range

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

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

10

Disambiguation is achieved and/or improved by performing a gradient search on
the best solution and the corresponding alternate sofution. 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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and 86% of the sinulated shots were within 5 of m ssed azinuth. Using
t he 5af oredescri bed di sanbi guation algorithm close shots, i.e. shots
havi ng a m ssed azimuth of <15, were disanbi guated 95% of the tine.
The di sanbi guati on al gorithm produced correct results for nore

di st ant ShOtﬁoz&(gPB%fzost he time. The accuracy of disanbi .596351113?}125
expected to vary baSed on the sensor array geonetry an e presumed
distribution of shots, with shots having a | ow el evati on bei ng

10easi er to disanbi guate. The aforedescribed solutions for the
projectile trajectory were obtained wi thout detection of muzzle

bl ast. However, it has been found that even a weak nuzzle signal or a
nmuzzl e signal received only on a |imted nunber of channel-s can be
advant ageously used to i nprove range determ nation and

di sanbi guati on. 15Kk A SRB 4l Y f
Arrival (TOA) mdeﬁlﬁm%?%k?a?%&agggri bé(ltjlfeft# )#'g%@igg?gc}%ﬁéﬁsoﬁgx%gfaegt
6,178, 141. The Tible qepwuter puping theddniy opgatingisytien & ¢ heseeonds ena brogd ronge
the projectile b, ' Ll

| ocation. The T%gg#%ggﬁdsspggtggs@e Itl%%ﬁltédkggq #‘I sst%{e %:e‘r@rilt) ei‘f’{bgﬁﬁ%g@%‘?%m’
account cert ai n 2ph§&i ofithe simalatastshets wereavithind]® af misged azimth. Yeing detil e' s
flight path, su I: i L I 1.S: . :

t enper at ur e) ;5 t%%r%%g@ﬁ%@ﬁ@;@éﬁﬁﬁé_@%%? &%c’ghlb%?ﬁe()?% lﬁtq i génzl?senclljt h
and el evati on angheth aff<ithevere didambiguated 5% offthe time. 7Tl dissimbiguationof t he

projectile (or equi.yalen C [ . S whi ch
varies with tenﬁ&ogiﬁﬂ}%rf %ch'\@(aogrﬁéﬁur%xﬁs. QOW? %%#%gs%%e@%ﬁ% t?rn!ti)lé(;ceth,(3 it

i s possible to acawcgbédiyandagatibra expetted toivaey tatedwhitivdsehdve asdygeornetey e
and nuzzl e bl ast ach a Li.cul ar int..25in ce i cted
in the diagram 6‘?5%&65@&? 'Semtéql%ﬁgg?%érﬁ&s’sm 0ca g%ﬁ%a%& erll ve%n?%gl,g PYI
Pz) rel ati veQt o easieros digimbigfate. 0, 0), the various sensors are |ocated
at points gi (SX; Syj, $S4), and the bullet trajectory is shown as
enmanat i ng from t heThdafotedescribed sélationd far etpraectite trafectofhwerg@btaimed fitloout

the shooter to the jth.sensor, i.s t cl t .noj nt..of roach

(CPA) of the buldFErtiop st f“ﬁ‘éﬁ‘f @Fs"slé‘%‘%%"re" it‘@‘"‘ﬁ bed Totg Hhat ﬁeﬁ?W?P Rl he

path fol | owed f rsipmaltone njveilasigrdh exedvidvalysdnadioied auinbercf dianhesicahbom t he
Sensor, i s

R SO Al ACNAL T NIRRT G N
Vel oci Ly of Bhe pr EiBSmRTE SismrtEaBisdedi offrmins of atmva g UAS ad) ©

t enper at ur e- depevhdidrig deserfied th mbre sietuiih th USTueent 6l 381410 dlhe TORahodebsan be
by | ts az) mith S e et ke BpistRRREEhE aplef AlRomelalve
the x-y plane anit soisot fosatioh YR TOA nivdgliehasmpmul adlistpmdd tdkigmid 0 t he

X- | ane. The equations that clef= e shoel cwave arrival tine tj
an)é 5ni t agcount certaslnp ysxlcal cH-laractez;[chs relat?ng to\ﬁiae projectirle’s f?ight path, sucﬂas

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

25 inspace.

As depicted in the diagram of FIG. 9, the shooter is located at point P (Px, Py,
P7) relative to an origin (0, 0, 0), the various sensors are located at points § '+ (Sx,

Sy;, Sz), and the bullet trajectory is shown as emanating from the shooter in the
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vector at the Jib sensor are witten in terns of these geonetrical
gquantities. The time of arrival is equal to the tinme 1A it takes for
the projectile to travel the V distance A1l to the point were sound
is radiated toward the r sensor, plus the tine it takes the

shoci cwave tQobi@ishest Ne di stance SI fromthe radi ati orpcaqisasesiodshe
jth 1g I 15 sensor, -. co Al Isl= +LCD sin(/" 0), O wherein to

is atine reference (firing tinme) and co is the speed of sound. The
Mach angle e is also indicated in FIG 9. It can be safely assuned
that the velocity V of the projectile remains constant 20 over a

di stance corresponding to the sensor spacing, so that there is
insignificant |oss of speed between the tinmes the projectile radiates

to the different, g TR VB ronAE Shob@P@he 101sSsB1S O, 1BE QbR pbineS

i c§9§8f§-.
are known to sl ow down due to alir resistance. Th alr resistance can

be expressed byOPap‘Efo_%Eh foi‘ﬁlkﬁ{iﬂetglhd\jq‘iseﬁsoﬂi@ﬂ)ﬁﬂldfj (1B canbttle path
shape and bull et cali ber. mat hematical ballistic del derived

from physical prijRGeDEes Kbl Wiidicthe shbskwavd is Yadiatdd fiten Mk trajecibak iy e
at any general point in_space as a function of a frill set of

par anet ers descy¥ senseg ist 5 thp indprepdfithesegsorsdias basy omittedi r By Mash engle of thart
Cb), its initial velocity, and the density of the surrounding air are
known i n advancbulletis &F5ie" QAR & s, M dathe Mack eumbgnoftheprpjectile, Vis the

cal cul ation are typically .not. . known .in r i sti i h as a
battlefield. Hoxﬁ)&ég"f’?“’u“é\‘ﬁa@ Sl o & B @’?ejﬁ‘f‘?'?’%%ﬁ’%?‘#%?%ved by
an iterative prdeesdensispeed of souhdr Thedfniss-aygle betwser trapastaty argirtbenil 2660t in
10 FIG 10, whigh_takes into account.deceleratian t | '
vel ocity al ong %h(ﬁ‘? F%lf%%‘?ésr%??raﬁlﬁ%zeé%gi%%m 6"@%&@%? egt% O%Ggﬁ%%‘gilsg
wi th the foll owifidg thesusipin thes-y ptane sddjydedleodtionangle memiredivpetarkidiom
out side tenperature/ air pressure 4 S = nani.nal .drag .
coefficient 8ve lﬁ’d‘éﬂplmrﬁ’ﬁﬁﬂ?aﬁ Wéﬁ%ﬁeﬁ??beo%gc%“e aifiVal e t;and tni
vector at the j sensor are written in terms of these geometrical quantities.

4

The time of arrival is equal to the time 1 it takes for the projectile to travel the

distance |2 [ to the point were sound is radiated toward the j™ sensor, plus the time

it takes the shockwave to travel the distance [§| from the radiation point to the j™

15 sensor, lﬁ_l
Co

A
¢ =t +u+|'—s‘|-.—_t° +|P~Isin(ﬂ+9),
V ¢, o

wherein t; is a time reference (firing time) and ¢, is the speed of sound. The

Mach angle 6 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 siow down due to air resistance. The
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Vo = initial velocity of the projectile, when fired, averaged over
antici pated 15 weapons Ma = Vok = initial Mach nunber of projectile
A first estimate of the shooter distance Do is corrputed in step 204
using the nmeasured tinme-difference-of-arrival (TDOA) r,b, and an

arrival angle amp Rl en shock and nuzzl e sound at the sensor arra
and by assuﬁWﬂd Ei itial, constant 20 speed Vo and Ve HratRiet
according to the equation r Co Dn " cos(a) Wth these

assunptions, the projectile's speed at a distance a fromthe shooter
position P can be conputed in step 206 fromthe equation a )2 M
Chlrio-j so that the tinme the projectile travels the distance a
along the trajectory becones, step 208, = a 1170- VC The angle e is
related to the Mach nunber M by the equation 5sin(0) wherein the

Mach number M air§esis%§é Ghlb¥ e Essédqyy'\étﬁraglcioeﬁ@igﬁll(ﬁ vhﬁch']ﬁﬁﬁﬁs bhak bﬁlré?
I nst ant aneous bul l et vel oci ty Is sét to the speed sound (1.e., Ma
= 1) if the shape and bullet caliber. A mathematical balllSthS model denved from p ysncal

principles can predict the arrival time of a shockwave at any general point in space
as a function of a full set of parameters describing the projectile (e.g., by its drag
5 coefficient Cy), its initial velocity, and the density of the surrounding air are known

in advance.

The parameters required for an exact calculation are typically not known in a
realistic setting, such as a battlefield. However, range estimation can be significant
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:

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

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

15 weapons
Mg = V/c = initial Mach number of projectile

A first estimate of the shooter distance Dy is computed in step 204 using the
measured time-difference-of-arrival (TDOA) 7,5 and an arrival angle o between
shock and muzzle sound at the sensor array and by assuming an initial, constant

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

rm ICD

Do = 1- cos(a)

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

position P can be computed in step 206 from the equation

=1

=)
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conputed bullet velocity becones | ess than the speed of sound. The
revised distance a = Pi! in step 210 then becones 10a = DO cos03) 11
tan) ). Inmo 2 The angles a, 5,*and O are related by the equation
(a + + 0) = 90. The process 200 then | oops back to step 206 by
inserting thgoGaeRstzed val ue for the distance a in the geuahososmiicor
M and T. above, yielding an updated Mach nunber M n and an updated
bullet travel tine T,, respectively, for the traveled distance a. 15
The neasured TDOA rim and the conputed updated values for T. and a
are then used to successively update the value D for the shooter
range: D=co (r",, +21,,)+s This process is repeated until

ei ther a maxi mnum nunber of iterations has been reached or the range
val ues D converge, as determned in step 212. 20The process 200 al so
checks in step 2144, inht thd¥@mé M pffstileangds Matisands anlonglthd wajectdre

di stance between the shooter and the sensor array is a "reasonabl e”
val ue, in whi ctbeeqmss %90 ﬁfocess 200 term nates at step 216. For
exanple, the value for D can be considered valid if the distance a

travel ed by the prajectil@ and the distance sinQ s - a" between the
sensor and the poinf whene\ﬁﬁe sound wave is radiated sin(a) fromthe
projectile to the sendar alid nunber values, i.e., not a NAN. A

NAN i s 5a special floating point val ue representing the result of a

purer 66 00121 LG SAMEA L SLUA AptELA AR U o

calculation. In addition, a and(3 should both be |ess than a
predet er mi neds t hr eshdy= ue, indicating that the projectile was
indeed fired toward the @énsor array. 10As nentioned above, the
nunber pair ins, a) is initially used to conpute the

wherein the Mach number M, is initially set to Mg. It should be noted that the

instantaneous bullet velocity is set to the speed of sound (i.e., M, = 1} if the

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

distance a = lﬁ' in step 210 then becomes

__tan(g)
10 a =D, -cos(f)- (1 \/M—-_l—]

The angles ¢, 8,'and © are related by the equation (a+ # + ©) = 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 T, and the computed updated values for T, and a are then

used to successively update the value D for the shooter range:
D=c, ~(rm +1:,)+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 = !ﬁi for

the distance hetween the shooter and the sensor array is a ‘‘reasonable” value, in
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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 (Tins, a), then the solution is discarded. 15Even if an

exact sol ution t be obtainable, it is a goal to f}

forthe shoot‘gmﬁﬁ%ﬁ&D and the m ssed azinuth and el evaﬂt("ir}g#@%{gq%izg
(which are related to /3) that nost closely match a neasured 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
measured. The shooter azinmuth and shooter elevation, 20 but not the
shooter range, can be determ ned fromthe shock-only TDOA's using the

known sensor array coordinates (Sxj,S). It will be assuned that the
TDOA rat, betweghich bRe dripatd06 tenninuays sepdl . [For Bruzmple tRaune fof @can

e R ARG HCRE T A

process 200 does notjp Yurn a 25 valid result, then the process 200
attenpts to conpetie SrisETthe pRRY Endihe pwt)\kh%thaﬁpl@wamlﬁ Ediatsd
genetic al gorithm ( 300. GA's mmc natural evolutionary

principles and gankhe préjedite fotheseof fre filHl mMpibeitalias, I:@pnamMQUAmNﬁ
GA begi ns |t§ search th a . random set of soluti t ead, of ﬂx

one sol ution® ChiRgcial fogtingppint Yalie represgying the Lgs5ple W%ﬁer’@a@dv

i s eval uated i neanh& rét@ﬂiita%hdﬂﬁmﬁeh@alﬂ@ﬂﬂdhs’l@ﬁ&al@ﬁ.@@ﬁamv&ﬁ 619 Bom and
a fitness (relative nerjt) is gned to.each sol Utﬁqo In one

enbodi nent , theP”PP"cgﬁ%h’i?Hﬁh ab"é‘ PR ST AfdtoT, ¢ 2Rdyé showid hothisdesa thap Ance

bet veen a cal Cupaldmtfl wiisad 9nge o iBcaTREGM RErBioLII b indde i8R0
by N E(r'hock.e.k Tal hock "nu )2 (r,n irnui tide) +ab52 113
. Meal 14 M the sensor array.

10 As mentioned above, the number pair (T, ) 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 retum a
consistent geometry supporting the number pair (7ms, &), then the solution is

discarded.

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

20 but not the shooter range, can be determined from the shock-only TDOA’s using the
known sensor array coordinates (S, Sy;, S). It will be assumed that the TDOA 7,5
between the detected shockwave and the muzzle sound can also be measured,

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

If it is determined in step 214 that the iterative process 200 does not retumn a
25  valid resuit, 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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Intuitively, an algorithm producing a snaller value of At",o0, is
better. A schematic flow diagram of the GA process 300 is shown
in FIG 11. The process 300 uses the tine-difference-of-arrival
(TDOA) rras and the arrival angle a neasured previously for process
200, step 3QggddRue¥@MP! ary nunber of 3-tupes 10 havi ngdrfig068b3seR
(RANGE, MA, ME) is defined as an initial popul ation, step 304,
wherein RANGE is the shooter range D= 1./31 shown in FIG 9, MAis
the m ssed azinmuth, and ME is the m ssed el evation. The MA and ME
val ues indicate by how nmuch the bullet m ssed the target in azinmuth
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 meani ngful and
reasonabl e r angepdationalf selstionRisngentidnesciets evalgaion thezomeyt of themanljnear
Azi mut hm ssed = (-2 ' ] ok, In - -
720} [degree Swrégmu%hlﬂg%@bl&g%a%ﬁgss (AR BVl LR 56 SebhTolutid) In
one embodiment, the fitness can be represented by the Euclidean distance betweena

calculated solution and the measured solution, for example, by

N

. . Y3
J
Z(Tf'mk.u:c _Tsr-ock.mm) (g
fu) ms,clc
5 AT =4 +abs| Y. | P

N P

Intuitively, an algorithm producing a smaller value of Atnin 15 better.

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

wherein RANGE is the shooter range D = lﬁl 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:
Rangestooter = {1000, ..., 3000} [meter],
Azimuthyigsea = {-20, ... , 20} [degrees], and
Elevationmissed = {-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 (Ps, 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), 1.€. the position
25  from where the shock sound is radiated, is computed with the MA and ME values
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20The conputation follows a simlar process as outlined above for the
shockwave- only solution. Initially, for generation Gen = 0, step
306, the shooter position vector P (P', Py, POis conputed for each
3-tupel with the previously determ ned shooter azinmth and el evati on,
and an assu SeNgEasf Or the particular 3-tupel. '

initial Nachr{gﬁan‘ger I\%, the vector A (Az, Ay, Az), i.éﬁ?ﬁ’gﬂgggéiaﬁﬁon
25 from where the shock sound is radiated, is conputed with the MA
and ME values for each 3-tupel, step 308. The distances ..,-13

bet ween the shooter and each sensor j that detects a shocicwave are
al so conmputed. For each 3-tupel, the angle fl is conputed fromthe
equation 2. (./5 - ~cosi -wherein the synbol "9" indicates the scalar
product between 141P -SI 5 the two vectors. 'Updated values for the
di stance a, t he fdarreahed-tupelnmep3@80Thd distancey Het § | eF detveet the shhotdr antecla,
and the Mach nunber Ma are conputed by inserting the conputed val ue
for fi and the isenseniahat getepissa shpekwass gealse epmpyted= VD and a into the
above equations for MA, T. a, and D, step 312. This process is
iterated several tFeeachbiupdatbnansie 4 iseomputedfegmsthe papatienampl e 3 ti mes,
as determned in step;3k2, swhereafter 10 the residual M.., defined
above, which i nebsifles—HheHwhkreingthasyabol ‘o3 imiivates the dedla prodaciibetween
3-tupel, step 314. A-P—-§is checked in step 316 if a maxi num nunber
of iterations for the GA for exanple 25 iterations, have been
reached. |f fhe thedwp wemaranudpdated yplups for the figarcemathe ravehtime deplsle t hen

t he process 3005k , j = %,g@lu ;
15s mgl | est resi 813}:25381%&@?&?%“&%3%@? hagag%olﬂgge%sm@%%%%é%t e gﬁ‘ﬁgvﬂ\}sEﬂﬁg
popul ati on t hr otigcompeiedyealunfer 8 anddhainitially Fmnegdenrbies fonM. sthépand pgnto dhed
t he generation 1S d r giren , .2 .
gene?at ion, t hegﬁ)%g%@’(mk%&%’ Ir\}Ilﬁ?]uéil ’ %@q%i:g?ég\?ve{% %‘hg;pgg%eg%\%géﬂutﬁﬁu%{a}a%‘?es
wher eas t he t op for@achiofthies-wpels, Sor esangleid jmes, by/detdmmined in stapedid 8, whek fer

survive, butear g Ysed 20 t Q. GLa & e HENENhael AR i ViaHlAL Sor b00B 5o
“‘WF% ?% 9rruanltl é i'St ed

pairs of these sSurvivors e, Crossover I"on gpetator
in Tabl e 2 bel owach 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 Taximum 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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The foll ow ng exenplary crossover and nutation operators Were used tB
WO 2006/ 096208PCT/ US2005/ 030126

denonstrate the process 300:

Operator Nanme Operator Type Probability Description Mssed Azi nuth-
Crossover Crossover 0.5 Exchange m ssed azi muth between two

chronosones WosRfnse evati on Crossover Crossover 0.5 ExgPageesosiigsed

el evati on between two chronpsomes M ssed-

10

i3

range Crossover Crossover

Operator Name | Operator { Probability Description
' Type

Missed Azimuth- Crossover | 0.5 Exchange missed azimuth between two

Crassover chromosomes

Missed- elevation Crossover | 0.5 Exchange missed elevation between

Crossover two chromasomes

Missed- range Crossover | 0.5 Exchange range between two

Crossover chromosomes

Field-Mutation Mutation 0.3 Replace a given field (with a probability
of 0.25 per field) with a randomly
selected new value within range

Incremental-Mutation | Mutation {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 5 times in

parallel with different sets of initial 3-tupels, and the solution with the smallest

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

clevation 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 §

or more shockwave chamnels, 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

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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0.5 Exchange range between two chronosones Field-Mitation Miutation
0.3 Replace a given field (wwth a probability of 0.25 per field) with
a randonly sel ected new value within range Increnental -Mitation
Mutation 0.4 Introduce snall perturbations in all fields of a

chronosonme (Y LAl nmeter for shooter range; within O. l.ssed
azimuth and e g@ﬁ’?ﬁ%‘ﬁ) Table 2 The GA process 300 is eﬁl&{sg@s’%ﬂﬁ an

initial population of 200 different 3- tupels, with a refill rate of
50, for a total of 25 generations. The GAis run 5 tinmes in 5parall el
with different sets of initial 3-tupels, and the solution with the
smal l est residual is selected as the final solution for the RANGE,
m ssed azi nut h, aidfthermesaiabladt sigadls wadadctadive 4oh potasensontliaahels Hep s

I cated a

conput ati on of wector.5 Recent, exper i ment a l.aks. in
oo onas of onafiEdeiogs shosk- RSP MaGHREL LR b by 684ihe
usi ng at | east theishoomzintation, regradless bithemimben ofulidek chammetso Ifhd Muznle bhmst e
shoci cwave channel s, jch,is.a si i ficant i ovenent, over .
Shoct cnaveont o SR areieriba i teRor A B byt SRl B e s St n 5
consi derati @gn tdienodkedhotinvagé tianned, theh theprloddneitioned G cambeiubsal wigiah due
to air resistance.fend to qverestinpte range. For certai eon; i es
B U 11 ol ont 1 GOAeasH e @ retgiAL g ROk S T B MePels 2t bisus
The are “‘mixed” into the optimization function to disambiguate the shockwave-only
solution and/or refine the estimation of the shooter range. However, if fewer than 3
muzzle channels AND fewer than 5 shockwave channels are detected, then an alert

10  can be activated without attempting to Jocalize 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

i i 2 f 2
AT'min = \, Z (Afmuu!e.mfc - Arr'nm!z.mm') + Z (A ri\o:t.cql‘c - Ar:i"#ock.mm:) ’
i J
wherein the first term for the muzzle blast is summed over the reduced number
of sensors (<4) that detect the muzzle blast, and j is summed over the sensors

detecting the shockwave (typically all sensors).

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

provides important information about the shooter azimuth and hence the projectile’s

29



15 af oredescri bed process renoves this bias fromrange estimation for
| ong-range shot detections. As descri bed above, anbi guous
shock-wave only solutions can frequently be di sanbi guated by
conparing the residuals fromtw different trajectories and sel ecting

the traj ect okpo Wbdiddedodie smal | er residual. I f the nyéf,hgmgg,@ﬁt%
signals are detected on 4 or nore sensor channels, then the

af oredescri bed shock-nuzzle al gorithnms can be used t o unanbi guously
determ ne the shooter |ocation, regardl ess of the nunber of shock
channels. If the nmuzzle blast signals are detected in fewer than 4
sensors, but shockwave signals are detected in 5 5 or nore shoci cwave
channel s, then the aforenenti oned GA can be used with a nodified cost
function or residual, whereby whatever nuzzle signals are avail able
are "m xed" i nttejecloey dpbmparedito axhodkwaed-ordysdwtiod; spahmnyu:amguwhﬁajectoty

ange. " Hoaever sofon hedh mefkceay wib sPEo iEeRIr IR tag e fis S

shockwave Chanrwdaﬁibigﬁau@ehmhmdns.then an alert 10 can be activat ed
wi thout attenpting to | ocalize the shooter. The nuzzle signal may not
be reliably detectgehoanatddakt samarﬂheﬁlsmumm asignifﬁtmtmimﬁscoﬁ on | evel
on one or m)re channelsg1 I.S too to det

o e mizore: cbros Sordeveruy Sids G5 RS bonbialed i QT 3¢ Bog toqte

t he 15system t Qig@késSvhick atsiléss desiratle than a ghaliengunbbies of inatnbizudis(¥t less
estimates. 3. Echopes fromthe shockwave can be stronger than the
mizzl e bl ast amicS88°lfSye earlier than the nmuzzle bl ast causi ng

the systemto fal det e k a zzl e
bl ast ~ si gnal onl y?"ti@gé‘éef‘é P&FF“E%@“&%&‘?TE’P?% qefestipns &p a‘u%‘i‘l" Ky {J}jn s 20
situation kCﬁm Eﬁtlﬂﬁfﬁmﬁea@mg&éoﬁﬁhﬂﬂi&g}aﬁﬁd @gb:fmh e ]im‘tﬁﬂa ﬁsast-lsl:'gnatlmeml; ?

Arj &Um akShock. neas erein the fir 0 zz ast
i s sunmed o\fer 1O sisaglandde Wmﬁfes@@%@gﬁ ﬁ’ ’E"H%é ‘geé“tng

nuzzl e bl ast, &afagméd :b%em@kr@mre sighals &efsaa Sndeﬁfﬁﬁtamgmbae)fsensor
shoci cwave (typ| cally all sensors). 25As de straéed by. t he_exanpl es

descri bed abovevith y&iciss sss-qomglafionhelyyeap ths channgls,and i fharé is g sufficient
i nformation abqybnd preRRePb@WedzhdMidledRHaliad &R chR@psicigaa bh éa

gach 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:

ns 70)= if(mb{lj)

nalt f=

wherein the square of mb[, ; represents a measure of energy, e.g., energy of the
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trajectory as conpared to a shoci cwave-only solution, so that the
conputed trajectory solution aligns nore closely with one of the
anbi guous solutions, i.e., thus disanbiguating the solutions. Wthout
at |east some reliable nuzzle signals, a significant nunmber of 5

anbi guous Shﬁ@“z\i\ﬁ)ﬁ?@&m y solutions may be generated in p@ézﬁo‘gb%%at

| ong shooter distances, which are | ess desirable than a

nti nber of unanbi guous, but |ess precise solutions. In the event of
potentially unreliable nmuzzle detection, an attenpt can stil
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 nuzzle detection wll be deened to be reliable if nmuzzle
signals are found on a sufficient nunber of sensor with sufficient
cross- corr el at noezibblastoeerstried by than ednsor. (g)inditatesthe detéctiomchannel, with i

sufficiently stro correlati b nth zz]l e, sl gnal h
correspondi ng p%m%%%%%%girangﬁrﬂ?:rﬁagtr?\ré]%%mt%? E%we ebsboczlfw ﬁurﬁaesrd%%?' ﬂ%lanﬁs to
account for fi tHebegintihaySthe winldoywad jteprsentta tinesiateriahmeatunzad from3hautal S
t hat show i nsufgt'bci ent correlation are erased, and the follow ng

' coarse muzzl et E¥RPEn 1 ogic is invoked: - Look for peaks in

t he shock epergy fol.low.ng a shock. Flag, these peaks.as_|ikely, 'shock
echoes- .t har ey LAFH e Parliiele e S b Ge B R mois e

maxi mum ti me i maveshdoftfadotion fig(imivchededmvietetint ifaveensrryiphsk &2 hasensor
array and define a "w ndow' haying the correspon in%idurﬁgi ii.on. ﬁearch
for muzzle enePBY™HELR EFAGT AT IR S5 05 Re BITIRW Py 2B EN FEPAMITa Y
al | detector ﬁhﬁd&iﬁie&as‘egihb@mb ailgnatl hﬁhd@tﬁﬂ&t’ @cbldaﬁﬁ_e&wam_ :cmzmld 'e&pliidﬁnﬁandk
sections in the detecied signa [ ave .been identif.ied as shoc
cohoes. I nt egr SO CHETLR BT O HLCHARHE R FomEele Desiend B K mimm
of : NW2 25AQ- &&éidMed lzzROrpGAherein the square of Sr., represents a
nmeasure of energy, e.g., energy of the WO

2006/ 096208PCT/ USP{@fatctr3® invi@zle 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 1f 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 approximaiely 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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detection channel, with i denoting a discrete tinme interval between
the tinme the shoci cwave was detected and the begi nning of the w ndow,
and j represents a tine interval nmeasured fromthe start of the

w ndow. 5To &¢smbdisiat € agai nst noi se, the peak ener gyéjc'?‘nkibﬁsfh%ﬂ ow
produci ng the maxi num of function final) is checked to determ ne

the energy peak at that maxinmumis greater than the energy across the
wi ndow by a given ratio factor. If this is the case, then the signa
in the window is identified as a nuzzle detection, and
cross-correlation is perfornmed 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

di sanbi guat e t héetstimbvawfors isngweisiderd adewkwiarseahdaioshenter solutipmis
summary, the des&riggp system can accurately, quickly and often
unanbi guousl y pPoVW)e'shooter direction and bullet trajectory based

on shoci cwave- 15 . o b i s i pr oved
and shoot er range gﬁggggqéégﬁﬁa eé&?ﬂggégﬁ%%&%§%%8ﬁ3§g@gﬁﬁﬂgs
waveformis al sembetimeiteshowhraad dgssriteedin detaikevadonymbgificaimenaidt i ve to

fal se shooter, indicatio in respons o _vehi,cl e. vi brat.i on. and. noj se,
nor wind noi Se, “FP‘%%’?"‘&ES&E?IEO%P&%@% ?Ehgﬁ\t(;oo‘ﬂ&hr?a{el a'%flge(??'irh?)ens A
fromthe systemscop®bf the invahtibnb Bymeyicl eneglef dithbudhithe dlysitatine elebodinndntsg

t he shockwave signals perforns t test on.the.initial wavefor for
oter i ning &1 AGCEEIRE HVUIE 4R Sk o DI GobS: S ERiam, Bt
First, the Im%'as g%se.dhistéﬁtg,|ot}fgﬁ@bﬂ.3’ofipfbss’ilrd‘-§eﬁﬂum' hhﬁmoﬂaﬂémnslensors may’
approximately 7 Hz and 1 Hz i s compar it n irica

b eonol d val uebe ey Merech s Besabesitsman pahtsd a2 Sy Behns ermorsace
signal formige ¢RAJLARMRExAfpIEDGHIY, ihdWihdr WEllRsInSNRGKIMAYEdepaRERH W tNe -
the tine span of the detected initial positive, pressure peak nust be
greater than appftedicordiams e field. Aqeordingly thespint anhicaRs pfdbarrssentoo gs.
These criteria RheMiciSs ioBEUMite offly by DR feleWigaIdimem | npul si ve noi se,
such as firecrackers and non-threatening gunfire. If these tests are
not passed, the WD 2006/ 096208ECT/ US2005/ 030126 detected waveformis
not consi dered a shockwave, and no shooter solution is attenpted.
Whil e the invention has been disclosed in connection with the
preferred enbodi nents shown and described in detail, various

nodi fications and 5 i nprovenents thereon nmay be nade thereto w thout
departing fromthe spirit and scope of the invention. By way of
exanpl e, although the illustrative enbodi nents are depicted as having
acoustic sensors, such as m crophones, this need not be the case.

| nstead, other types of pressure-sensitive nechanical or electrical
sensors may be used. Mreover, the values given in Tables 1 and 2 for
the various operators are 10 intended to be exanples only, and other
val ues may be sel ected dependi ng on the actual conditions in the
field. Accordingly, the spirit and scope of the present invention is
to be limted only by the follow ng cl ai ns.
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VWhat is claimed is: 1. A nethod for determ ning an unanbi guous
projectile trajectory using an array of spaced acoustic sensors when
a shoci cwave associated with a projectile is detected by at |east
five of the sensors but a nuzzle blast associated with the projectile
i s det ect &thaby ckawadiisit han four of the sensors, conprising: obtaining
four or nore shock-wave TDOA neasurenents fromthe sensors detecting
t he shock-wave, wherein the shoci cwave TDOA neasurenents are

i nsuf ficiént té nampluibedddmininganbhguogwupprojectde irhiectery aping ey of

obt ai ni N9 g Jabdflco sH@ ng(ﬂg Fften tﬁék@rapé A Jé&%hfﬁ%? thﬁm 'aééctédr bamt Ieg§
sensors detecting the nuzzle blast; and 1 terative y conputin

sol ut i onsfiveofahdrghdorssiui & mupadiehlast sisoaptedreitisthe plojoatle & dERAR hefeswr baent s
and the . 3 ' n '

oroj ect i | 5 v Ciehih, SRS RE R P forp BBt 1ROAAERLEHENS |
muzzl e bl e DO orssgRUingtgrtheckaaee, obit@intbashbelomve BEOdensourements are
det ecti ng: . - : : | ai , in.the
unanbi gu oﬁléﬁg?g;}%%%oﬁp@etq kﬁ%?ng Iélg Ig?gﬂﬁsﬁ%g%g%ﬂ egg)r)f’i S ?"Jﬁ‘mfélng f%%@n gl{alﬁ tt:ﬂ}ee

al gor i t hnmuzzle blash DMt therdurghentd faomi® sensbis detesting drefrorzaie hipst el geneti c
algorith ' i . e f 1 OnNs with an
it ol piaa i SEpy BB EERIE L TREL 12 R EhE NG

i ndi vi duainsgsursinente el tbawhzzlaidast TROA measypereserto ebitatnytheaundmbigpals whi ch

i ncl udes ért}%?thg[raj@&. th, shooter elevation, mssed azinuth and

m ssed el I on " The nmethod of claim4, wherein residuals are
conputed for the individuals in each generation, said residuals

i ncludi ngya | east - i i i i e TDOA
measur s ad PRy byflieodh GRERWARRLEN G HHBASIRELEIRE O
of cl ai m &taindidrom the sdnsers daediog dif ntuhde Blestut i on havi ng the snal | est
residual and its anbiguous alternate solution is greater than a
predefined val ue, designating the solution having the snall est

conput ed }.esi diiz metkod diglaim2/diegriroths upmdijigions prejettilafraetay ys.computed he
met hod of_ ¢ ai ) jn performng the genetic al gorithm conprises
appl yi ng %Sﬁlggs%]\}egfrc agég{hﬁim ation operators to the initial popul ation
in a generation. 8. The method of claim7, wherein applying the

crossover, oper i p@p%g af . . ] j rut h
--and--#-sse%l el e@%ﬁfl %%&E(g? %B%Z%f%\(/é\o I gl% %lg%gﬂegg’?eﬁlg%gﬁrﬁtg&ﬁopgﬁ%g F%%Fﬁ a
gener at i opredefiged Mumdeneftghodativhs witlhamnizial moipelkdemthatppluwdengpredetermimed sover
operat or jngl . ' | ea of ' d

Fal oot oriiist SR AARERALAR Bl infflha MR Mo AT B SELTHRELT
gener at i ofhooterla@imufinshonter lalyeation, missed priFptheing madsed ¢lévationst at i on oper at or
conprises field-nmutation, increnental nutation, flip-nutation and no
mutation. 11. The nethod of claim 10, wherein the field-mnutation
oper at or ¥.epl abiesnathodaif gleinod, whersindresidypéd argantputed famicrandiyidsad$ eched

val ue. - . i rei | ation
oper at or 1%?6%6 %-tjgoglégag& ltsé%gﬁ%flﬁ%{‘cgﬂg olr%]g)sl’t'ﬁwgﬁfﬁfo ?aé{:%lgmll(l)@&ﬁ ﬁgﬁ‘g%ht%hpe E 13.
The net hoDOA nehairgmen, andthemeizee blagt THQpmeasueeicnn. oper at or changes

the solution in a generation to its anbi guous alternate solution in

t he generation. 14. The nmethod of claim 10, wherein the no-nutation
oper at or 4.eavebretinghddrd ckind§iatbsreimil a ragjie 0€ tha solowonihawhg the edallesti®sidubhe

t hod of cl.aim. j, O i j J: {
o oS, Lo BEEI i SR PRI

resr dual
for the TDDNombasngtheammilsst obrnmitetadsiduabrn thherambigsorsrgatibdtgjaagnt. he
shockwave and fromthe sensors detecting the nuzzle blast. 16. The
nmet hod of claim 15, wherein the residual is a function of the
di f f erencks bellweemhadhé clomi ¢ hateetpeaiothing tis geretc AP@RhmeaspriesgpiyEng

crossover and mutation operators to the initial population in a generation.
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8. The method of claim 7, 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.

9. The method of claim 7, wherein applying the crossover operator includes exchanging
at least one of shooter azimuth and trajectory azimuth between two individuals from the
population in a generation.

10. The method of claim 7, wherein the mutation operator comprises field-mutation,
incremental mutation, flip-mutation and no mutation.

11. The method of claim 10, wherein the field-mutation operator replaces a value of the
4-tupel with a randomly selected value.

12. The method of claim 10, wherein the incremental mutation operator induces a small
mutation in all fields of the 4-tupel.

13. The method of claim 10, wherein the flip-mutation operator changes the solution in a
generation to its ambiguous alternate solution in the generation.

14. The method of claim 10, wherein the no-mutation operator leaves the individuals in a
generation unaltered.

15. The method of claim 1, wherein iteratively computing solutions to a ballistic model is
based at least in part on a value of a residual for the TDOA measurements obtained from the

sensors detecting the shockwave and from the sensors detecting the muzzle blast.

16. The method of claim 15, wherein the residual is a function of the differences between
the calculated and measured TDOA measurements.
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