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 in limted circunstances to require the patent owner to
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general directi@moand 15 trajectory of supersonic projectiles, such
as bullets and artillery shells by neasuring paraneters associ at ed
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- can—be rel ati vehdeat Sig@ldin response to the shockwave which are related to the azimuth and
20  elevation angle to the origin of the shockwave. Shock-wave-only measurements are

unable to determine the distance between the sensor(s) and the origin of the shockwave,
Distance information is typically obtained from the mugzzle flash or muzzle blast.

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

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

30 Conventional systems employ microphones, which can be relatively closely



spaced (e.g., 1 neter apart) or widely dispersed (e.g., nounted on a
vehicle or carried by soldiers on a battlefield), and neasure nmuzzle
and shockwave pressure omi-directionally at their respective

| ocations. However, unless the sensors are relatively w del
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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



5l east an initial portion of the shockwave-only signals at five or
nore spaced acoustic sensors formng an antenna, estimating a timng
error distribution for the acoustic sensors, determning fromthe
nmeasured initial portion of the shockwave-only signals
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resolution that is greater than the estimated timng error
distribution, and selecting the 10 di sanbi guated projectile
trajectory based a defined confidence | evel for disanbiguation and on
a value of a residual for the TDOA of the acoustic sensors. According
to anot her aspect of the invention, a nethod for disanbiguating a
projectile trajectory from shockwave-only signals includes the steps
of neasuring at least an initial portion of the shockwave-aonly
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shooter range is considered invalid if a

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

bullet trajectory is iteratively computed to obtain an updated shooter rahge. 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 oWORbME/AOA8AN t h a predet erm ned nunber of i ndRGAVERIBASH30E26N
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
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intime and the
25  solution having the smallest residual is selected as the updated shooter range. The

solution can be refined by performing for each 3-tupel in a generation a
predetermined number of iterations to compute a revised shooter range, wherein the
residuals for the individuals in each generation are computed with the revised

shooter range.



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
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than a predeterm ned threshol d val ue over a predeterm ned frequency
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
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20  ofat least 2, then the solution having the smallest computed residual is designated as

the disambiguated projectile trajectory.

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

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

measured total energy is associated with the muzzle signal.

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



Further features and advantages of the present invention will be
apparent fromthe follow ng description of preferred enbodi nents and
fromthe clains. 5 Brief Description of the Draw ngs These and

ot her features and advantages of the invention will be "E)

under st ood BYOENEOWHB| owi ng i1 lustrative description vviPt@Eh]?ze gé%%ge
to the appended drawi ngs, in which elenments are |abeled with |ike

ref erence designations and which nay 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 onm -directional acoustic sensors; FIG 3 shows
schematically the anmbiguity inherent in shockwave-only 15trajectory
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of Certain Illustr ment s .
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 to the

muzzle signal.

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

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

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

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

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

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



As descri bed above in summary, the invention provides, in various
enbodi nents, nethods and systens for shooter range estimation and

di sanbi guation 5 of projectile trajectories. These systens and net hod
are particularly useful and advantageous, when an insufficient nunber
of par anet er0 p0g6(eMs208d for an accurate sol ution are dePEEUEWIHIFhen
such paraneters cannot be detected reliably. Supersonic projectile
trajectories are estimted 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
measur enent volune is considered snmall if the sensor spacing is 2
neters or less. Once the projectile's trajectory is identified, the

| ocati on of t he sedondlatoh forghatmensor that stops thé etart civstenfor thabseosoraTnTPOAe

ation of i he setn sops (e | _
the arrivai 11 e pRAESREARRR e, b iF ARLENA: TR0 OD

is not 15al ways de -

solution is essent ?‘gﬁﬁ?%%ﬁ{fg?@r%%Q%P?%Q?ﬁg&#%%fltgg‘fegﬁw\@% aﬁé%ée{lrt #?lﬁg
now to FIG 1, thedolidvwingdeseriptionof preferredemimdiiedsradifrom tieelzms.expandi ng
coni cal surface having its axis coincident with the bullet

trajectory. TFhe BsghPésarntionofitherawings al so referred to as the Mach
cone. To obtain the shockwave- 20 only solution, three properties,
the arrival angl e, Thaseandzdiien featyres@and pges oftheliny¢ndion wall beahorgfallyi ent
of the radius o A, he: FNQ- CON| be
et ermi nod 1 om oY BlonEREAOE A BN orblcr B B Ruded
sensors. Théraptingsyin whishglements atetiabeted with dike wlarénac desigpationa bind whitiat
first reaches t ﬂ@ﬁb%%‘?caiiet erm nes two possible relative angl es
(often call ed ' anbi guous” angles) of the 25 bullet trajectory

| ative toph v al | . The. ' ari : _3
Wil be desclibed 15 of e o Fueds aSRF i ral dfe o LR BRm 400k AE

radi us of curvature of ™ agerewwl surface at the antenna determni nes
both di stance and direction to the trajectory. The gradient of the
radi us of curvat urBGal oskpwstsehayatiprllyfan exempiany fensos aganwitia? omni-directional
determ nes which directignqthe hullet is noving, thereby renoving
the 'anbiguity' between the two pbssible directions. Deternining

t hese-t hree shoci cilfve phrovsechematically theraaibighity mheterd dn shockwapedalyi de

bet ween the two possi bl ?raj'eagﬁgidg#%ﬁéﬁow aj ectory angles requires very
preci se nmeasurenents. For exanpl e, randomerrors should be no greater

t han appr oxi mat el Y BS ot i : .

alternative shoot g a:"éts pgltl:ot Sg‘%%f“gg“ﬂ%%%de‘ﬂ *Fgg‘ﬁwg’gﬁ%‘%@ﬁf?%%@e 3%%“‘%

estimat ed by consi deri njneasyeensnis ferglateimining Hercanttare of thedMarh coine

shockwave depicted in FIG |. Referring now also to FIG 2, an

ant enna 20 i ncl udddGN sehesvsschefniapicaly tiglpebebilitef errecthedisdndiguating al

times of an advanci ng cgpi.cal Si nce incom ng bull et
BEbF sp3MaG I,

trajectories can essenti ected to ori ginate from

anywhere, thg ant gifag eglﬁ,ﬁgggﬁ%ﬁgé@a%%gngg%()%%@g?&ysl y be

uniformy distributed at |oca d spheri cal
surface, w th one ggepept, s FY okt : , Cyo,
Czo), so that a uni form_sé’gn(gfgrs_apertlﬁgre 1%:2@%%%221%{%%%?%@%%(1%,[ of

the arrival angle. The fisimbigustesbpivecnghootenrajestories; sensor, desi gnat ed

as the reference sensor, detects the advancing
IG. 8 is a process flow for discriminating against non-shockwave signals;

FIG.9 isaschematic 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



15 conical surface is denoted as to. The other sensors detect the
advanci ng coni cal surface at subsequent tinmes denoted as ti. The
sound propagation distances in the direction of the advanci ng conical
surface are obtained by multiplying each of the tinme differences by
the | ocal sp®EPOWOLnd c, i.e., di=-- c.(ti -to). If ?%F@“‘&fo@lﬁo
measurenent errors, then the conical surface passi ng t hough the

ref erence sensor is 20 al so determi ned by the other (N-1) sensors,

wi th the three-dinensional coordinates of the N points ideally
determning all parameters of the shocicwave cone. However, as

menti oned above, errors in the arrival tinme neasurenents and sensor
coordinates can result in erroneous paraneters for the shockwave cone
and hence al so of the pro ecttl 'S trajectory. In the follow ng, the
time-difference of arri \7§+ ﬁgﬁi}’gtl’ons 25 needed to make correct

deci si ons about the , ) SlY angles wll be
descri bed. The 3 eatures to

ensure that it wll ake non n as
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500. If this is the case, the process 800 continues with step 806 and

checks if thEt e always detpeiehle, 5o HaEEgeUraGSHOplsTAVE-SRlY SPIYtIQTHE eysentiel ¥F gnal
val ue, making SUqghiigd ﬂtet}ga dofsi ent to this peak value is not
preceded by another si aV| ng a significant magnitude, for

exanpl e, 1/16 of tr?eefe@eraamosw tgAG. b Srewghockwaverspifaceiisconpiderediode an he
process 800 cont
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Conversely, if omeafiredfitke conical surface at the antcnna determmes both dlstance 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



30 6 decision steps is answered in the negative, the detected signal
does not originate froma shockwave, step 818. Referring back to
FIG 1, the projectile trajectory is assuned to coincide with the x
axis. The Mach angle is given by, 0 = arcsin(l/M, where Mis the
Mach nunber Wef2Peedes28ks t he projectile velocity V divi dRETHH2G0HE0E26UNd
velocity c. L refers 5to the characteristic length of the antenna.
The radii of curvature of the cone at the two ends of the antenna 20
are ri and r2. The end viewin the left half of the picture shows how
curvature rl is nmeasured. Distance d is equal to d = ricos(0). The
angle O is defined by sin(0) =L/ 2rl1, sothat for small angles 0
one obtains O L/ 2 r1l. The time difference neasure of curvature

bet ween the points onthe ant a surface 1Q bi.sectin e. coni cal

ot face vt h'r JAGatH b MRS BOReihe BeteltaPtehb Db |
c =L2/ (8.r, ﬂmea sho&h@vbpmpc;des‘afcexraalgandmmcﬁ)edwfde bettwaithc Bvogiosgitde =
ri - Lsin(0) is gi.ven la%iﬁt:he nme_expression, with r2 supstituted for
rl. Accordingl gUouL Hgietory an e%ﬁe%‘t“?’f VerY BEqiog meauemants oF ol SEARlB
measur ement er rr@z{d‘ém drrofs showl8 541 Freatdriiian ab;b}&:ﬂmgmr Y8 Qbcidexolrbdtly
differences dti. and dt2 are randomy distributed val ues having

di fferent ndandetieen thedvepliemstive eeferasprst angles stical |y detenti ned

standard devi ati orppareqhfi&i ﬁ&ﬁﬁby@ﬁﬁ‘ﬁé’ésﬁﬁ@t@&bﬁ’@dnﬁﬁ@n@tthéﬁﬁpagx ¥gnends of
the array correctly determ ne | ocal curvature there | ary

di stributions charpgeristie efieshogkivaye depicied in FEG .1 rﬂsfmﬂgweﬂwéﬂ .2, @hd

dt2 are shown 'aﬂteﬁr}f@()lf}clud%gﬁ%ns%ﬁ LY am%f‘i‘éli'ét J Bhn2 1S ‘
shown as X. The radius of curvature at end ra I us 12 |s srraller
than at end 1 (advairipg conigal shppleyaye.obiace ingomi feapestories m@esealnalle!rbd

one that haye VS{Fé&ﬁeﬁ td & falte ﬁcﬁﬁ‘%u}?&h\é‘fe' the &ﬁéﬂ%%ldn@m&ﬁ‘?to fEn?Ct

deci sion that curvature teater an at en
probability thardvacnraeequelryrbe@mf@m @ﬂnbuwdsat aatonskrd Gyt Cye Cakevsuz spherdal at

end 2 is equal 0:.X iith SHe“RhelY22 1ocal¥ i 8 BGhtes af @xi; ESCRR 56 théa

uniform sensor aperture is presented independent of the arrival angle. The time
instant that the first sensor, designated as the reference sensor, detects the advancing
— - 15 . conical surface is denoted as t,. The other sensors detect the advancing conical

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

20  also determined by the other (N-1) sensors, with the three-dimensional coordinates
of the N points ideally determining all parameters of the shockwave cone. However,
as mentioned above, errors in the arrival time measurements and sensor coordinates
can result in erroneous parameters for the shockwave cone and hence also of the
projectile’s trajectory. In the following, the time-difference of arrival precisions

25 needed to make correct decisions about the two otherwise ambiguous trajectory
angles will be described.

The system advantageously incorporates features to ensure that it will not

mistake non-ballistic signals, such as vehicle noise, vibration, wind-noise and EMI,
for a shooter. For example, the sensor mast can be mounted to a vehicle (not shown)

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



42%r 1.2 Pig)e 2e2 .212/rcr Integration over x and making
substitution of variables results in the follow ng probability of
maki ng the correct decision: 1 P11 2 PO r2) =--e 11 erf (u -
a)du 2 2-Fr , dt, - dt2L3sin(0) witha =r- . , -212ct-212862ccr
5Ref erring riBO2WE0%IE 5 the probability of a correct T&ECP&ER2E,
confidence | evel for disanbiguation, is plotted for two exenplary
antenna sizes, L = Imand L = 2m against the closest point of
approach (CPA) r between the projectile's trajectory and the antenna
20. The sound velocity is assuned to be ¢ = 340 rn/s. It is evident
that a |larger antenna has significantly expanded range for

unanbi guous shockwave- 10 only solutions For | arge CPA val ues, the

difference in curv re,at S
too small to be 3&'1*@14" h°g‘&}° #56’?3“ s%‘3° %‘egars%%@% %ﬂf’ gl}ag{élgé%??fg%%ﬁcf
deci si on appr oaq’emadi@s Sabart 1y tp isotate thm’ofrgusmycvm«anm Bengpir gpingsican be
confi dence | evel nds on t i anet at i al
extent, of the aﬂ"i‘f" &a%‘ﬂgm{}aﬁﬂ%ﬁ%’aﬂ“&%ﬁ ‘g%%%'@@ﬁhcm?lg b
timng errors anga&RAfdhe Cnesrthdstivith dﬁm&lasmymoﬁﬂnmsolmeurﬂbnnaise

uncertainty contrlbutes bias errors that are a highly variable
function of shocH¥a¥®Sarri val angl e. However, for random arrival

angl es, sensor cooridiadditiéh, Ge'folldviapdeRion algoﬁtﬁmdﬁﬂbé emploghidité Ahenar
errors. signals that lack the signatures typically found in shockwave-derived signals. 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 ps.
If all steps produce an affirmative response, the pi'ocess 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



Timng errors arise also both fromgain and signal strength
variations from 20 channel to channel. Tines of arrival are obtained
when sensor outputs rise to a preset threshold value Vo. The timng
error dt caused by a gain variation dg depends upon the tine rate of
vol t age i ncreeasme/dgseost he channel, with dt = dg - g dr/ ptrabs2005/030126
Timng errors al so occur when the signal strength varies over the
aperture. For an aperture of length L and a cylindrical sound source
at distance r, the maxi num 5signal |evel variation across the
aperture is equal to po (L / 2r), where po is the sound pressure at
the aperture center. The timng error equation above applies also for
this L type of error with the expressionr replacing the relative
gain variationg, Sho%[&gngggbbwde errors are not random anong
sensors, but vary unitor roma maxi num across the entire aperture
to zero at the ceRpfsmngmktaﬁgésl the proiestiletaigetoryUs assumed tb geingide with

"oes than the DAL TRORHAEE S A% 0 SadiRng et fupl ' °

effects due tonamfpridefictd aethe projectilervelbeityl g dividediby (e swmd sveloyity @ d. refers
descri bed abov anges . ess an. abo 10,..1 Va cone, r.adi us
is small eng ﬁde}f?racggf)% ]fm@b ft"ﬁewéeaﬂ U@Fé adii E&'l’rﬁaetgrﬁ iﬁlr"nc?lﬁ 1
measur ement er wves éndabEthemitenne 2§ adedpmd kA Mhe eddReal thé ieft heﬁ‘bftﬁapeﬁué‘ or
timng errors caus d by sensor uncer Wwi.th the assu
the nagni tuples 5%‘?"?’6‘”%5&"@?“?";3% ?%59?5595F?}é??1yri ?f’dn@bé ﬁg"eﬂgﬁand
uni formy dist g 1p&sﬁaed1b,e§1%@pﬂwzan§otiaaﬂmsnﬁnqngmﬁoﬂe%taﬂ{swmﬂal es
en

are statistically inde ent, the standard deviati on of equi val ent
uni form y di st Ahpimedifierrerdnsasirarl e tafuse batween dierngints og the ansenna surfice t o

-0.85 . Themstﬁfaa%gcmuﬁleéwﬂﬁce)&ntﬁﬂa@msrAgL ugﬂohha%ﬂl%u'\gf‘zqi)%u rPgt ed
random ti ne sazg ng errors for a system sanpling at I's equal
to 0.25 ps. Ag Ler (fonte).dThe time differenc mepstitd o murvatpes abn i matedn(Bdisoe
approxi mately Qwdpbt ths sdnqtd AV el 3
bandw dth of a 1gut Y SHz,ex ?sfaggggirllglsngﬁ%ﬁggdgsp\ﬁg%%Sgl@agpofdtla*_b%ut
0.02 Vil a. TheSIE(ﬁiI/(gyle‘d acoustic sensors for each array were chosen
to have sensitivi meadr tive
gain variations a%"‘"éﬁg“%r‘%’gfﬁ%t ely %%n Jﬁbﬁ{ 22 tf{s Sﬁll %th% hg@@@su{eﬁleﬁo 84
and—1- 19, 45 t Hae dtffqzeensqsaindaad dtz d@vardpmbwrdls@ﬁbutqdlvahps/l@vg:aldrﬁemt means

appr oxi mat el y 8&}19&1 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 1) is smaller than at end 1 (radius r1). 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



WD 2006/ 096208PCT/ US2005/ 030126 to 1.19 -0.84 - 0.10 . The threshold
voltage is Vo --= 0.15 V. resulting in a standard deviation of timng
errors of about 0.75 i.ts. Total neasurenent timng errors are
estimated by assum ng that channel gain variations, sanplin

vari ations, WRFSEMEH | ocation variations are all st a??‘"s?’?@%"’ﬁ@m

5i ndependent. Then, the timng error standard deviation can be
estimated as 40. 852+ 0.7524- 0.252 =1.1 p3. It is difficult and
expensive to achieve such precision with analog to digital

conversion, because high sanpling rates followed by interpolation are
needed. Two different circuits for accurately neasuring the
Tinme-Difference-of -Arrival (TDOA) 10 are enployed in the disclosed
system I n one enbodi nent, the exenpl ar,y system uses an anal og
time difference of arrival (TDE)<8gikrpli(xUpi@WE Mz clocks in each
channel . The clocks are triggered when the;sensor signal exceed a
threshol d signal |evel at the reference sensor s-api ch was defined
above as the sensor that firstHaacoqﬁggﬁsngeeshﬁckwave. 15 As

di scussed above, a 1 Mz clock rate is suf#4eient to elimnate the

i nportance of tine-sanple errors in practice. Fag system operates in
an anal og node, relying on theaﬂetquubaagg=4mrtﬁhold | evels, with
the digital logic perform ng the foll ow ng#Puncti ons: 1. A
first latch is set when the channel signal anplitude at the reference
20sensor that filnagratine ovanxand meking sheEwion wé variablss eesults in e dellowing

value. 2. The fi%rﬁf:abh%ﬁﬂnﬁ&ﬁith@&ﬁ{e%tc%flgc .ers for each channel, which

are increnmented by one’ count at eac cycle. The processor is

al erted. 3. The counter in eaqh cpamneJ runs until the
correspondi ng sensor encount er ®(r <»n)==——=1|b¢ esfipciafdvave. This sets
a second latch in the channel, which &t tshe 25count in that
channel . If no second latch is set, the,icgfzrequﬁ@bng counter runs to
an upper limt value. 4. The f W4l gggggg'ln each counter

is recorded in a digital TDOA register.

2006/ 096208PCT/ US2005/ 030126 5. The processor_ reads the TDOA
register. 5 Referring now to FIG. 3, the probability of a correct decision, or confidence

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

antenna.

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

sensor coordinate errors appear as random time difference errors.

Timing ertors 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



6. The processor resets the counters for receiving the next

shoci cwave. I n anot her enbodi nent, the con-elation for each
channel with every other 5 channel is conputed, for a tinme segnent
centered on the tine of the hardware TDOA detection. The correl ation
of two functwemnssoseesoted Corr(g, h), is defined by Copctfigsae)soammeir +
On(r)dr The correlation is a function oft, which is called a
"lag." It therefore lies in the time domain, and has the follow ng
property: 10Corr(g, h)e> G f)H(-f) when g and h are real fiznctions
of the time. f) is the Fourier transformof g(t), and H(f) is the
Fourier transformof h(t). The total power in a signal is: Total
Power 5l her)12 dr = 1111(f)12 df 15The tinme-of-arrival signal has a
finite length, so that the integration (or summtion for discrete
data) need onl yPﬁéﬂtﬂ‘éﬁh@‘ﬂmeUngheamﬂW@edttcwﬁédbh% g Hyriatiehdgdepends
around the time-of-arrival; the length of the data in op pr bot h
channel s can beumtbmmqratwofyehagemmasquﬂmchahml withedtdnsng of the
two signals matched, as is known in the art. 20ln the fé’l }(ZZ

di scussi on, integrals of continuous functions are used for

sinmplicity, althougimihferashlkbcctioditnicRiglhiGirbagReehridfiGve thieGpéutt. For
val ues. Those skilled IE the art, wi |l eang be able to replace the

integrals by a ufRsEPTESH ensth Lgod acylindgical spyng sourgegt digtange, the payiewgs 60
the shockwave siighalevtl viBatibatadrods thé apertﬁtléste\;uﬁrt@pﬁﬁqgi‘)r eﬁiere leeebound
time

channel i, j, steps 601, 602, and recorded as a functio In
steps 603, 604, Ptehsarqaéfhgwp%w%owmw HTOE BalidHen above @pberﬁbimf@rdhrpor
subsequent nornalization of the correlation as Total Power gphannel

i afigi(r)l2 drty8egheor.dvitiethe expression 3 replacing the relative gain vanahon

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, fora 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 1gnored Conversely, as described above at ranges less than about 10
m the Mach cone radius is small enough with respect to the aperture length oflm

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 ——-—34;(2-:/1_2. =0.85 i5s. The standard deviation of
20  binomially distributed random time sampling errors for 2 system sampling at 1 MHz
is equal to 0.25 us. Timing errors due to gain variations are estimated to be
approximately 0.7S ps for an exemplary system with a channet bandwidth of about
18 kHz, corresponding to a voltage rate of about 0.02 V/us. The employed acoustic
sensors for each array were chosen to have sensitivities within + 1,5 dB. Therefore,

25  channel relative gain variations are approximately uniformly distributed between

(.84 and 1.19, so that the standard deviation of relative gain is approximately equal

13



The Fourier transform f) of the shocicwave signal tine data g(t) is
conput ed 5for channel i and the conjugate G (-f) is fornmed, step 605.
Li kewi se, the Fourier transform GA of the shockwave signal tine data
WO is conputed for all the other channels j, step 606. Thereafter,

t he cross- cowOgp®wtop@oB 01(4). GL(1) is formed for each cheGUAR20054Q50A26( |
]), step 608, which is a function f14(t) of the "lag" t. The TDQOA for
each channel pair is the tine t,flax where f(t) has its maxi num

val ue, step 610. The 10 correl ation between the channels i and j can

be defined as Corr(g g j) peak value Ai(t) V(Power Channel i)*
(Power Channel j) The residual for channel i is conputed by
conputing the nean value for a sensor i over all sensors j: Re

si dual (0= mean(E(ll_Igf@_g‘{(gi, l;;_{)) pi 15as indicated in step 612. The
TDOAs and correloah-gff—fﬁ 10 h Jite trashrld voltaee i Vo rd. e trequlting in 3 ffendardst )
overal | residual ar hen sel ected as the "best" solution, step 614.

As nentioned abgixioh DEtikiAgRAGK ofidoft (758t Ypi cal |y sanpl ed at
discrete tine intervals with a predefined sanpling rate of, for

exanpl e, 41, 666. 66Teakmrssurmes timigesos rysipBehiy ssmingihat dhpepchean 24
la, reflecting D& bdsMRinfphiRQlatatit, dnfSers&8ocation variations are all statistically

5 independent. Then, the timing error standard deviation can be estimated as

J0.852+0.752+0.257 =1.1 s

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

10 are employed in the disclosed system.

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

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

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

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

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

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

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

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

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

runs to an upper limit value.

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

register.
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20 received signal. The correlation processing is done with a tine
resolution that is inproved by a factor of 8 to 3 its by taking
333333 sanpl es/ sec. Once the various tine differences of arrival
(TDOA) between the sensors have been determ ned from shockwave-only

signal s, thewshomharosazi nuth and el evati on and the bul Iﬁ{ar,,}srz‘%,@ﬁ?]ﬂry
can be determ ned. The shooter position, i.e. the distance of

shooter fromthe sensor array can be determned if the nuzzle bl ast
signal is known in addition. In a Cartesian coordinate system
centered at the center of the array, i.e. {(Co, Cy0, Czo)= (0, O,
0)), the time of arrival TOA of the shocicwave at a given sensor 5
(Q Cyj, CA (see FIG 2) is given by: t+ --9cos(j3)+1.0711-4sin(#))

M with cos(fi)— G+ Va LIVt; V, V= W represents the
super soni ¢ bul | et veffg%%‘f’éfs?\%m S\}h&!rﬁaf‘.r SSv: +1/t2°, V. with c
bei ng the speed of, sThstocchr Mséththe MambersYorieedivingthe @Bt EBRivavel he
"mss 10 angle' between shooter position and bullet trajectory, which

i ncl udes both azinmuth and el evati on angles. A direct hit would
correspond to 0 0. The h an eAls defi ned by As nmenti oned
above and i ndi cat E’&“Pﬁe’ﬁ"{gag’g’emﬁ t’\?B%P %&S@F‘eb‘ﬁ"g} BYeBrPtaERd

bul l et traj gct Qﬁéﬁneltmmutea ﬁﬂ@ﬁmegegﬁllamb&ére@&ﬂh& kiR ofihd hiddivh@t
trajectory for which the 15 TOA of the shockwave at a &Sven set

sensors is near3P4 éF'é‘FfE‘P%érlhe coffrationst Brisigtienssdeseipd Con h)aﬁé‘-eﬁﬁdi(‘)’&ct

identical if in a sinplified nodel, the shocicwave is
Corr(g,h) = j gz +Dh(x)dr

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

time domain, and has the following property:
10 Corr(g,h) < G(YH(-f)
when g and h are real functions of the time. G(f) is the Fourier transform of g(t),
and H( isthe Fourier transform of ht).

The total power in a signal is:
Total Power = {|h(z)[*dv = [|H(7 ) 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 skiiled

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

Referring now to FIG. 6, in a process 60 the shockwave signal time data gi(t),
gi(t) are acquired in each channel i, j, steps 601, 602, and recorded as a function of
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assunmed to propagate across the sensor array as a plane wave. If the
TDOA resolution is high enough to resolve the curvature of the
shockwave, then the two nearly identical solutions can be

di sanbi guat ed. The essential anbiguity of 20 shockwave-only TDOA

sol utions i swpnaelcezRedd in FIG 3. Assum ng suffi ci eMUNUSAOE0E6e
TOA neasurenents, the true solution for shooter position and bull et
trajectory can be obtained by conputing the shooter/trajectory

conbi nation that mnimzes the root-nean-square (RVS) residual WO
2006/ 096208PCT/ US2005/ 030126 of neasured and conputed shockwave
TDOA's: Armn =mn(red, -y , wherein the sumis taken over all
sensors. One approach for solving this problemis the Li

Levenber g- Mar gtigg-db s&as §& 694 Hﬂea‘gélé}ﬂ’ﬁ‘é’ﬁwf’ﬁ“&g{’%?’f’l s PopRuisd faXnt
5,930, 202. MosLycdass h6dlaliP@bonbf Y cdRldibn & gori thns use a

determ ni stic procedure for approaching the optinmm sol ution,
starting froma random guess solution and specifying a search
direction based ofu#l Avner Spbainkl ied trjbr,n(s-blfdmn rul e, such as direct
met hods usi ng an objective functi ogwaha, constrai nt val ues and

gradi ent - based nethods using first and second order 10 derivatives.
However, these nerte@dsrdranvesfetsG(y afthageskwave siget dmpdata g{thtcomputed
optimal sol utign depends, on the s ted initial solution,and that
the al gori tEm ?Péﬁﬁﬁgﬁla%qﬁﬁwj%ﬁteg@ﬁﬂﬁ FRFhrP éoc?r Sflﬁegﬁfng%f‘éwngg a

| ocal m ni mum ghnsdnRIGy(f] dTehethodkwhvdGiriaiimé dard gatEis hasputedifordl) tiabthery
so that further iterations wll hot, I nprove  the .. 151 t, has been
found that a gFtsBuslsinfiFR ?R?m%?re‘ffp?é t@%@?@?"ﬂ?@@ééﬁ%@ﬁi%ﬁﬁd 20
projectile tralpahdbir G3N sk 608 Mpithesa AREtRAGHIHOEEE “RIgtt. T D@A kabl y
di sanbi guat ed by usi n% an, evol utionary genetic al gori Ehm &‘@0 FP?AS
momic natural eAFBIChAING RAN I8 P HIRG imex VST Dag 3t PRpx Yelyegst chP&nd
optim zati Qp PrQFPidh BSwed (REHAMRY iGnd | @WbEUeeam of a GA is shown in
FIG 7. Instead of starting with 20 a single guess for a solution, a
GA process 70 begins its search bypgd}iaajualﬂ Zhng a random popul ation
of solutions, stefoflg,aNe -sets—s—gensratior—courter t0 zero
indicating the initial sol WFgHerddanmdafover Coapel & r andom

popul ation of solutions is created, each is evaluated in the context
of the nonlinear Preaepidumahionghapredbis compweddy cpgputingdhemeantvalug or a
(relative neri L ' .0 each solution, step 74. The fitness
25 can be repr%%%énr?ggé%g{bﬁ%ﬁﬁucl i dean di stance &m n between a

cal cul ated solution and the neasured solution. rmn = mn |E (rade
-y MVB Residual(i)=mean(Z(l—C'arr(g,-,g )]

J#i

15 as indicated in step 612. The TDOAs and correlations for that channe] with the

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

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

improved by a factor of § to 3 us by taking 333333 samples/sec.

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

and the bullet trajectory can be determined. The shooter position, i.e. the distance of
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1 Intuitively, an algorithmhaving a small value of &min is better.
For exanpl e, when applying the GA to di sanbi guate the solution for
the shooter direction and projectile trajectory, the exenplary GA
uses as a chronosone an 5initial population of 200 4-s, with each 4-
cont ai ni ng twe2foebdszoai ng val ues: [ Azi mut hshoot er, El evRCIORWHG0AS
Azi mut hm ssed, El evationm ssed]. [ Azi mut hssooter,

El evati onssooter) are defined by the angle (e+13), while

[ Azi mut hm ssed, El evationm ssed are defined by the angle j3 (see FIG
3). Since nuzzle blast is not used with the aforedescribed
shockwave-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 rgndom sel ecti on of the 4-5 spanni. a i ngful . and
reasonabl e r angg‘eég"‘\}ﬁﬁ{?é‘bﬁ‘f SAPFOrGHPY, 28 baﬁ%efﬁweaégtﬂ“ewn& t%ﬁ‘ﬂaﬁ?h. te,
= {0,, 360), El exaidiarsdaeder= {-10, , 30), 15Azi mut hm ssed =
{-20,, 20), and El evationm ssed = {-20,, 20}. It is checked in

step 75 if a maxi niam Cutedier codfdinateasyster 0ferbddt tichtent&/nf thehinall ieaIChe
set, for exanpl t. 2 h een reach I f the Xi mum nunber of
iterations has gf@eﬁzﬂ?EZ%ﬂe@?’ t?%'é’“b?%ﬁ'é‘?@%ﬁ °§9‘5g§°°g\?’“§t"éﬁg’§?ff SR t he
result can be Z@Xgidﬁbeg)(a&qegladsg{renfuyfther eval uated. O herw se,
step 76 checks if preset fitness criteria have been satisfied.

Fitness criteria can be, fprf exanple;—a, conputed m ssed azinuth of
<15 and/or a rati ofsed ﬁ’hégge(%qs A #B’Fl*’agsjgnbi guous solutions. If
the fitness criteria are satisfied, the process 70 stops at step 80;

ot herwi se, a new popul ati ony g Cr 5 r h_gpossover, step 77,
and nutati on, stepwmgmﬁ(m=vl L pdx22d M pyg EE. o

2006/ 096208PCT/ US2005/ 030126 i ncr enent édfeby one, step 79.

Ve
¥V ={ ¥, { represents the supersonic bullet velocity Mc = ¥ = ,/Vf +V+V},
v,

with ¢ being the speed of sound and M the Mach number. @ represents the ‘miss
o 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 6 is

defined by -!;!L =sin(®).

As mentioned above and indicated in FIG. 3, for a given shooter position and
bullet trajectory, there is another shooter position and bullet trajectory for which the
15 TOA of the shockwave at a given set of sensors is nearly identical. The two
ambiguous solutions are in fact identical if in a simplified model, the shockwave is
assumed to propagate across the sensor array as a plane wave. If the TDOA
resolufion 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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In each generation, the "best” individual is allowed to survive
urunut at ed, whereas the top 100 individuals, as judged by their
fitness, also survive, but are used to create the next 100

i ndividuals frompairs of these survivors with the

5crossover / mmE00e628her at ors listed in Table 1. ThRCT/G32Da5RBILp
exenpl ary crossover and nutation operators were used to denonstrate
the process 70: Operator Nanme Operator Type Probability Description
Azi mut h- Crossover Crossover 0.5 Exchange shooter/trajectory azinuth
bet ween two chronosones M ssed- Crossover Crossover 0.5 Exchange

m ssed azi nmut h/ el evati on between two chronosones Fiel d-Mitation
Mut at i on

of measured and computed shockwave TDOAs:

CAT =rnin‘[Z('rc‘,,,--1',,,,,,,)2 R
]

wherein the sum is taken over all sensors.

One approach for solving this problem is the L1 Levenberg-Marquardt
5  algorithm described in detail in US patent 5,930,202. Most classical point-by-point

algorithms use a deterministic procedure for approaching the optimum solution,
starting from a random guess solution and specifying a search direction based on a
pre-specified transition rule, such as direct methods using an objective function and
constraint values and gradient-based methods using first and second order

10 derivatives. However, these methods have disadvantages, for example, that an
optimal solution depends on the selected initial solution and that the algorithm may
get “stuck” at a sub-optimal solution, such as a local minimum or where the cost
function surface has a flat valley, so that further iterations will not improve the

result,

15 It has been found that a global minimum of the shooter direction and the
projectile trajectory can be computed more quickly and more reliably disambiguated
by using an evolutionary genetic algorithm (GA). GAs mimic natural evolutionary

principles and apply these to search and optimization procedures.

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

the measured solution.
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0.3 Replace a given field (wwth a probability of 0.25 per field) with
a randomy sel ected new value within range Increnental -Mitation
Mutation 0.4 Introduce small nutations in all fields of a chronosone
(within 52 for shooter information; within s. 0.5 for m ssed

i nfor mati on wbh@sMstaat i on Mutati on 0. 1 Change t he sol uteicomustos/goizbe
anbi guous alternate solution No-Mitation Miutation 0.2 Chronposone
remains intact Table 1 10 Di sanbi guation is achi eved and/ or

i nproved by perform ng a gradi ent search on the best solution and the
correspondi ng alternate solution. For both ambi guous sol utions, the
residuals and the ratios of the residuals are conputed. If the
conputed m ssed azinuth is <15, representing "close" shots and if the
ratio of the residuals is 15 >2, then the solution with the | ower

residual is selected. O herw SeArmﬂ,'%rﬁi‘ﬁt\/‘f’(r r
' J

cale

Intuitively, an algorithm having a small value of A1y, 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:
[Azimuthsmm, Elevationshester AzimuthMimd, E]evationMissed].

[Azimuthgpegter, Elevationgnaote] are defined by the angle (©+03), while
[Azimuthwmisseds Elevatiomyisseq] 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):
Azimuths],om = {0, S 360},
Elevationgheoter = {-10, ..., 30},
15 Azimuthpissea = {20, ... , 20}, and
Elevationmisseqd = {-20, ..., 20}.
It is checked in step 75 if 2 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  eitheraccepted or further evaluated. Otherwise, step 76 checks if preset fitness

criteria have been satisfied.

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

25  through crossover, step 77, and mutation, step 78, and the generation counter is
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selection is made, and the solution with the |lower residual is

| abel ed the "primary" solution, while the other solution is |abeled
an "alternate" sol ution. Wth shoci cwave-only detection, the GA
al gorithm produced a solution on a 1 GHz conputer running the Linux
oper ati ng sywobemsiss2@®. 15 seconds on a broad range of siRAIVGRGFINGt S.
97% of the sinulated shots were within 15 of m ssed azinuth, and 86%
of the sinulated shots were within 50 of m ssed azinuth. Using the 5
af or edescri bed di sanbi guation algorithm close shots, i.e. shots
having a m ssed azinuth of <15, were disanbiguated 95% of the tine.
The di sanbi guati on al gorithm produced correct results for nore

di stant shots 70% of the tinme. The accuracy of disanbiguation is
expected to vary based on the sensor array geonetry and the presuned
di stribution ofingemmnied %Wﬁséeﬁg?s haV| ng a | ow el evation being

10easi er to disanbiguate. ,Q.l’ desqar. ol utions f t he
projectile traj ectbyah &E’P@“G‘bl’ V}‘?B?r]tls %@f"ﬁip sgﬁmgfun%%qd

bl ast. However ,ylickeabl e tdpei0 uidwimﬁlst Rgtdge Byithair fithaks, b shinave bgaed used  a
nmuzzl e signal received only on a Iifmted nupber of, channe] s can be

advant ageousl| y to esefe ths fieﬁ‘drogé’@“f‘% STOTLRAS A S SUNIVARAVIth the

di sanbi guat i r%@{vkﬁnut%n shoemaeheamhmesbly a diagramof a Tine of
Arrival (TOA which i's described in nore detail in US patent

6,178, 141. The TOARSRMBHingIReriRary SREsolEr 208 utkabeopehitors Wajeesddaby of
the projectile and the shooter direction relative to the sensor

| ocation. The THemons@isIthe zoesss®H on a bal listic nodel taking into
account certain physical characteristics relating'to the projectile's
flight path, such as 20 the air density (which is rel ated to
tenperature); f-he pos+iion—P—{P—P3—Pa—pt—arsheeter—the- aZ'rﬂ"erﬁ‘—

and el evation T _  Brobabilifyel 11,771 o ESHRY % of the

prOj ectile (Or or) . and -the -sheed—of _annd L whi-eh

varies with te °Tf'Wth th@‘ﬁ@iﬁ@?"ﬁﬁ%ﬁ%ﬁﬂﬁ

i s possible tola el ate R Foanaionay
and nuzzl e bl a veutat po?ynt 25i S g:isfmaz’o‘h 'E‘]vﬁ % ed
in the diagran heot-e St o™

Px) relative tjo ‘%{?foigl n (0, Eta Dy, q:he vari ﬁe ]agé e ded Eﬂa&fﬁg@l&y

at points ki (8S,d, Syj, SO pnd the pullet tr hgcg&g(g,[cy,vhﬁe@ :

emanat i ng fron e SRR EEon TMEmton VF}ZUOGTO‘Q A abe She YRt 2Eds |
ofa chromosome (wnhm £2° for

shooter information; within <0.5° for
missed information

Flip-Mutation Mutation | 0.} Change the solution nto the ambiguous
alternate solution
No-Mutation Mutation (0.2 Chromosome remains intact
Table 1

10

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

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

solution, while the other solution is labeled an “alternate™ solution,
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direction of A The vector fromthe shooter to the jth sensor is 5,
t he cl osest point of approach (CPA) of the bullet to the thsensor is
lii1=115 1sin(fl) , and the path followed fromthe point where the
shockwave is radiated fromthe trajectory to the th j sensor is s

(the index jw@hookRde€nsors has been omitted). The Machcargiegs®bizbhe
5 bullet is 0=sin-1(1/M, M= Vico. Mis the Mach nunber H? % 2

projectile, Vis the supersonic velocity of the projectile, and co is
the (pressure- and tenperature-dependent) speed of sound. The

"m ss-angl e between trajectory and the j(11 sensor is A The
trajectory is characterized by its azinmuth angl e neasured
counter-clockwi se fromthe x-axis in the x-y plane and by-its

el evation angle neasured upward from 10 the x-y plane. The equations

that define the shyGihehecke atd-dnlyvédtectibi]thelGA ag@hmaiptodu@aataqmua&n 6rh£1j th
sensor are witten in terns of tEPse eonetrlcal antléles The

tinme of arrival GHZcoRRYler PaRipg the Linpg operating systeny G ﬁo‘?“d}‘?i&% raRge; o

travel the V di ofaneRtddAhotd. 9?% of B sl SHEE ReeQkihth 15 of Ribs&l Sfnuth,
toward the jth sensor, glus the tine it takes the shOC|cmave to

travel the di st anEE% pfithe sigirlaed shotnwers within 55 of missadszimpgh. jUsing they 1 15
sensor, -. Cg Hafsddeldivdd dl%ﬂuéugtlo'h a@onﬂﬁ'ﬁ El@s&ﬁots,le Wﬁﬁ"hﬁﬁﬂgiﬁnésii}a a

time reference (firi tinme) and co 1s tl'? sound.  The
angle 0 is also azlmnhdg” <defs ﬁreplpsgnblguated 95% of the time. Thc disambiguation

algorithm produced correct results for more distant shots 70% of the time. The
accuracy of disambiguation is expected to vary based on the sensor array geometry
and the presumed distribution of shots, with shots having a low elevation being

10 easier to disambiguate.

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

advantageously used to improve range determination and disambiguation.

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

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

25  inspace.

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

Syi» S2), and the bullet trajectory is shown as emanating from the shooter in the
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It can be safely assumed that the velocity V of the projectile

remai ns constant 20 over a distance corresponding to the sensor
spacing, so that there is insignificant | oss of speed between the
times the projectile radiates to the different sensors. However, over
| onger di st awoessppraddsecti | es are known to sl ow down duePQriUSA#05/030126
resi stance. The air resistance can be expressed by a drag
coefficient Cb which depends on the bullet shape and bull et caliber.
A mat hemati cal ballistics nodel derived from physical principles can
predict the arrival tinme of a shocicwave at any general point in
space as a function of a full set of paraneters describing the
projectile (e.g., by its drag Scoefficient Cb), its initial velocity,
and the density dipdctibhef gurihevedérfmpnethe shapter tortimyf] sensomis R ibeclosest poifihe
paranmeters required for an exact cal cul‘%ti on arg typically not known
"n a realistic sbupragh (GOl the baliathe Dispaspils | Fbwid () and dhe path
estimati on can be significant inproved by an iterative process shown
in formof a prdéudbwed fromihemoins wheegrhogkware iFradiatefgrony i drieetarde thent o

account decelerggion of-the, projectile velocit t raj,ectory.
The process 200%@5@?%%‘3 ${the ﬂ‘glﬁx Jz?fth?sﬂr s?'ﬁ%be%gﬁ“gb@ﬂ g‘@@gﬁfﬁﬁ‘ﬁ?%‘é& co
= speed of squn dified, tside,te t.ur aj [ es 0
n's) Cb noni Ral gﬂlﬁregb"’ écﬁélflf{lmﬁ?_?\f%‘f és(r]ER VA bl%?ﬁ)%?%ra]eg\tﬁejééfo%gﬁ\/o
= initial \d/ellgcisﬁgérseﬁjcwﬁl/gcignff/hw/ djkotile, w_fd&@isfthd’(%&sswnﬁeh@@?ﬁbemm .
antici pate weapon =,Vo/¢ = i,nitial , Mac unber of prgjectile
ATirst esti mat STohpTaPe a6rERd oTie Bt SR T R s
usi ng the neasupedhs irdfeetsty i BaRBeezea by BE izinnith afglOBEYsured Bourtstdlodkwise
arrival angle a _between , . sho<1:k an rruzFI e, sound at the seg or
array and by asOmhex-aHs inPe -y plang gDy A £leuasion ARgle MR UL FP VIS from

nurmber Mo, 3@CokidixdEplht. 1ThE eQRHBAS (R déFhe TE sBockGAvelarri¢ASihR); and unitV' t h
t hese assunptions, the Py Oj ecti | e!'s speed at a distance a fromthe
shoot er posi ti oNeqr@hthe hescaesprpieruatiten i tems 9t tots seprineH uamitist i on

4
The time of arrival is equal to the time g it takes for the projectile to travel the

distance Iﬁ I 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, [—§—| .
€y

4
t, =t, +|———|+|-'§[-=:,J +Hsm(ﬁ+9),
Vo e c,

wherein 1p is a time reference (firing time) and ¢, is the speed of sound. The
Mach angle © is also indicated in FIG. 9.

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

over longer distances projectiles are known to slow down due to air resistance. The
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a2 Mo = MOl ) 111/7) so that the tinme the projectile travels
the distance a along the trajectory becones, step 208, a a 41/1)
oc.6 The angle O is related to the Mach nunber M by the equation 5
wherein the Mach nunber M is initially set to M It should be noted

that the inswanimeasaiss bul l et velocity is set to the speefisthsaeizpd
(i.e., Mo =1) if the conputed bullet velocity becones |ess than the

speed of sound. The revised distance a = 1211 in step 210 then
beconmes 10a = Do cos(13) (1 tan(P) "ma 2 The angles a, 6,*and 0 are
related by the equation (oe + 0+90. The process 200 then | oops back
to step 206 by inserting the conputed value for the distance a in the-
equations for M and T. above, yielding an updated Mach nunber M and
an updated bullet travel tine T., respectively, for the travel ed

di stance a. 15aTFesisteaeesan belexprxsredivy dragiegeffivient So mbirbaldpaugsion theibullst ues

for T. and a ag l?ap& Q{ﬁbuﬂ?ﬁ:qhﬁe? i'ﬁ%h%ﬁﬁﬁéé%a‘ﬂls’ﬁpgﬂ&ﬁl ERed g&:ﬂﬁ{l{grcfapr the

shoot er range: rocess 1 s repeat e ei t her
a maxi mum nurrbermcmﬂea cae preticbths anvyal tim@ﬁ a slwglowand abanytgeneral poigeinspdcaes D

conver ge, as dgl eRlgdel RuPbPl iakAeic A MR AE AR 5RSANe ) BPeliEg kS 1

step 214, |f t he reV|se range
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 a2 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:

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

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

15 weapons
My = V¢/c = initial Mach number of projectile

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

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

T, "€
D, =m0
" 1-cos(a)

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

position £ can be computed in step 206 from the equation

, =Mo(1_

a J
Col¥o
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t he di stance between the shooter and the sensor array is a
"reasonabl e" value, in which case the process 200 term nates at step
216. For exanple, the value for D can be considered valid if the

di stance a traveled by the projectile and the distance s = si.r9?

bet ween t he wenawiassd t he poi nt where the sound wave |RCTFEARSDHLHE
sin(a) fromthe projectile to the sensor are valid nunber val ues,
i.e., not a NAN. A NAN is 5a special floating point value
representing the result of a nunerical operation which cannot return
a valid nunber value and is typically used to prevent errors from
propagating through a calculation. In addition, a and 13 shoul d both
be |l ess than a predeterm ned threshold value, indicating that the
projectile was indeed fired toward the sensor array. 10As nentioned
above, the nunber paihatthe timg theprajestileniaveélathe distanced alengdbmipagctory he
shoot er range i %1%q£§n4b approxi mation, neglecting change in the
projectile's spegﬁ)a bn& ﬁé trajectory. If the iterative process 200
descri bed above does not return a consi stent geonetry supporting the
nunber pair (rms, &)= solution is discarded. 15Even if an
exact solution may not, be?ofbai nable, it is a goal to find values for
t he shooter range D and the m ssed azimuth and el evation angl es
(which are related to (I) t hat nost cl osely match a neasured shock
TDOA and a measur egypligdd 6 iR td' e MabiEREbePPNb) HeRGuatiblie shock-only
TDOA' s between the various sensors can in nost situations be reliably
measured. The shooter, azifquth and shooter elevation, 20 but not the
shooter rangel cans m ned fromthe shock-only TDOA's using the
known sensor array coordiftrates (Sxj,S,SO It will be assuned that the
TDOA Tan between the detected shockwave ,and the zzl e und can al so
be measured, wher eBfeicmdheifiach sy Myis 931&6‘?“55&3&5 E‘{I‘i ‘Eﬂ}"d&ﬁiftﬂ’ﬁe

sensors. |f it igusRiRssnas veRcitlis it Rlifle ipbaf oflsbndi (1€ M + YHif eOCESS
200 does not return a 25valid result, then the process 200 attfnpts
c

to conpute the sienpuied byllghyeogity beeomsk lepghanthespsed of sovngy Fhg YISt

algorithm (GA) 30Q0. GA' s-mimcC ural evolutionary principles and
apply these to ﬁ?ﬁﬁaéﬁdr%%#?ﬁg@gy?@ﬁmB?bcedures. A GA begins its
search with a random set of solutions, instead ofjust one solution.

Once a random popul ation of fsol yti is created, each is eval uated
in the conteyy of thephapkis)gar- mm ng problemand a fitness
(relative nmerit) is assignedilto ¢h-1sjol ution. In one enbodi nent, the

fitness can be represented by the Euclideap di stance between a
calculated sol utio The ngglésr}f ﬁ,%gﬁuarréagla%(a lbywe%ﬂuati%g (¥ )Barr@)l L90°D¥he

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 s and the computed updated values for T, and a are then

used to successively update the value D for the shooter range:
D= CD -(fm.: +Tn)+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 = ]DI for

the distance between the shooter and the sensor array is a “reasonable” value, in

24



N I kr Shod .ca rShockaeas + absith r,") Intuitively, an

al gorithm producing a smaller value of &Tulin is better. A
schematic flow di agram of the GA process 300 is showmn in FIG |1. The
process 300 uses the tine-difference-of-arrival (TDOA)7"" and the
arrival angl red previously for process 200, s

exenpl ary nuﬁ%g?og%‘%%g-tupes 10 havi ng the val ues (RANGtEP;%EmM%\%!f\I/OE) fs
defined as an initial population, step 304, wherein RANGE is the
shooter range D = 01 showmn in FIG 9, MAis the mi ssed azinuth, and
ME is the m ssed el evation. The MA and ME val ues indicate by how nmuch
the bullet mssed the target in azinmuth and el evati on space. The
target in the illustrate exanple is assuned to be the sensor way. The
initial population in step 15 304 is created by random sel ecti on of
the 3-tupel spawhiingisathmpegess§fterpinalesat stgp2idh [Fer cxampiz, the valad foe B:can

be considered valid if the distance a traveled by the projectile and the distance

sin . . .
s=a-— Eﬁ} between the sensor and the point where the sound wave is radiated
sin{e

from the projectile to the sensor are valid number values, i.e,, not a NAN. A NAN is
5  aspecial floating point value representing the result of a numerical operation which
cannot return a valid number value and is typically used to prevent errors from
propagating throngh a caleulation. In addition, aand @ should both be less than a
predetermined threshold value, indicating that the projectile was indeed fired toward

the sensor array.

10 As mentioned above, the number pair (7ms, 0) 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 (7n,, ), then the solution is
discarded.

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

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

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

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

search with a random set of solutions, instead of just one solution. Once a random
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Rangesh.t, = (1000, , 3000) [neter], Azinuthm ssed = (-20, , 20)

[ degrees], and El evati onm ssed = (-20,, 20) [degrees]. 20The
conputation follows a simlar process as outlined above for the

shoci cwave- only solution. Initially, for generation Gen = 0, step
306, the showbpenospeRisti on vector P (Pr, Pp Pz) is conpRfiT&24050308%%ch
3-tupel with the previously determ ned shooter azinmuth and el evati on,
and an assuned RANCE for the particular 3-tupel. Assum ng an
initial Mach nunmber Mo, the vector A (A, Ay, Az), i.e. the position
25 fromwhere the shock sound is radiated, is conmputed with the MA
and ME values for each 3-tupel, step 308. The distances 5 = S1 - P
bet ween the shooter and each sensor j that detects a shocicwave are
al so comput ed. For, each. 3-t.upel e | e I S. u r

equati on cos ftp",P“\ﬂﬂ%‘}%isﬂluf‘ ‘%Wé%%’ ea%ﬂ% 'ﬁv?‘}g?tﬁd;‘f‘g@en%% Fg?tgogg eglr% 1|EC)Jrl(;g‘:duct
bet ween 121. 1P-frdgraminiivg fratlert &6 Ofitaess (eldineanieritpils assignédto etdhesobitien. dnce
a, the travel time 7., of ttrl*!lg ir(F)#'ec ile ovg@g1 tﬂ%ﬁi anﬁ.e a andetl'JIe
Mach nunber A atne cBAfiment ths fiqessean bs [gpreped 23 M rstided ange fetisen
the initially agumed syrtiemdie médsurad ddutivndopexamplz, yhe above
equations for M, T., a, and D, step 312. This process is iterated
several tinmes for each - ers,, for exanple 3 tines, as

determned in step 312, VE) g,,g@j,,t—elr’s}ml,g,,,fhe residual \&m n defined
above, whichginclugdes tHeinuzz ' + &5 steeid f or each
3-tupel, step 314. ™ I{ is chedked in step|ldA6 Mf ja maxi jum nunber

of iterations for the GA, for exanple 25 iterations, have been

reached. If the ' Nyither: LhGhRL Rake BERY, iERbed, then
t he process 300 g?é%g“gfl}" ste%hgg%?ljor et‘%r r??{r%gert he 3-tupel W th the 15

smal l'est resi dual . 5 &%M&&%ﬁ%ﬁgw%éﬁ%&% R08L8%n t FIBM 1. The

popul ation through a crossover and nutation operation, step 318, and
t he generati on woeass 340 usss thnimeisferener-ofyarmived (TRQA)y-3aw theardy pogle o

generation, the_ " B o Lo /YD) J L 3 ,
wher eas the topmft%gl%lEl R‘g{"@flﬂﬁgﬂq? ?ch% é?%%%ﬁ%y@%@?‘%ﬁl@ggg@# Sgtlhgeg
survi ve, but0 armavingel Rdues RANGE: MA, ME}nedafinéd® anirftislipdpidatons steprdl4,
pairs of these survivors with the crossoveyr/nutation operators |isted
in Table 2 bel owherein RANGE is|theshpeies rangs T ﬁyh%@%@eﬁ»gﬁw the fhitedon

operators were alljz?n?l(ljth,t acr)ld (%%Errgr:ﬁet rLiasléeS e]te\rf]aﬁiog.r %(J:eehsfﬂ a:r)’lg (I)VIE 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],
Azimuthyissed = {-20, ..., 20} [degrees], and
Elevationpmissea = {-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

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

Assuming an initial Mach number M,, the vector A (Ax Ay, A,), 1.e. the position

25  from where the shock sound is radiated, is computed with the MA and ME values
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WO 2006/ 096208PCT/ US2005/ 030126 QOper at or Nane QOperator Type
Probability Description Mssed Azinuth- Crossover Crossover 0.5
Exchange m ssed azi muth between two chronosones M ssed- el evation
Crossover Crossover 0.5 Exchange mi ssed el evati on between two

chr onosones Wwhs@etbsadggange Crossover Crossover 0.5 EXchaggrisioaeeize
bet ween two chronosones Fi el d-Mitation

10

15

20

for each 3-tupel, step 308. The distances D =S e P between the shooter and each

sensor j that detects a shockwave are also computed.

For each 3-tupel, the angle 8 is computed from the equation

cos ff = A_J{D.——i) , Wherein the symbol “e” indicates the scalar product between
l4-/P-$)

the two vectors. Updated values for the distance a, the travel time T, of the
'prqjectile over the distance a, and the Mach number M, are computed by inserting
the computed value for § and the initially assumed values for M, = Mp and a into the
above equations for M,, Ty, @, and D, step 312. This process is iterated several times
for each of the 3-tupels, for example 3 times, as determined in step 312, whereafter
the residual Atmin defined above, which includes the muzzle signal, is computed for

each 3-tupel, step 314.

1t is checked in step 316 if a maximum number of iterations for the GA, for
exariple 25 itérations, have been reached. If the maxu’num number of iterations has
been reached, then the process 300 stops at step 320, retuming the 3-tupel with the
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
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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Mutation 0.3 Replace a given field (with a probability of 0.25 per
field) wth a randomy sel ected new val ue wthin range

I ncrenental -Mutation Mutation 0.4 Introduce small perturbations in
all fields of a chronmosone (within 2 nmeter for shooter range; within
+0. 10 for m ¥EW0626288t h and el evati on) Table 2 The GA PETUIES/030L6 i s
executed with an initial population of 200 different 3- tupels, with
arefill rate of 50, for a total of 25 generations. The GAis run 5
times in Sparallel with different sets of initial 3-tupels, and the
solution with the smallest residual is selected as the final solution
for the RANGE, m ssed azinmuth, and m ssed el evation of the shooter,
whi ch all ows conputation of vector .Q Recent experinental trials
i ndi cated a decrease of anbi guous shots from95%to 8% on the sane
data set by using at Ieast one nuzzl e signal channel in addition to 5

10 or nore shockwave ncm whi-ch cant— Bient

over shoci cwave n“p}:eg% Yme S 1,1?;;&5 E’F@(’Fﬁffr‘é that do POFPI | nto
consideration t m_dese' erati-eph—oti-hetproj-ecti al-eng—+ts—pat-h—due
to air resistant g“sﬁ'éln“c?“‘i'“(‘}‘ ove g?f*YFét 0‘;E'ange = 'cﬁ”"@?#‘g’scﬁm;(“)hé?tww@

and sufficient| ¥ at_shets—thi-s estraft-g WW
The |I'S af oredes¢ sﬁ"é’a“" t6@ess Cré’?r‘c’f))\'/cés ﬁ?'ﬁi s bi aét\:fc“mgjmg Thge LSt marion

for |ong-range c ctton TrT ety
shock-wave only é&fﬁ{i%%s can F‘r"ésc‘iﬂfﬁ ?I')S;sbe di { am {_,J,ggsec 53%%5
conparing the reFeiiYalation T ON § Wufld T €5.8NT U1 a] REHRE b GSenaleld (Wil £frobability
the trajectory with the smaller residpal. of 0.25 per field) with a randomly
- selected new value within range
Tncremental-Mutation | Mutation |04 Introduce small perturbations in all

fields of a chromosome (within £2

meter for shooter range; within +0.1°

for missed azimuih and elevation)
Table 2

The GA process 300 is executed with an inifial 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
5  parallel with different sets of initial 3-tupels, and the solution with the smallest

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

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

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

only solutions.

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

15  aforedescribed process remaves 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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If the nuzzle blast signals are detected on 4 or nore sensor

channel s, then the aforedescribed shock-muzzle algorithnms can be used
t o unanbi guously determ ne the shooter |ocation, regardl ess of the
nunber of shock channels. If the nuzzle blast signals are detected in
f ewer than 4weemm@paos but shoci cwave signals are det ectac/usaofE i
nore shockwave channel s, then the aforenenti oned GA can be used with
a nodi fied cost function or residual, whereby whatever nuzzle signals
are available are "m xed" into the optim zation function to

di sanbi guate the shockwave-only solution and/or refine the estinmation

of the shooter if fe than, 3 nmuzzl e chan eI D
Cever than s shocdoisEngHErsigntls e derucd B o otk easpr P RPES FErOAPE b
activated wt hoﬁbreaés&ﬂf%'fshdtﬁ—rﬁ&zfe@%a ithih€ cdn 1R usmehﬁimb@hﬁslwetzﬂnene
signal may not be reli ny det e&l gg al | channel s, The

S
det ection | evel Bﬁh%)FFé ogatioppregar gumberofshorlchanpe ﬂé?ﬁlefnwlﬁhlast

confi dence. signals are de?ecteﬁh?fe%?tﬁhr?‘l SAKAY ButlshodkAhveki SR RASBtel th § he
raw signal, causing the 15systemto correlate with 'noise', gi VI ng

unr el i abl e TDOMPTERATT phocksave shanpelp,dhen the aforemensionsided combausehwith
stronger than tmsmﬂb@@dstefupétaﬁbr ﬁﬁlgua‘?%eﬁsf){r lvliﬁevee?‘ﬁllukﬂé m&ﬁ?srhré Mlmzzl e

bl ast, causing the systemto falsely detect shock as nuzz|
Wth a muzzl e b¥gasmixsd gﬁ@lthwwﬂétne%m@@nﬁmm@wm@pwamenly

Vet T rge cofouin ShARAR I Am AR AR Tnlf todébefit iy 3
Sheek. netir ) 3muzzle HPRACSIANTD Fravef fhrus § shogkwaye Ehannelhercrdefeoted tishag aleit s
sumred overld he Jn%ggcﬁﬁﬁeﬁ'%m ta&fm g&gg%h%aﬁ%sﬁogék detect the nuzzle

bl ast, and j is sunmnmed over t I'ng the shockwave

(typically all Sen lgmzlcglg&?rnqgrOrf)%'i'éliﬁf)l?ﬁﬂ@éfe&&ealle@ﬁ%m%lse&cgﬁéCr'bEd

above, the nuzzle ast- si vides fnportant 1n mati on about

the shooter azi mut hang, eRcentiR1 B e @fhblethameQ to detect
2006/ 096208PC1/ US2005/ 050156 T2 eet ory aa ccamnels Sf°f v to detect with

shoci cwave-only sol ut i®nfidesee.t hat the conputed traj ect ory sol ution

aligns nore closely with one of the anbiguous solutions, i.e., thus
di sanbi guati ng t he 3ol Theirggale 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 ( ; 2
- \/ Z (Armuzzk.cm'c - Armm!e.mw:) + Z Ar.{'hack.mlc - Afghuc.t.mm- ) 3
i J

wherein the first termm 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 (typicaily all sensors).

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

provides important information about the shooter azimuth and hence the projectile’s
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Wthout at |east sone reliable nuzzle signals, a significant nunber

of 5 anbi guous shockwave-only solutions may be generated in

particul ar at |ong shooter distances, which are |l ess desirable than a
smal | er m nber of unanbi guous, but |ess precise solutions. In the
event of potWRt2p095208unr el i abl e nuzzl e detection, an atRERR005EFI126

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

if muzzle signals are found on a sufficient nunber of sensor with
sufficient cross-correlation between the channels, and if there is a
sufficiently strong correl ation betvveen the nmuzzl e signal and the

correspondi ng raw band on each chann et b unmber aof binps to
account for fi fREFOYEs %”%tgéfm V§é’ ﬁ‘P‘é‘hé%/tbFH © RYToIYS 'Isa?eﬁ{‘]?

that show i nsufdinQifnsGRdre Elosdly Rilh siedf Gear®uornolutine, £o) tew ng
'coarse nuzzle detectron' logic is invoked: - Look for peaks in

t he shock eneré&sam@ﬂaﬁﬂﬁ%s‘&“@%ck Fl ag these peaks as |likely 'shock
echoes’, thereby excluding them e, blasts

maxi mum time it whipeptpHlkEt f"r‘i‘?r 5‘@“’\#&\?@“‘1‘1& %}8&\?&?@5"?‘&%“‘30 sensor
array and defi Bgh@uoudisRidRWaveltnty Mt’bﬂ@m@ﬂfef ﬂéﬁjﬂn@ﬁﬁﬁuﬂhﬁﬁtlldﬂg shtﬁ&ﬁll’ ch
for muzzl e energy peaks by novi ng s WI n ow ross s bstan&flh

al| detector cﬁlﬁﬁﬁ@ﬁs‘*’*ﬂ@l%‘%ﬁ%&s'ﬂ'ﬁ’? RNDIgYOuS,
sections in thgregﬁéé%%ﬁﬂs.s' gnal which have been |dent| fied as shock
echoes. Integrate the energy over the window, i.e., seek the nmaxi num

of : 25 /11 W2 f (i e &Iﬁklo@péth{t}an?Qu%ﬁab(e)mwaﬁrdeeal&lhﬁl asﬁmaf@neﬁn nbf +j
represents a nmeasure of energ g energy of the

2006/ 096208PCT EHyhs mgetpzistemw sEnaste.g- ﬁ%ﬁ%ﬂiﬁ I@Hm&ﬁblﬁe%ﬁ“ﬁe na
sensor. (i4p) hod) ﬁ@ﬁ F%n& t&%ﬂﬁﬁﬁ%:@ﬁuﬁl@m s. Tielhhzzled@RE dnREll Be

discrete tinme inter between the tinme the shoci cwave was det ected
and the begi nnidergedfio bewslighilenid awzzle signals areﬁsweﬁs@ﬁ%lfqunf AEmben pheDLer

measured from (g séﬁﬁ@{eﬁt c%s-k&?ewﬂoﬂ@%eﬂecﬂm !arm PR i Mgtnty
noi se, the peak energy he w ndow producin
strong correlatl on between the muzzle signal and the correspondmg raw band on

each channel {offset by a number of bins to account for filter delays).

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

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

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

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

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

L.e., seek the maximum of:

25 f(l ii(mb,’lj)

n=l juf

wherein the square of mb}; , represents a measure of energy, e.g., energy of the
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maxi nrum of function/m4 is checked to determne if the energy peak at
that maximumis greater than the energy across the wi ndow by a given
ratio factor. If this is the case, then the.signal in the windowis
identified as a nuzzle detection, and cross-correlation is perfornmed
on all chann@bzodsnodzése nuzzl e bl ast band nb to 10 det ersdpask2608@mhR

TDOA' s. The detected nmuzzle blast signal can then be used to
determ ne the shooter range and/or di sanbi guate the shockwave signal,
as descri bed above. In sumary, the described system can

accurately, quickly and often unanbi guously provide shooter direction
and bullet trajectory based on shock-wave- 15 only neasurenents.
Di sanbi guati on can be inproved and shooter range can be estinmated if

even a weak nuzzl | ast waveform s al sp.det.ected. The systemi.s.
Tt at| very | neBHe ot TSR BOE L Gra: PRHRLE oo SR ba
vehi cl e vi br at §@Rtig«ldisaets Gme MErvaVbartleithétme fhe SRR SIars doecteEaidby

shooting in directions fromthe system_ 2QIt should ment i oned
that the syst em"gé&‘%@?ﬁ ﬁ?l%ﬁ%/?i’é‘d%‘f‘r&eiibm enisiagimg %teﬁé‘r‘P?ﬁs‘ﬁﬁng'% thestart on

the initial wayghewifRokor determning if the signal can indeed be
attributed to shockwaves. First, the measured total energy in a

frequency bgnd betdwsiinifdd Q4insBioRk)he/fdek tiergdifl thkQvikddiy prédeRgRRy ed
with an enpirical, threshold yalue. Only if this, threshold value is

exceeded, can FREMIMATAPICHGR ik ‘%FF%‘P%@@@G’%‘E" Haherenengy gek2bihaty
shoci cwave. Seg@fithaif is EiGiet thaBthe BRFayQkrotd1Be AHRLEE bgd giveh tatiglacRpSItt i ve

pressure peak nust be greater than approxi matel. 0 us and |l ess than
appr oxi mat el y Bis0s thg caseniberpthe:pignab i the Windew iddsn spynyzpletdplactiopsand m
fromimpul si ve,gQifelafdifis pél?orfnbd SEAPGSRIER iR nfa2hs bR SALERS I
gunfire. If these tests are not passed, the WO

2006/ 096208PcTdetEpiemaG TROAset ect ed waveformis not considered a
shockwave, and no_shooter solution is atte Wil e the

) npt ed. A
i nvention has beémedpisetrdmuer!s tlast anabeanitens dinead te Aeerpyinethe shogter
enbodi ment s sh ﬁmrdﬁéﬁﬁiglea&%moe{&h%éigm!%u&&%eﬁaﬁa\fe! cations and

5 i nprovenents thereon nmay made thereto without departing fromthe

spirit and scope Rfuhffry! MY GRLARA sysB¥n ¥R YcRfatdX A0RLS andbidiough the’
illustrative enbodi nentS are depi c¥ ed as havi ng acolstic sensors,

such—as i cr opPrembignoyshy Brovidethoplet disetionsad bellctirajeatary basad onshisskwavgpes
Of pressur gs Sefiy hkiGreMRGE2PlsEAb: %ioﬁkﬁ%“h@%}:ed%ﬁ%ﬁo&r% e O vised.
Moreover, the values given In Tables 1 and _for the vari Gus
operators are @8mpied Hreene Verkienzel hlegh weavefor is alsadetedech cPhevmitenels may
be sel ect ed depenipthidvOf BEL b RALbhORSesbbhst BvehicR! hration ang
Accordingly, the spirit and scope of the present Invention IS t0o be
limted only byoiselyeorfwid rpnenfirecrackersor 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 ina fr;:quency bang
between approximately 700 Hz and 10 kHz is compared with an empirical threshold
value. Only if this threshold value is exceeded, can the signal form be considered as

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

as firecrackers and non-threatening gunfire. If these tests are not passed, the
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33 Cainms: 1. Anethod for identifying a nuzzle blast signal within a
signal generated by an array (20) of acoustic sensors (22 - 28)
formng an antenna, conprising: 5defining a wdth for a tinme w ndow
corresponding to a tine required for the nuzzle blast to traverse the
array (20) oWwoacwmsi2d sensors (22-28); detecting a shopdkmessesHsgmal
wi thin the generated signal; after detecting the shockwave
signal, neasuring total energy (f(i)) of the generated signal in a
series of time windows as a function of time and as a function of the
nunber of 10 acoustic sensors (22-28) that generated the signal,
wherei.n each tine wi ndow has the defined width and begins at a
discrete tine interval after the tine the shockwave signal vvas

det ect ed; identifying one of the tine w ndows havin

“measur ed tot al deéﬁ?@ﬁ‘@‘ﬂﬂ"%%ﬁ’ﬁi@(‘@ cagpidereds ShopYIve 8¢ N Fhopiee sl ??Bl‘%der of
the time w ndowg mﬁ{l‘a associating the identified tine w ndow as
corresponding to the nuzzle blast signal. 15 2. The nethod of claim

|, wherein nmeasuriygid tﬂ@ ufva{tﬁh h%wmsdmed iQBEneb idrAGHiamk prfdiee
measured energy over the w ndow and over the nunber_ of acoustic

sensors. Sembpdimnenis shown and desqibpd in de%r‘laﬁ@?s madificaliensgnd dent i f yi ng
shockwave ec oe nal
ﬁnpt?nﬂg @‘Eent. Ah 399ﬁ§1§?(%&&9‘6@th61ﬁ drsmu;g?_ﬁn&a A ngana

correspondlng to wave echoes od of

claim1, furthescopeafitminveptionleBeway of engmple, plthovgh eru@gp@mgdlwnt&
peak energy | N LB%edidaNsaliff adohl S4Bl Wen ém%cx%ﬁﬁoﬁngpmaeeaqgm%e

point wth the nuz peak’ ener olnt 1s
greater than a masfusta!ﬂ, vtberetypee nEprgspurefsensitive mmnweﬁe}f elgetricH gensors may

in the identifi € use ALl ol déii‘}}ﬂ‘é Pued ¥ 2 rab Rl § Gnd 2k Blevarous bi&adREROd

of claim4, fur inel
' 10 1ntended to be examples only, and other values may be selected depending on the

actual conditions in the field. Accordingly, the spirit and scope of the present

invention is to be limited only by the following claims.
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30perform ng a cross-correlation across acoustic sensors signals that
generated the signal in a nuzzle blast frequency band correspondi ng
to the nmuzzle blast to determ ne a set of nuzzle blast TDOA
measurenents. 34 6. The nethod of c# imb5, wherein the nuzzl e bl ast
frequency band is between approxi mtel'y 700 Hz and approxi mately 10
kHz. 5 @lainddie method of claim 1, further including using the nuzzle
bl ast signal to detect a shooter |location. 8 A systemfor
identifying a nuzzle blast signal within a signal generated by an

array (2 Q ousti.G. sensors 2-28 orJu ng.an, ant enn
conp 1 3 a3 R BT A e i3 EGheRgpy an array (20
cor r esp@RghRgc kehsdrstROe Mg eHriSdarl MiemhabHigp@if):.ast to traverse the
arrag (20) of acoustic sensors; a pl uraflty of ‘acoustic sensors

8)

(22- f or dgéinbxgarwidth fone timmgywindowrasanespoandingde adimd reguizedsioo Slenavzzlc

si gnal .t hi i anal ; nean sponsive to the

de'? ect ib\({)\énSE &@%\%gs%gﬁ%%g%&gygfag%g }d $8§Orﬁ§2§§%$l ng total 15 energy
(f(i)) in adkexiisga sliodkivate Wighdl GVithiRthezchemeddisiimapf time and as a
function of the nunber of acoustic sensors (22-28) that generated the
si gnal , wherddehddegihetheghogk waessigud, mersuriapiotsl sacray ¢iH) obie Berpraisd at
a discr, i il : r i . Sl

et eot o i dertb AN lyifonRas g End Ao OIS HNSGR GO nlls of
havilfg aaoustiasenseds (22028} thanhgergyat@Dthefsignak (Mkerepn erheimd Wiawdoedeb tiof ddfined
r emai nder,  of &ge.tine W ndows; for associating the

i dent i FIEY abees Atk disasteding g@%%ﬂéﬁﬁ%gt Sineibe shpckpave pigatl versgletacted;
identifying one of the time windows having a measured total energy (fmax(i)) greater
than each of the remainder of the time windows; and
associating the identified time window as corresponding to the muzzle blast signal.
15
2. The method of claim 1, wherein measuring the total energy includes integrating the
measured energy over the window and over the number of acoustic sensors.
3. The method of claim 1, farther including identifying shockwave echoes and disregarding

20 windows in the generated signal corresponding to the identified shockwave echoes.

4. The method of claim 1, further including:
determining a point corresponding to a peak energy in the identified time window;
and
25 associating the point with the muzzle blast if the peak energy at the point is greater
than a measured total energy of the remainder of the points in the identified time window by

a given ratio factor.

5. The method of claim 4, further including

30 performing a cross-correlation across acoustic sensors signals that generated the
signal in a muzzle blast frequency band corresponding to the muzzle blast to determine a set

of muzzle blast TDOA measurements.
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6. The method of claim 5, wherein the muzzle blast frequency band is between approximately

700 Hz and approximately 10 kHz.

5 7. The method of claim 1, further including using the muzzle blast signal to detect a shooter

location.

8. A system for identifying a muzzle blast signal within a signal generated by an array (20) of
acoustic sensors (22-28) forming an antenna, comprising:
10 means for defining a width of a time window corresponding to a time required for a
muzzle blast to traverse the array (20) of acoustic sensors;"
a plurality of acoustic sensors (22-28) for generating the signal;
means for detecting a shockwave signal within the generated signal;
means, responsive to the detection of the shockwave signal, for measuring total
15 energy (1(1)) in a series of time windows as a function of time and as a function of the number
of acoustic sensors (22-28) that generated the signal, wherein each time window has the
"~ defined width and begins at a discrete time interval after the time the shockwave signal was
detected;
means for identifying one of the time windows having a measured total energy
20 (fmax(i)) greater than each of the remainder of the time windows; and

means for associating the identified time window as corresponding to the muzzle blast signal.



