SYSTEMS AND METHODS FOR DI SAMBI GUATI NG SHOOTER

LOCATIONS Field of the Invention The present invention
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and nore particularly to nethods and systens for
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t h& 180 ve. Distance information is typically
obtai ned fromthe nuzzle flash or nuzzle blast. The
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15 plane. The sensors generate signals in response to the shockwave which are related

to the azimuth and elevation angle to the origin of the shockwave. Shock-wave-only
measurements are unable to determine the distance between the sensor(s) and the
origin of the shockwave. Distance information is typically obtained from the muzzle

flash or muzzle blast.

20 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 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

25  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.

Conventional systems employ microphones, which can be relatively closely



the nuzzl e and Shockwave and hence the trajectory of
the projectile can be determ ned. Conventional systens
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cl osel yspaced (e.g., 1 neter apart) or wdely

di spersed (e.g., mounted on a vehicle or carried by
soldiers on a battlefield), and neasure nuzzle and
Shockwave pressure omni-directionally at their
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shots being fired froma distance of nore than

appbeoier legateang. 300 m Accordingly, there is a need for
rapi dly converging algorithns capable of accurately
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signatures unrelated to the nuzzle blast. Summary of

t He tharerga ¢stmations. 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
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
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
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shots, in particular, when nuzzle signals are either
weak or detected in an insufficient nunber of

detecti on channels. The di scl osed net hods and systens

al so i nprove di sanbi guati on of shockwave-only shooter
trajectory solutions, wthadditional inprovenents

achi eved by including weak and/or unreliably detected
muzzl e sound in the optim zation process. According to
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t heajs@biit Aseimpotisnfpr bpeedentd @ahberesigehmbtiamndednifiiting residuals
for solutions obtained with the chromosomes from the genetic algorithm, performing
a gradient search on a solution having a smallest residual and on its ambiguous
alternate solution, and if a ratio of the solution having the smallest residual and its
ambiguous alternate solution is greater than a predefined value, designating the

solution having the smallest residual as the disambiguated projectile trajectory.

According to yet another aspect of the invention, in a method for estimating a
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



anmbi guous alternate solution is greater than a
predefi ned val ue, designating the solution having the
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trajectory. According to yet another aspect of the
invention, in a nethod for estimating a shooter range
by detecting shock wave and nuzzl e bl ast,
shockwave-only signals as well as nuzzle blast signals
are measured. An initial shooter range is estinated
fromthe neasured shock wave and nuzzl e bl ast signals,
assumng an initial bullet velocity and a bullet drag
coef f.i ci ent | - Loci
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so that the difference .between the successivel
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Chanas DRINRER BhPcURE SStyRlely AR R GHattAQRSGEr ranges is
shooter Tanges is smaller than a predeterm ned val ue.
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bul l et trajectory angle and an arrival angle are
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Even . i.f t. uted shooter range is determ ned to be
i V& ?g?%gg%g@u'ion may still be obtained by applying

age n]‘:e\t/einclf %e%%HptuPe%‘ silc%af%r' raﬁgé ise(fc(elaerrrxrr)lgneed t§'Be Enrvafih,aal solution may
still be obtained by applying a genetic algorithm (GA). For example, an initial
population of the GA with a predetermined number of individuals can be defined,
where each individual is represented by a 3-tupel which includes an assumed shooter
range, a missed azimuth (MA) and a missed elevation (ME) of the bullet trajectory.
The GA is performed for a predefined number of generations, and residuals for the
individuals in each generation are computed. In each generation the solution with the
smallest residual is selected as the individual which survives unmutated. The
solution having the smallest residual is selected as the updated shooter range. The
solution can be refined by performing for each 3-tupel in é 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.



popul ati on of the GA with a predeterm ned nunber of
i ndi vi dual s can be defined, where each individual is

wo c@pnexent ed by a 3-tupel which includes an aBSTIBIN05/030126
shooter range, a m ssed azimuth (MA) and a mi ssed
el evation (ME) of the bullet trajectory. The GAis
perfornmed for a predefined nunber of generations, and
residuals for the individuals in each generation are
conmputed. In each generation the solution with the
smal  est residual is selected as the individual which
survives unnutated. The sol ution having the smal | est
resid | AS: 0 .
R
i nexclgegesraié¢astore qfmpidekdarimutk dndimidsed elef atidneyedt éans o
to.c ute.a revi sed shooter range, wherejn the
" o GHHPLS 9 e @O YN Bf-aenciaHOR 3K ok wufagAn apeator
CO P ASks Ml L rfubioh ] ¥epRth SRR E5F tB@@QﬁpeTW?t@andomly selected
i ncl udes crossover and nutation operators. The

5 cr gslyo) ercrapentaimutabuc indigor asmalbastationén g finkds séthe 3-tupel),

azi and. m ssed evati.on, bhet ween t.wo i ndi vj dual s

fr (")d'r;[n;'lJ H} énuﬁ%ﬁﬁ (%?Vlgﬁed?enmgw ‘gq’?égrlgtai ggﬂ?m&ﬂé}‘%ﬁ@ etdbi'e

mut ati.on erator c rises fjeld-nutation (replacin )

T e 2RSS G EF =iaetip 4he WamtRRy o sl loncisambiguating a

va H?éotilé AEGEABB réth sHMIR O BighhiDdHE HBG A g@é humber of muzzle
mut a 3 and no

ionin all” fields of the 3-tupel
mubkest gnaly isedesymedsaring shockdand-enlyrsignalyen dvedi mwore spaced

unal tered). Accordi.ng to not her aspect t he

10} BT nor oy BERUERE B2l Bl P geelt P o s speors, and
tr dpteghialng ftdr Mednoskummeconty SBAMIS TAREA DI freRh&s OMARRAL (TDOA)
nunber of nuzzle blast signals includes neasuring

shBeéRuRAlen SN Sensargaiis-s The methpd fertharincdudes acdfornsiog dwta ¢
BB TRAS OB oA DL AEE LRt P Bboutaion

shockuay e prxdetermingd aumbéi efindividuekench $ncﬁ/iduzﬁfrg;bfé§3nted by a 4-
(TDOA% L,n{\or tion for sensor pairs. The method '
13 £ uipREYhich nclieres ngrcﬁzmlwg fheptep clsyatings miesad Az anskmissed
ge IO G ' ' L LRt . .
B8y k1 R AL LA e, v e
i neisidualls ahcdyding e heaststjuareditalf arcombamenh el THY A skbckivdpeind
shoot er el evati on

whi ch .i ncl udes . shaot er | mut.h,
i g%\é%’le E%smwlsaﬂlg aﬁt&@éhe solution having the smallest residual and its
ambiguous alternate solution is greater than a predefined value, for example a value
20  ofat least 2, then the solution having the smallest computed residual is designated as

the disambiguated projectile trajectory.

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

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

measured total energy is associated with the muzzle signal.

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



el evation, and conputing residuals for the individuals
in each generation, with the residuals including a
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i nthehetenhaskmeody 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



predefined ratio factor, the peak signal value can be

identified as being related to the nuzzle signal.
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measurements for determining the curvature of the Mach cone;

FIG. 5 shows schematically the probability of correctly disambiguating

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

FIG. 7 is a process flow of a genetic algorithm used to correctly
disambiguating between shooter trajectories;

FIG. 8 is aprocess flow for discriminating against non-shockwave signals;

FIG. 9 is a schematic diagram of a shockwave Time-of-Arrival (TOA) model;

25 Fig. 10 shows a schematic process flow diagram for range estimation; and

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



FIG 1 shows schematically a cross-sectional view of a
Mach cone intersecting wwth an antenna; FIG 2 shows
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omi -di rectional acoustic sensors; FIG 3 shows
schematically the anbiguity inherent in shockwave-only
trajectory determnation; FIG 4 shows schematically a
probability density for tinme difference of arrival
measurenents for determ ning the curvature of the Mach
cone; FIG 5 shows schematically the probability of
correctly disanbi guati ng between shooter trajectories;

FIG 6 Shop%g%f%ﬁ%@ﬂ c diagram of a correlation

process; F is a process flow of a genetic
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di dittahdzaekl along the trajectory. This distance can be found if the antenna also
obtains the arrival time of the muzzle blast sound. However, the muzzle blast is not
always detectable, so that an accurate shockwave-only solution is essential for
determining the trajectory.

Referring now to FIG. 1, the shockwave surface is considered to be an
expanding conical surface having its axis coincident with the bullet trajectory. The
shockwave surface is also referred to as the Mach cone. To obtain the shockwave-
only solution, three properties, the arrival angle, the radius of curvature, and the
spatial gradient of the radius of curvature of the expanding conical surface are to be
determined from arrival times measured at five or more antenna sensors.

The arrival angle of the conical surface-generator that first reaches the antenna
determines two possible relative angles (often called 'ambiguous’ angles) of the
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
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ant enna. A neasurenent volune is considered small if
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projectile's trajectory is identified, the |ocation of
t he shooter is known except for distance back al ong
the trajectory. This distance can be found if the
antenna al so obtains the arrival time of the nuzzle

bl ast sound. However, the muzzle blast is not always
detectabl e, so that an accurate shockwave-only
solution is essential for determning the trajectory.

RedRovihg &en?io’fbigﬁitf bGwekn thdtvoMRGEWaNR ST IRerhining these

consi der ed e an expandi ng coni cal surface having

i tlweastioskwavaptogeties adcutateli endedrrastlydecifle betwegn therwo possible
Shogkwave, surftace ils also referred to as the l\/?,ch [

c GIRISUESS SEV SN Y PHESS R KRV B O RIS S SIS W N P F RESXamPle:
PLARBHT drftts sKdMd BE hb ¥rthteBh ApploRAndt@9i1uss t8fdecide correctly
curvature, and the spatial gradient of the radius of

c betvaeu the tofo altemabxp sgitargspashangdés. sur f ace are to be

determ ned.fromarri vaIb titmest asur e&i at t&i ve or Jiore

ant erlfhig TSRS ALY, ieéé‘i“aS%P’é"%? THE ‘eoRiPEF N

S Uhirageri GRS sHockWade ddpictdd ingaches Refgridna®naRo to FIG. 2, an
determ nes two possible relative angles (often called

* antshgudlisicludag Nesensass (NFR ablel tp deterrpiiedhs griyaltianesofipa

to,the. arriv nal ata: . ' i '
B PR S AR 038 P PR G iy v
r ekpaceddae otiQinateGrom .anywkere atle tistemia demnsiats 03 6 28 cdnhe

coni cal surface at the. antenna_ deternines goteg .
dPEYARFREECHTIY be HRidr Iy Aist wtfﬁieattl?cape%%r%?@p -2 X8 ppherical
Ofsux;f&% RS efetneﬁgﬁzfﬁk%@ iﬂh\%ﬁ_@nﬂeﬂﬁ_(@% heof C:zﬁgso that a

surface-generator determnes which direction
buhifetm sensomagiertgre it heaseriyd awtepdndgnitdfehe amtvalgmigtey ' The time

bet ween the two possible diirections. Deterni,njng.the )
D R Dt M e BRE debtena€a 5 s re B Ring P RO L P eB the ik ncing
deghids sRELVEISAehdted Q. I7AS 8ihbt &nsGEALEHAHS adanding CbRicY]
angl es requires very preclise neasur enents. For

exarfpleay sy ln@lmt dmeddenottnsitd Te saundypronagationgzstances in the
' 1 .dec; | .
RIS, Ul bSO DB AR ek P

acignd diffyrefiodd Hyahe fichhgpkedloypusdbsiladed; ﬂ@?ﬂ? llﬂt{g If there are no

P rrr(ljeg?l%grtnler?tnerrors, then the conical surface passing though the reference sensor is
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
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)

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



characteristic of the Shockwave depicted in FIG 1.
Referring now also to FIG 2, an antenna 20 includes N

wogernne6®s (N=7) able to determ ne the arrival PCTES205/030126
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an advanci ng coni cal Shockwave. Since incom ng bullet
trajectories can essentially be expected to originate
from anywhere, the antenna el enents 23 to 28 can

advant ageously be uniformy distributed at |ocations C
(CXJ, C,, CZJ ) over a spherical surface, with one

el enent 22 located in the center at (&x0 , C , Cz0),

so that a uni form sensor aperture is presented

o ¢ g . C .

t nAgRFRERRhe Bhas Bt Rt inf R Enerl Equp e bR M- requency
serseianceleit abbg 1t He tadylateahery fioanspiad vibtatioaC Sensdr spines can be
denoted as t0. The other sensors detect the advanci ng%

cofffached @ qomneon huty thasenpirint anal peRiecaniss ctihisl cpn alsq
souph i QRAOEIHs G M HiBNASIorh&id B ifoBifitsito feoBite ftHom mast

advanci ng coni cal surface are obtained by nmultiplying
eavhrations.he tinme differences by the |l ocal speed of

d i..e. d, .= c* ~t0),. If th
S o ST e fplow g decisioR atgppichm cag B eRbfvaS ta fey ou
t hﬁgﬁﬁls ﬂﬁ?labl@f&rs@@ﬁﬁuaﬁ?ﬁﬁﬁllﬂf foudd %95?@@1(@6@-&&@!6@%@:@@. All

other (N-1) sensors, w t he three-di mensional '
coiedilugs et pafamdieriaqdpicg- nekptivelaad icgn betusediexierngllal [The listed

par anet er f.th - ve cone. However, as
T i Lt e P

meas URefEeiiSna@in b BERN Kb peseessB00alet3maas if £8etkdied signal
erroneous _paraneters for the Shockwave cone and hence

al Yideipgtes fempy Spelew#yce Thepreqeaci W sfarts 4 sterS0F and ehgokg in step
:ng()éf il sql%ryl graef&'ﬁg efbugddvei@b cBERGS 3RSk, %ﬁ%g%qpfef)does the

e corre ecl Si ons "about the two ot her
anpdayscmal valeg ecked y garglpemmstdrized énrekhotr ofbed., STl this is the

syst em advant ousl.y incorporates featur to ensure
t hefseiy ewolcr»s%%g' RS %ﬁ&lﬁoﬁé 210 3nd Eelgiifjhgteds agharp ransient
asfY@erd thOpetk si gb(ziﬁhé,‘?ﬁ‘akh’{g Qfe 0t 88 G AND 1thi§ g%akavalue

Sh_OOt er. For exanp ’ e s_ensor I:THSt can _be noun
t oisaovpieceded byraopthsheigmdl havinp aslgasficantmagnigidesfoe sxample, 1/16

o Pk B S 19, The sensors can

coupl iMBES is the \Chdtd tHeProdes YIEAKYinh &SONRES SOR hn@ERMks if the

1Hz to isolate themfrom spine vibration. Sensor

s plime detaepgn geockwave minima and maxima has a sufficiently large value, for
example, 200 - 400 us. If this is the case, the process 800 continues with step 810
and checks if the magnitudes of the minima and maxima peak signal amplitudes
close, e.g. within 35% of one another. If this is the case, the process 800 continues
with step 812 and checks if the pressure peak transient from the minimum peak
signal to zero is sharp, using essentially the same criteria as in step 806. If this is the
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

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

10



attached to a common hub that contains anal og
el ectronics, which can also be attached to the sensor

wWOoR®b/0vi2oh el astoneri ¢ shock nounts to isol at ep@t/U$2005030126
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mast vibrations. In addition, the follow ng decision
al gorithm can be enployed to filter out signals that
| ack the signatures typically found in
shockwave-derived signals. Al the values are
paraneterized, i.e., relative, and can be tuned
externally. The |isted values are provided only for
illustration. Referring nowto FIG 8, a process 800
détoer arshmskwave, atedfl8ct ed signal originates froma

Sh Th 800 t t 80 d . :
cheoltiing pak BEIETT ‘phaif e dbes 8Bymef of fincice witn
evient ati® TeRMAceh g is BReK byl 0= &¥anR /), WwiResM RendRRkh

si gnal val ue exceed a gi veh paraneteri zed threshol d

ofipmbergdefingdas thefprojhitde velocitie Valiwded bhthespunbedo@Qa. L refers
[ th 0 d h f .th ' h
UGB 308 PR A TR Rl A Sl S e B R e

S b€ ehdbf thdgntédnarn®i £F, dn@ ri. MTi%e drdakew &l the 16fBha10bf the picture
preceded by anot her signal having a S|§n| ficant

% lipte cunvetprey Aigeesure Istgnce dhis egugito érglhtﬂos(@I dle angle

B LR e W e R L

NTRE EeheadifferdBed MBasiasofcupkitire Ge@deh Yhe| FIRE oM @{etmexfn@ lsurface
exanple, 200 - 400 ms . If this is the case,

pPisedte tho conie suiaesvil radiustrels cand tadk ‘Ctﬁ@éks (Flf Dre~n ¢

Mgt Hﬁf@wé ! 4i‘f?e Hi'n@ 'd%r@ﬂ;% ﬁ%{%@goff@ﬁ%tu?é Qtr} ri- Lesin(®) is

anpl itu one anot h

t lgiven by tlﬁd’l@n&a&s@rest;lbﬂ Wit eabstBMRd €ar . Aua&dmgt;h dstaqy, + 13

812 é{,}j checks if the pressure peak transient fromthe
S FmSTp&ak signal to zero is sharp, using

_esse tskﬁ’}hing utnﬁﬁaé e oas‘&féxﬁegﬁ Bﬁox%s id rhs%xﬁiﬁ 1hé %e&s?lre?nent

is the cas cess cont i'nues step 8
atidlecrhffmcscasfdtltdmd dtj aresarideml\yeélntrtblue:drvakxen’bmmg diferent means

R RN TR -

C ﬁ{mﬁfré’ﬂbﬁ,vaﬁ}éé aBh8 RS EndsVifithd A ARIIRYIYBEtBinYind 8 15%al -
curvature there. Exemplary distributions of measurement values for the time
differences dt; and dt; are shown in FIG. 4.

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



If all steps produce an affirmative response, the
process 800 decides that the signal can be a Shockwave

WO aod/obéres si gnal i s processed, step 816. ConvePe®iU$2005H30126
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one of the 6 decision steps is answered in the

negati ve, the detected signal does not originatefroma
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, q = arcsin(l/M,
where Mis the Mach nunber defined as the projectile
velocity V divided by the sound velocity ¢ . L refers
to the characteristic |length ofsthe antenna. The radii
of curvature of tperleoppv)a:tpzt(h)a‘{jp\(\@)d@ds of the
antenna 20 are 1 and r . The end view in the left half
of the picture shovvs how curvature _i=Sy,yreasured.

Di stance d is equg) hto (xr_l cos(, )2s? The angle f is
defined by sin( ) 1) ,J8psthat for small angles
f one obtains f ~ L / 2 \ : The tine,gifference
nmeasur e of curvat%(ﬁ %vkl%gn tHe pobkpts on the antenna
surface bisecting the al/stTace with radius t\
is equal todti =Dd/ ¢ =(r1 - d) / ¢c~t\ f2/ 2c

fn?eg{at{oﬁ dvet x gﬂd m-gpﬁgtsh 1t15j(;ofrﬂc cﬁ{vgﬂglﬁe{'%%wlﬁ oy following
curvat ure at is given by the sanme
expobaslityrf nvdkidy the comdas dedisibed for t\ . Accordingly,
dt2 = t\ + L3 sin(q ) / 8ri 2c . Assum ng unbi ased
measurenent errors, i.e., jassy ng ,that the

measur enent time d’(rﬁ ke;)enges—jl:t: ‘her/t 2axdue randon y
di stri buted val ues havi ng i4¥®Brent means dt and dt2
but the sane statisticall yd,degﬁrmﬁ%%(gj andard

devi ation a, the w#an neas mben‘eﬂmgesat the two
ends of the array correctlyVdé&t er 1 €Pe | ocal

curvature there. Exenplary distributions of
meas UR efeenirig e teBI(. 61 thiclpeotiabitety df § Ceresh dessidn,ior annifidence

dt2 are sho n. Fl G e sa Ie nmeasur enent d
o ol 508 e Satlions s plotiog B IAHGTDMTY SRS Tres b HRgnd L =
2 ﬁr’fl aéﬁa}h%t fh%)cldsést%ﬁﬁit behpgrbah (@'PA? Retlveeh AH pis; eéﬁle ’s trajectory

Ther efor e, nmeasurenments nmade at end one that have
va:insﬂdbe hmﬁgmrm HEtre supd Vé¢logitysiglassunreditpde ¢ 6r F480n/s. It is evident

I éa l%?g?té glglfﬁglg vat %l%{/fe ‘EaﬁIgY e%qhan%% orfarngcf r élgmu%lous éhockwave-
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.

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

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

12



is made when the neasurenent at end 2 is equal to X is
gi ven by:Integration over x and maki ng substitution of

wOovaod/@bross results in the follow ng probabili tgTafs2005/030126

maki ng the correct decision: P(r <r2) - ) e u erf(u

-a)du Referring nowto FIG 5, the probability of a

correct decision, or confidence |evel for

di sanmbi guation, 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 = [ ' rger. ant.enna

pagfesst ol Satps Vs PRt Mol BGayed Y £E1in 38110 depenas

shockwgveonly solutions. For_ |arge CPA val uesggthe

di FRQEY 18R EBG At o Hpafriacrapserfpkthe whannsl vitly di g™ na

(ri and r2) is too snall to be distinguishablé? sKdit he

probability for a correct decision approaches 50 % or

conpl giRingERlod1§d/ocohE MRS iHRGdhal $thRgfOrtiiesl 6 ehd Heture. For

depends on the size, i.e. the diameter or spati al )

extieertugy oftlrreth h s mecylindricnd seundriedrcg abdistanes ¥, dresmaximum

ar l:seqf b1 el co lLha .

e B LRI LBt B2 B0 SPRRRLIOTARE P eyt g soune

bi pisssare aintke hpraturacanta. Mhelimingy atrdredouetidriabol/e @ppldk also for this

Shockwave arrival angle. However, for random arri val

ANGLEST o ?EN I (OBLALARE. CLGRL I ARRSAA RS RUARC P2 i

difference errors. "Timng2errors arise a <% bot 4?r0@

gain and signal strength variations fromchannel to

c hamplénde qrrers grapfot sandopbdmenngscoinrs, v vanveiogelysom a

Ouj DLk ' t 1 hreshol d,val ye Vp- The timi
ﬁl%ﬁrgltxﬂ %%gsés etge %@‘“ﬁi‘géﬁuﬁe kS 4) f'lfj %‘ﬁ Cerery éfgterﬁa%es L%%aﬁerqgan 10

error va%

10 t he, for e mhapert@t, He maxgaumneiptiask fhabr i s ekEmIes, which is less
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wth dt = Timing errors also occur when the signal

st ham ferrhoans] ganpipsiatiemparypeter of @2, sodhatpifegisdie tr amplitude

l e yld L.Gal e ' .
PRk 8 ) A6 SOUIA AU By HALATGR, g 1
| smehe/Bach oomxorafiius is $n9l] enclngh evithGespzct tbehsapendre length of 1 m
pressure at the aperture center. The timng error

e g8 PERTUERHRE SANS [T L0t YPROMPYF ARty s type of error,

with the expression - replacing the relative gain

var i aRedistic estinigs 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 31(—1)9.%1_2_— =0.85 us . The standard deviation of
binomially distributed random time sampling errors for a system sampling at 1 MHz
1s equal to 0.25 us. Timing errors due to gain variations are estimated to be
approximately 0.75 us for an exemplary system with a channel bandwidth of about
18 kHz, corresponding to a voltage rate of about 0.02 V/us. The employed acoustic
sensors for each array were chosen to have sensitivities within + 1,5 dB. Therefore,
channel relative gain variations are approximately uniformly distributed between

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

13



| r g anplitude errors are not random anong sensors,
but vary uniformy froma maxi num across the entire

wapeshenes t 0 zero at the center. At ranges gr ext’BUS20b&080126
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10 m for a 1maperture, the maxi mum anplitude factor
iIs less than 0.05, which is less than the channel gain
vari ation paraneter 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 radius is small enough with respect to the
aperture length of 1mthat neasurenent errors are not

Cangea Ty SN TRERTEAPICT N e TAE o pigfndard

the magni tudes of the error vectors are statistically

| RgeResslentimaipcerkoné 604bBuy0.d5 g6 i but ed between 0 and
1mm and that the error angles are statisti.call

i ndepkaidengasutemensimnEArHRgicainaad By awm%th@ﬁfhamel gain
uni_f.or |.Stri ' . . di ..
o BRIt SRR 85 ] sty

dendepehdunt.OThdy, tertiraingerdi standand tedatiandarbetestimated as
sanpling errors for a systemsanpling at 1Mz i s equa

t 0/0885+ 055 + ISP Rgl.Bfg or s due to gain variations are
estimated to be approximately 0.75 nms for an exenpl ar

syst diriswliffleuli aph axpreisivio 4o aekiiemersuet prgbision with fnakog to digital

correspondi ng to.a vol tage..r f
R R P hak i R BR T SRRt B P e Two
Cc hRgaent Grcbay BrraeaghteipvhédsesngitieTime-DifferetBe-of-Arrival (TDOA)

Therefore, channel relative gain variations are
apae oxrpleedinthe discloped SyskiMst ri but ed bet ween 0. 84 and

1.19,. s i.at.i iVe: '
L1058 b RO 0 B R
t hire e erDOV) | ciragie ubiag VaVHA cldskd/in qael chdnnaly The docks are

Standard VI 2 deviatjon of timng errors of abqut 0.75
i BEBE I M B SRS Y ORGSR T jerce
ASSHT: NEhikh 3fas GBARNAEIL09@hthe sensor that first encounters the shockwave.

As discussed above, a | 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
sensor that first encounters the shockwave crosses a threshold value.

2. The first latch sets start counters for each channel, which are incremented
by one count at each clock cycle. The processor is alerted.

3. The counter in each channel runs until the corresponding sensor encounters
the shockwave. This sets a second latch in the channel, which stops the
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.

14



vari ations, sanpling variations, and sensor |ocation
variations are all statistically independent. Then,

w0 bwep9arosng error standard deviation can be espd¢TE$S®05/030126
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as V( 852 + 0.75 2 +0.252=1.1nms . It is difficult
and expensive to achieve such precision with analog to
di gital conversion, because high sanpling rates

foll owed by interpolation are needed. Two different
circuits for accurately measuring the

Time-Di fference-of - Arrival (TDOA) are enployed in the
di scl osed system |In one enbodi nent, the exenplary
syst ém The praesson edadg thei TROAIregisteence of arri val

TDOA) circuit using 1MHz cl in. hannel.. Th
C1 ocRb dine PIRCEBNEFag HLAPUFIFE: CEAREB TS D dr TRERtA

threshol d signal |evel at the reference sensor, which
was defined above as the sensor that first encounters

the h%%ﬂ’@‘é?lb @f%eﬂiﬁﬁ@&?ﬁe@atﬁﬂqueeacﬁ el &l elert ttRr
¥ o f

is suffircien el’'mnate the I nportance o

t chemshispb@peed obsa timepegmthteenteiddeonsths tisre of pler sardsaren
an_anal og node, relying on the detection hr.eshal

"L RTR 90G i The Cordih Ol EnSns lenSing Cope 158 defined by
followi ng functions: 1. Afirst latch is set when the
channel si gnal? [ i e at the reference sensor that
firstCoBHE, —Jlgzrn{?%’t(éﬁfickwave crosses a threshold

value. 2. Thefirst latch sets start counters for each

O ot £ oG B L8 R b e e
! ﬁnfe%%a?ﬁl%ﬂﬁghs ﬁg?@]d{%gb%dﬁaﬁypor respondi ng sensor

encounters t shockwave: is'sets a second latch in

t he anne ' tpps the count in that channel. If

no s?&ﬂg’ba \é\ﬁtfg'lé“t t he correspondi ng counter runs

to an upper limt value. 4. The fio(? | glilljrﬁew%&of c?unt sf
in eabrn ggohhare regl fuggiinsead thefine. @&S ¢ Hyir transform of g(t),
" Gl B(5hs e FO B ASRIRYrHGads the TDOA register.

The total power in a signal is:
Total Power = ()| dz = [\H(f)| df

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.

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

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

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

g;(t) are acquired in each channel i, j, steps 601, 602, and recorded as a function of
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6. The processor resets the counters for receiving the
next Shockwave. In another enbodi nent, the correlation

wo oooeeazbs channel with every other channel is pPOpstoesio30126

for a tinme segnment centered on the tine of the
har dware TDOA detection. The correlation of two
functions, denoted Corr(g, h), is defined by The
correlation is a function oft, which is called a
"lag." It therefore lies in the tinme domain, and has
t he follomﬁng property: Con(g,h) < f)H-f) when g
nd h S l . fupct f
Ol o R B OB et skl b Franfty b it for
tdhﬁf@f;@x’(trﬁoﬁflalhz(ah)m oftve cbathtiopasver in a si gnal | S:
Total Power J|/i(t)|2dt = J|H(/)| 2df The
time-of-arrival signal has a f%nite | ength, so that
t he Eﬂ&k@wmmﬁnnhbamlsgnnaﬁgqhﬂ @r discrete data) need
only be perfornmed oversi@udiddi te tinme interval centered
around the tine-of-arrival; the length of the data in

one ffe RRRr fRANMEI 6; (g%ﬁrt&%hmm%ﬂgnlaymzle El@taégg@% BSmputed

so that the duration of the two signal s match as is
kﬁooahannnl itand ther conjugate Gié-1 i foowedh glei695 u & dliewnise, the Fourier

PR e G oL PR b gHAYR o B P TRa B iy BB fos gl i epher

ddh%ﬁﬁéré £ sképl60es Thdfease, s |ci'ds§-@otrﬂlailbl€G§U—f) @\m is feﬂﬁ»ﬁtd %r each
be able to replace the integrals b

sl ps (i O it aClsmoolia 8 90 e b hie KRGV o
QH @fmfntnefrl?audgttﬁet tgmé t ) bxi/%% 69) ﬂe&sﬁﬁ%%hﬁggvddl\g% gfgﬁ 810. The

Hanne recor

fm&lau@n befvtdetmhe dhanﬁéle pand53n bé@éfin¢des t ot al si gnal
power in a channel i is conmputed for subsequent
normal i zati on of the CQkﬁ@h@hbqn(@S Total Power in
Chanﬁ@fr(g‘, g)'é: di - Sianal durati’sn The o i er

transform G (f )(Epweh
g,(t) is computed
The residual for channel i is computed by computing the mean value for a

hamst Rwhlewe Ghramet e dat a

sensor i over all sensors j:

Residual(i) = mean(Z (1-Corr(g;,g;))
J#i
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 s, reflecting the time resolution for the
received signal. The correlation processing is done with a time resolution that is

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

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

and the bullet trajectory can be determined. The shooter position, i.e. the distance of
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for channel i and the conjugate G (-f) is fornmed, step
605. Likew se, the Fourier transform G (f) of the

wooaxdeezose signal tinme data g, (t) is conputedpoarusabds/o3o12e
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the other channels j , step 606. Thereafter, the

cross-correlation G (- f) G(f) is fornmed for each

channel pair (i, j), step 608, which is a function f,]

(t) of the "lag" t. The TDOA for each channel pair is

the tine tmax where f(t) has its maxi numvalue, step

610. The correl ati on between the channel s i and J can

be defined as peak value f (t) Corr( g | , ]

( P&%ﬁ?o%}afp&ﬁkhe densdr Pﬂ‘ﬁ? Ear%@@&@xlmlhe%lf-ﬁkbemﬁ?ﬁé Qra@d &éxﬁ[ is

channe I's computed by conputing the nean val ue for

a lewvgoin addivwer al | sensors}: Re sidual (i) = nean( (1

- Corr(g ,gj )) J i as indicated in step 612. The

TDOAsInaar(Chrtb@'ran ebeaddirarssyktem tdnadred itathe ednteri dfithet dreaybest {(Cyo,
|l est) overall .resid re then sel ected as

218t

@ym' Eéga (Ol O thisime pEyTiy REIOBIERY ) ey enyssor
1'@57 éa?M e@pﬁ;tg}qu &@EIW sarrpl ed at discrete tine
val s

a predefi ned sanpling rate of, for
exanple 41, 6 66 sag?LesLs Thi s corresponds to a
bi n wsgctkh:tgﬂ (cb‘B(ﬂ)Fl— Méc—tllsmjﬂt))‘ne time resol ution for
the recei ved Mfgnal . The correl ation processing is
done with a tine resol ution that is |rrproved by a
factor, of 8[%0 B, (36 19, )ﬁdffg(xﬁg 8’31}’ BAd Xean@)es/ sec. Once
the viith ins(4rre differenceg,pf arrival (TDOA) between
the sensors have been determ ned from shockwave-only
signal s, I; e shooter azimuth and el evati on and the
bul | et t|rajlectory can be determ ned. The shoote
posi ties).7,i{.repretdies mesﬁ;mamlwﬁalhevahaqwrc:a‘Veﬂ/t/hew+V2
sensor grfdy can be determned if the nuzzle bl ast
signal iszknown in addition. In a Cartesian coordi nate

? {\%(t% mb%%réttﬁé s%%e@ bt Eorﬁ?xd %hd w{he%aéh%n%err.aﬁtepiesgﬁts the ‘miss

angle’ between shooter position and bullet trajectory, which includes both azimuth

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

defined by —Al; =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
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 disambigunated. The essential ambiguity of

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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Cyo, Czo) = (0, 0, 0)}, the time of arrival TOA of the
Shockwave at a given sensor (CX , Cyj, Cyj) (see FIG

W@2006/096g08/en by: L Shock ~ O+ - | sin(/?)) MPAX{3005/030126
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Cx) W {XQ@ C ) VX -Cz) with cos(/?) = LM V =
represents the supersonic bullet velocity M =V =J W
+V+vz 2, with ¢ being the speed of sound and Mthe
Mach nunber, b represents the 'm ss angle' between
shooter position and bullet trajectory, which includes
both azinmuth and el evation angles. A direct hit would
correspond to b = 0. The Mach angle g is defined by -

=sin((c)) ..MAs ti oned ve and indicated in
Floémeé,sufF%Fn%Cf@F%ﬁgWGg‘P’%Ye @gg)rAt ¥on and bul | et
trajectory, there is another s jtion and

bull et trajectory forwhi g%ihh}g(m_p{ t)’ig Shockwave

at a given set of sensoPb is ri% i d&hti’cal . The two
anbi guous solutions are in fact identical if in a

simpl i.fied nodel., I's assuned to
propa feemg%:ersgglslstt%%gsogglg%lﬂ@g(?%y as a plane wave. |f

the T resol ution.is,high enough resol v

cur v At Pt fis SRS RRACo RO L Rt lara

| dgstte@l des@bel P B&ialt ATUBSattnG 1980,002t st cTiisical point-by-point

essential ambiguity of shockwave-only TDOA so] utions.

i algnifhoatee defemigstig proseduraiorgrpisrehiag Sia anjinype selytien,

TOA measurenment, s h e S LQR Of .

T RERRETD ShOF 4By SRR A o b o

C QirRuhddifed tRgnsition rule, such as direct methods using an objective function and
constraint values and gradient-based methods using first and second order
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.

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
a single 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
can be represented by the Euclidean distance Atmin between a calculated solution and

the measured solution.
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shooter/trajectory conbination that m nimzes the
root - mean-square (RVS) residual of neasured and

wocompwt®d Shockwave TDOA' s: wherein the sum i CTAISLDS/030126
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over all sensors. One approach for solving this
problemis the LI Levenberg-Marquardt al gorithm
described in detail in US patent 5,930,202. Mst

cl assi cal point-by-point algorithnms use a
determ ni stic procedure for approaching the optinum
solution, starting froma random guess sol uti on and
speci fying a search direction based on a pre-specified

transition rule, such as dif usi ng an
obj ective function2emg =cmis )y drnt ~valles and
gr adi ent - based net hods using/first and second order

derivatives. However, these nethods have

di sadvaiitiaggsn al @itk daping a shfaditvahie o, 78 bestet.ut i on
depends on the selected initial solution and that the

al goerrimrﬁpné @8En afplyiak thedbAdo aiBmBRubidRhe S BPthe shooter
such as a local mininumor where the cost function

s u<ihf%en h@éprau efckile tra)enwrefythe@@emhlary ©drusheds 4 clepmpsansan

L T e

ro Lle . tra tor can ute rmre ui.ckl y and
Pmrjee[?\,gllrfl'ét@ﬁ‘wejdl S ’é‘%%ﬁ“eg‘zwu ’Fsﬁ’g lexat eQPM(‘qsm]r onZIr y
enetjc.al or|t c.hatural evolutlonar
8” SC TR N 521‘1‘:)‘1390 fhese a{ﬁ?ﬁ@?@ﬁﬁi b theasled B -2l on’
Pr [%Fz?%whga,ssﬁ 'ﬁl@%ﬁ@x‘[@?mga& 'deﬂﬁééﬂ %QE ;ﬁs&ms 3phe

nstead © tartlng a single guess for
a 1motal¢ blast,is aot@ts(eqb mothebs afbﬁ:dbssglbnd slnCtCkwaeaon]y approach, a

|n|t|aI|2|n ulat n, of. s

| ol Gabebd b ER TR arane theoiks ot 1 Bl et i Rogumed.
the injtial solutlon set, step 72. Once a random .
popul 4B SR PoRBRER isrrEeated lafréa@%ra selgction qfdhedrsspapning a

' %Eﬁﬁnﬁf‘én%’%as%aﬁl@?ar&%kbﬂﬁ@sf (afhafk8 n%e l'em
step 7 fitness(relative nerit) is ned to
each on, _s p 7 he fitness can be represent ed
by tﬁgakﬁgkwﬂ%an glstg%c Dt mm bet ween a cal cul at ed

sol uti.on_ and the asur solution.mn =mn | (tcalc -
t mea lf?tlonShooter ni%’ cees 58}: (

Azimuthyigseq = {-20, ..., 20}, and
Elevationmissed = {-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
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

through crossover, step 77, and mutation, step 78, and the generation counter is
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Intuitively, an algorithmhaving a small val ue of
Dimn is better. For exanple, when applying the GA to
walc@anik2ggiat e the solution for the shooter di rect/usmos/030126

and projectile trajectory, the exenplary GA uses as a
chronosone an initial population of 200 4-s, with each

4- containing the follow ng val ues: [ Azi nuthshooter,

El evati onshooter, Azimuth M ssed, El evation M Ssed] -

[ Azi mut hshoot er, El evationshooter] are defined by the
angle (q +b), while [Azinutb. MJssed> El evati onM ssed]

r defined by the angle /3 (see FIG 3). Since nuzzle

blna:} mérted'®) ottS€dpWot h the af oredescri bed
shockwave- only approach a nom nal range bet ween the

sens aa!ﬁﬁh&ff%
The %?at%?lzﬁg}{%gg&l taﬂksgﬁplﬁgﬁ(gﬁlgg?ééggy ranégm sel ection
ofwlicheas meszop ma@] iidingdelsymanidggd by thenditnessadsadireive.dngere used

of val ue al ue i n degr.ees): Azi nuthshooter
g et T s o ol Femdn DL hose qurgigors wilh hegoy
5 A%HEEB\J&/M@&%?{ O‘pel{atc%@hsted in Table 20}, and El evation

It is checked in step 75 if a
naX| r - R4
Set %“f&%ﬁ%rﬂ%ﬂﬁ@ A0S o il Gy Bt
rmkmnmnaltmtmrb@rooeﬁs G:erations has been r eached, the
process 70 stops at step 80, and the result can b e
ei ther accepted or further evaluated. O herw se, step
76 checks if preset fitness criteria have been

alslratst Nathk NESOpEFatd ST Ko aNBE| T 0T examiseripfion
onputed m ssed azq%%h f <15 andfor a ratio of the

-V ﬁﬁﬂﬁfb? ?& Il CHPssower °1'D. 5&’0r atio aB e[slﬂgotér/t}a Etory azimuth
e ’b?taj \ g%&’e? 1

0O

-l

fiteria are sat|istied, the process t%%hx%
——otherw p tom s
';()cl)lgssed \'(/'f(')ssov%{ ep ﬁ&%\b@i) ﬂm?’at I on & E%ei%znﬁﬁagﬂg; th/elevation

J? eEd K}futa cotmt "TYI t'at?q'n1 ne % e ted—by R% 'l?e 2 f et (w th a probability
S GEREP At i on,| THE Phest™ i ndi vi
jur\” ve unmut at dd q Pgﬁg’erg‘?ied ta%domly
selected new value within range
Incremental-Mutation | Mutation 0.4 Introduce small mutations in all fields

of a chromosome (within <2° for
shooter information; within <0.5° for
missed information

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

10

Disambiguation is achieved and/or improved by performing a gradient search on
the best solution and the corresponding alternate solution. For both ambiguous
solutions, the residuals and the ratios of the residuals are computed. If the computed
missed azimuth is <15°, representing “close™ shots and if the ratio of the residuals is
15  >2, then the solution with the lower residual is selected. Otherwise, no actual
selection is made, and the solution with the lower residual is labeled the “primary”

solution, while the other solution is labeled an “alternate” solution.
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whereas the top 100 individuals, as judged by their
fitness, also survive, but are used to create the next

wO20/oemBVvi dual s from pairs of these survi vor 8Cmuskoosisn126
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crossover/mutation operators listed in Table 1. The
foll owi ng exenplary crossover and nutation operators
were used to denonstrate the process 70: Table 1

Di sanbi guati on is achi eved and/ or inproved by
perform ng a gradi ent search on the best solution and
the corresponding alternate solution. For both

anbi guous sol utions, the residuals and the rati os of

Lhe R MBSO SaRARULEH. mE A DB SR Hb kN BRfion on a 1

azi nmu resenti’ng S an
r aGHe c@ﬁpﬁﬂéﬁrﬂnﬁﬁig‘ihaLﬁlukS)péﬂtmg bysterh 0.4 Slsedomdmomva blroad range
the lower residual is selected. O herw se, no_.actu

s edfesemnigiedishotiadie/s ofig Stfﬁ\éla@élsb?‘ﬁ SiErsaithing ke Of 8%%?3 azimuth,
e %694 fﬁﬁc smﬁbt%g %‘RF pewvfmmso o%%é&aagﬂmuwuﬁn%v

erogofutron 1s an "alternate"” solution
s hafokedescabed ﬂl)sardbngaa:tiormlgortthm Gosashyty, i.¢.retmisheding edmased
sol yti

o iy g5 oters e SrEReed 25 i b B ThE A ihiguatin
\?V: {T%(IB i rofiRled coRdHor&uith RS ntdrdi B hFAHPO% oMKeStime. The

of m ssed azi nuth, and 86% of the sinul ated
s hascarage p Edigimbignatings expesteddo aianyrhasesl orUdie senspharray geometry

¢ be . . .
o QSRR ET IR LB R b Ry A8 B
dl&@j&btd}l{@dnﬂﬁ goof the time. The d| sanbi guati on

al gorithm produced correct results for nore distant

shot sty OibRbcdhRBed édﬁmnﬂf@r the ?fﬂ' &iite @4jcctbsAREre QYaiinedRvithout
is expected to vary based hé sensor array geonetry

andetedtion of esaphedlast. SHiDWb‘{’,ﬂf,l lbhaniees if@ing, thetievpn 8 igak muzzle

havi a |l ow el eva t t
i of a Rl E TRl el o of §irfed MpileR BTHHBHAL Ban be
t r &jvasthSEonsMalsed Rbintiroarankd J{&éﬁmﬂz&toﬁc‘dnd@ﬁbaﬁi‘blgﬁaﬁaxh e

bl ast . wever, it has been found that even a weak

MUz zl gcs ioQRas chhealafremy aed1§g1%adf A BRI ofetiofl (T O rHodel,
limted nunmber of channel s can
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

the air density (which is related to temperature); the position P (P, Py, 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

in space.

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

Syi» Sz), and the bullet trajectory is shown as emanating from the shooter in the
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advant ageously used to i nprove range determ nati on and
di sanbi guation. FIG 9 shows schematically a di agram

woabosodiose of Arrival (TOA) nodel, which is desznisbed 030126
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in nmore detail in US patent 6,178,141. The TOA node
can be used to estimate the trajectory of the
projectile and the shooter direction relative to the
sensor | ocation. The TOA nodel is based on a ballistic
nodel taking into account certain physica
characteristics relating to the projectile's flight
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0 e projectile, i's e su soni ¢ vel oci 0 e
pr oj dde F[)]m@J ofg@mﬂv@@s ¢anal fedhe F“ﬂ@gg‘u itdakegder the projgctile to travel the
t enper at ur edependent) speed of Sound. The 'mi ss-angl e’
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ractertze s azinmu
measured counter-cl ockw se fron11he X-axis in the x-
plitakesahel stnckivase @ teavat tho distange 435' ' mémsuthe dadipticay pbiritrto lﬁhe J
the x-y plane. The equations that define the Shockwave
arrivaI‘tgxr me t,- and unit vector at the j th sensor

tlen in terns of these geonetrical quantities.

z—zJﬂ+m—1Jﬂmw+m

j ‘o — %0 ?

V¢, Co

wherein tp is a time reference (firing time) and cy 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
over a distance corresponding to the sensor spacing, so that there is insignificant loss
of speed between the times the projectile radiates to the different sensors. However,

over longer distances projectiles are known to slow down due to air resistance. The
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The tinme of arrival is equal to the tinme - it takes
for the projectile to travel the distance to the point

wowoe/osund is radiated toward the j th sensorpCpusm05/030126
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the time it takes the Shockwave to travel the distance
fromthe radiation point to the j sensor, SDt | =1t
o+ - T/ +-=t +~sin(b +q) , wherein tois a tine
reference (firing tine) and Co is the speed of sound.
The Mach angle q is also indicated in FIG 9. It can
be safely assuned that the velocity V of the
projectile remains constant over a distance

C o h&RAR| 'cﬁlgbé ex;;r&%e&s{ﬂagfa Bt Cﬁ@vlﬁ@?&pﬁﬁkﬁrcﬁ) th8 bullet
insignificant | oss of speed between the tines
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eXPs AFRE6h BYa fullefof d&égﬁﬁ&bﬁsl RBdritiy Weiped]ecte e Sbwils drag

the bull et shape an ull et caliber. mat hemat | ca
bevdffieientdes) itsoeitialiselpeisy and thedsnsisi ofdhe prrovarimegedr aseknown
phlg¥%ﬁcthe arrival tinme of a Shockwave at any genera
polnt “1h space as a function of a full set of

par a ers descri

i ag COFFPErEReRiee 1 9 Pt faypsts Bpteel gt fpgom ina

dedasiktid/setting) hehsdrartatidiety Rowe af, @akdt®simhafoRhthaitCsignificant
The paraneters required for an_exact calculation are

t #ppresed Yy aotteRivpropess shovenin form of genroresg flowidiggram 2400 in
b?fé l lf?lf Wh ct(ijl tamwﬁt\ﬁeagccblfn?ﬁ&%le?ﬁ dnr@f{tféé) E} (ﬁ@&ll? selﬂcx V%alorﬁg the

signifrcan erativ Cess s
f aajectoty. aTly moess 200 twglds AGLePDO26UtH the FdlIGwih assohiptibns:
takes into account deceleration of the projectile

vel ogj+ ¥peall 9P goundenddift e Ottide TOBPRLQES Sft pz&@u&qgsmm/s)
at step 202 with the foll owi ng assunptions: Co = speed

of spy aqloﬁmmfd&aﬂgdcofeﬁruawa&érgg‘edt@@p%@wsd wéipons

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

weapons
Mj = Vy/c = initial Mach number of projectile

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

speed V, and Mach number M, according to the equation

T, C
D = ms 0
- cos(a)

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

position P can be computed in step 206 from the equation
2
a
M,=My)1-——=—
[ CoVo J
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Cb = nom nal drag coefficient averaged over
antici pated weapons VO = initial velocity of the

wopn@jmeiosl e, when fired, averaged over anti ci param$2005/030126
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weapons M) = VO/c = initial Mach nunber of projectile
A first estimate of the shooter distance DO is
conputed in step 204 using the neasured
tinme-difference-of-arrival (TDOA) T1 1 and an arrival
angl e a between shock and nuzzl e sound at the sensor
array and by assuning an initial, constant speed VO
and Mach number M, according to the equation n - t ms

t hese..assu i 0 t he proje
s peedodin deiiat ol SRER IR IS Sancs B e Hsu,
bepesompslsRy 208, step 206 from the equationso that t he
time the proj ectile travel s the distance a al ong the
trajectory bgcones, step 208, V - c. The angle q is
relatéd=ke—ﬁﬁfﬁzhch nunber Mb y the equation s
||nn(Q)—-V|- erein the Mach nunber Ma is initially
set to M? Itcshould b e noted that the instant aneous
buI I et vel oc:|ty is set to the speed of sound (i. Ma
= f th o) v [ ess t han
t he sz’ a&gﬁélsggié&legﬂ %%Mr%é}\l/mgrg d\% %Pgﬁ%gquazg in step
210 then becomss a DO - cos(/?)- 1- - tan(yg) The
angl eﬁn%))_o,_and g are related b y the equation ( +b +

ThE process 200 then | oops back to step 206
b y inserting the conputed value for the

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

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

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

distance a = 'Z\ in step 210 then becomes

a=D,-cos\f) _________tan(ﬂ)
py-cotp) 1 22|

The angles ¢, 8,"and © are related by the equation (o + §+ ©) = 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.
The measured TDOA 7,5 and the computed updated values for T, and a are then

used to successively update the value D for the shooter range:
D=c, -(z'ms +Ta)+s

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

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

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

the distance between the shooter and the sensor array is a “reasonable” value, in
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di stance a in the equations for Ma and Ta above,
yi el di ng an updated Mach nunber Ma and an updat ed

wzrlobess208 avel tine Ta, respectively, for the pacBUSIoesio3o126
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di stance a . The neasured TDOA tns and the conputed
updat ed values for Ta and a are then used to
successively update the value D for the shooter range:
=co -(tns +Ta )+s This process is repeated until

ei ther a maxi mum nunber of iterations has been reached
or the range values D converge, as determined in step
212. The process 200 al so checks in step 214, if the

r ewhisR daseaR@Frovals 260 Rrmikdtésait step@16i FhROAMPIE tNERINd 158 D can
shooter and the sensor array is a "reasonable" val ue,

i nisHioapidersgd walithif the distesee 2bavaled by Agwnsejeetile apdheatigance
For exanpl,e, the value for D can be considered valid

i 5 the 2dlEY apaween the ssabeshdiie pbirt phejeant sduadantctidmdiated
di st ans®(€) bet ween the sensor and the poi nt where the

sound wave.i s, radi ated fromthe projectile to t .
S O i do el e el el gamanbegvaiGt 6.€ b AN \ARAN is
| Sa §esiRPbAInglPodAtvang rg&ie{éhtiﬂg"{ﬂﬁe{m&%%érﬁgl deation which

result of a nunerical eration which cannot return a

v atandotreivpes velad nembardralus ang i typicelly useddo peevgnicareons from
errors f.ro rgpagat i t | cal.ation.. in
Pl B EPRBLRs 5B DeR ERUH UM b

prge@daniihdietirdshéle Akl dindthtigg thathe @adjediide Waaindedefired toward
projectile was indeed fired toward the sensor array.
AStheEeRsPOHER- above, the number pair (tns, ) is

initially used to conpute the shooter range D in

zer oths mppiianed ghove the nsthicepair (s oD anigitially usedbto compute the

projectile' s speednalong the trajectory. |t the . ...,
b8 (ke Py IREES, B R clelBn B0 8 vt i fop Braipriig s seee
a fensths trajtctogR OIfehd Yerstinadstbtdse 300 tescribedbsiovedbés dt iBum a
a), then the solution is discarded., Even if an exact

s FHOBSISIEAL ERYNCHYSUPROTHRE HichaBIbET D3I (Tmg 0f, thernthesplufipn i

% "sbeclfdefdor the shooter range D and the m ssed azinuth

and” &l evati on angl es (which are related to b) that

gzg vlggsnﬁ%{%gg} s%%‘}pnn?gysrlfort %g o%ba?&alﬁleTR(i)sAa %Qeﬂ t&'find values for the
shooter range D and the missed azimuth and elevation angles (which are related to
B) that most closely match a measured shock TDOA and a measured muzzle TDOA.
As already mentioned, the shock-only TDOA’s between the various sensors can in
most situations be reliably measured. The shooter azimuth and shooter elevation,
but not the shooter range, can be determined from the shock-only TDOA’s using the
known sensor array coordinates (Sy;, Sy;, S5). It will be assumed that the TDOA 7y,

between the detected shockwave and the muzzle sound can also be measured,

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

If it is determined in step 214 that the iterative process 200 does not return a
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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As al ready nentioned, the shock-only TDOA' s between
the various sensors can in nost situations be reliably

wormmsayee, The shooter azi muth and shooter el emar/Usa0P5/030126
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but not the shooter range, can be determ ned fromthe
shock-only TDOA' s using the known sensor array
coordinates (SXj , Syj , SZ ) . It wll be assuned
that the TDOA tns between the detected Shockwave and
the nuzzl e sound can al so be neasured, whereby the
muzzl e sound may not be detected by all the sensors.
If it is determned in step 214 that the iterative

Phes@atorOsohaRms Mdredted, ¥hch 8 evalihtdd irethdlchntekf@Mhé henlinear
process 200 attenpts to conpute the shooter ran

i mmwﬂgnregwpr@bmﬂdomﬁmssgé%wednmt@@rqsglgm Tg@;lg}gggjutlon In
Ro PR Ao SRR UL LSRRl botveen

begicikitddtsplisoa raah thvd mbnsaredanmmﬁn,sfet exdmpalbyt i ons,
instead of just one solution. Once a randonpopul ation

of sol utiongyi his evaluatedlnthe
cont ext of E‘éfsﬂm m,cl—ngggk Q;’)ogra Jproblemand a
fitners (reliative nerit) is dz-nts@lc ach solution.
I n one "&nbqdi nent, whe fltness b g7 représented by

t he Euclidean di st ance between a ca cuI a ed solUtion
and the neasured sol ution, for exa .

| nt uiletiipely, analzanguw Produsipe 8 gue lﬁgvaé}l Tlmerls Dadtetie of
Dimmis better. A schematic flow diagramof the GA
proc e?ss:hfe@l@tw ﬁownbmammf te A proceFh#hissbews igbi§s. Jdedhe

arpf?ciféﬁn?%(ﬂ nce Ir-eéegl%rﬁ I XM‘{?TFFB@A:) W%@ggés%ﬁl angle o
Striedhsi®ed pr gAmlslgem bafcyssmmpﬁép 362. SAﬁ epanplaMiuntbel BE3-tupes

val ues NGE is defined as an |n|t|al

pdl;gmngtthfamalu@t %\Iﬁ@E é‘fIE} i$ deAinetas an inial gRBYaéen, step 304,
range O = D shown in FIG t he sed _azi nut h,

ardhopgn RANGE 15ihe sheptel 18088 Do m& D| ﬁﬁ%wmm Bl il 4y & the guissed

indicate b y how much the bullet m ssed the target in

azzimmth, @dd\/lglléﬂ”ﬁtmléwd@ﬂﬁ@bon THiee Mefy gyt MErvalygs indicate by how
[
| ﬁIélllJC%r}fl gllle“:t‘ ngu figlf : % r$%§ ﬂ?rg uﬁ\%ag %leélgfg?rg 59 r "gﬁ{/tra?éét in the

r an@k@lm&@daﬁ@ué BRswinddhe bd ﬂtetueﬁéoranaym The nanmpapﬁm@csmin step

and reasonabl e range_ of va
304 is created by random selection of the 3 tupel spanning a meaningful and

reasonable range of values:
Rangesnooter = {1000, ..., 3000} [meter],
Azimuthyigeed = {-20, ..., 20} [degrees], and
Elevationyisseq = {-20, ... , 20} [degrees].

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

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

P (P, Py, P,) is computed for each 3-tupel with the previously determined shooter

azimuth and elevation, and an assumed RANGE for the particular 3-tupel.

Assuming an initial Mach number My, the vector A (Ay, Ay, A,), 1.€. the position

from where the shock sound is radiated, is computed with the MA and ME values
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Range shooter = {1000, . . . , 3000} [neter],
Azimutri Mssed - {-20, ... , 20} [degrees], and

woBbev@srosn M ssed {-20, ... , 20} [degrees]. Paa/Us2005/030126
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conmputation follows a simlar process as outlined
above for the shockwaveonly solution. Initially, for
generation Gen = 0, step 306, the shooter position
vector P (Px, Py, Pz) is conputed for each 3-tupe
with the previously determ ned shooter azinmuth and
el evation, and an assumed RANCE for the particul ar
3-tupel. Assuming an initial Mach nunber M), the

Vet edchA-uh¥l, st 3082 The disRincdshB POSL Pi BAwkEPRWHSSEr and each
the shock sound is radiated, is cohputed with the MA

ar&n&EJMae&ét@asﬂ@@@ﬁetAMoc $308. The distances
D =S - P between the shooter and each sensor j that

det eqig$ efchAL Weear@leea &l SehpuRiIH R the d@htgach
3-tupel,_the I's conputed fromthe equation

cos/? , Ak eS the synbol " |Qd|cates the scal ar
pr SRAET le _S » Vhteinitbe aphdr e’ mgiepigsdhe seplan @godugt between

t he di st the travel tlrre Ta of the projectile
ov r the dist e and_t ch nu
OeyST hBSrET NP U tees & M EbimS TaRfithene
' rBr je@tlﬂ@bvéstﬁblﬁﬁgad@huﬁﬁtfl@ﬁda% nuﬁ@exaﬂdal% c'oﬂ%‘ﬂtetdh)%/ inserting

above equati ons My, Ta, a, and D, Ste
pribe esmpitsd valoe émreﬁ:lamlehe imatially as*ssnﬂbvalwdhr Mk =tMe and a into the

| f et d
3OV 67 g e rdRbFians 1 of G PTofed it seberal imes
WhioE BachbE e sy tgefdmzahﬁlesl &, as dstereiiRLinetep’ 1IN, RAGRafter

3-tupel, step is checked in step 316 i f a
methe m&rﬂuﬁbmdafmed ﬂbch&t whieh includes s mnzzle signalxisepmeuted for
25 | %%él NS 3fave been reached. |If the maxi num

scéjr 'ons has been reached, then the

i t ﬁelfﬁ@ﬁ 580 BB R BBl B e

Cr&aihpfe 25 ﬂt’&h‘ﬁ&féph}dv@tb'e@ﬂrehm&u ghthe nedxABEMURINRAES iterations has
mut at i on &oer ation, step 318, and the generation

c digsn &gach thmrtbmwp@qg 3890 st@pé at a2 3 pgturning 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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In each generation,

the "best"

i ndi vi dual

is all owed

to survive unnutated, whereas the top 100 individuals,

wa@asoopnogesi by their fitness,

al so sur

vi ve, butprer/esresa30126

to create the next 100 individuals frompairs of these
survivors with the crossover/nutation operators |isted
in Table 2 below. The foll ow ng exenplary crossover
and nmutation operators were used to denonstrate the
process 300: Table 2 The GA process 300 is executed
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eg gﬁngr 5331 Jeith g ra omly

fSﬁLeciﬁ Loew value within range

ves this
shot dete

shock-\wan

srrﬁigl pertarbations in all
GRS

mase (within £2
tedggdor s,

oter range; within £0.1°
ognissed agimuth and glevation)

can frequently be di sanbi guat ed by conparl ng Fﬁ@lez
residuals fromtwo different trajectories and
sel Bbd Gngpmms Bﬁ@jsemeartgd with lan iniialqepilagien pE20Qidisferant 3-

t'he, muz t ect n

ugRsov e nirL s of B0t e P PP EHEELAR Tl BARREL s s
Bhra v B fe ARt biats bsiattial O- AT ahg tlﬁwﬁhiylod @\tlﬂfﬂ’ﬂe smanm
shooter | ocation, regardl ess of the nunber of, ock
odsiuakis selegted afthefinabsadutignfer the RANGE, missed a21mut 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
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
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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signals are detected in fewer than 4 sensors, but
Shockwave signals are detected in 5 or nore Shockwave
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a nodified cost function or residual, whereby whatever
nmuzzl e signals are available are "m xed" into the

optim zation function to di sanbi guate the

shockwave-only solution and/or refine the estimtion

of the shooter range. However, if fewer than 3 nuzzle
chanrdgihe niRief tebuge sighhla aresdeBivomikonad er mbeerseasos chammels, then the
detected,. then an alert can be activated w.t.hout )
atatf%rﬁg?wM OBz Fe SR Gt 2 ise ?fewmbzwugwgc}%ﬁrﬂnme
MBHe ﬂ%té?%(faﬁbh,e}@%a)fd]@?st SGheFuRberdflshédiadhafhds. WCAHTS e blast
1. The detection Tevel on one or nore channels is too

| oigriats aletigtettedint fowenthian demusers, But shioekwanez gnabsase dgtedted in 5

not di sc ble inh the raw,si gnal, causi t he syste

P o SHOERR ol e &EH % g B GRS el B R o
eshbdTBEESost BunchiEh 0L fesidnIMvhBRb phdGieveMAuLANsiBRals are available
stronger than the nuzz|le blast and can arrive earlier

t ap miredrinte the aptisyzationfurdtieg te Hisampiguate theshogkwayeyonly

de t e\ [

orp o AL e MGl nath bR SUAE! Sall SO BLANE fower than 3
Sithuald chanaeln AND defor fiea Sashockwashuhaknaieas deteetedhtbe® amalert
the first termfor the nuzzle blast is sunmed over the

r €80 OegcinAtskvthrut aerapting fodagaliz the sheplSEt t he nuzzl e

bl ast, and I s summed over, the sensors detecting the
Shoc ﬂb@m@{w@@émay ngt be mtipalydstected onpdlphagnals beepups;
t he exanpl es descri bed above, the nmuzzl e bl ast signal
provi dels Thpdeteetivn levidl oneae pomoshchannglhies tobidoy &y detect with
azi mut h and tl}:{fence the projectile' strajectory as
conpar ed FY Y BHockwave-only sol ution, so that the
conput ed aj ectory solution aligns re closFIX Witt;l

, causing the

t
one. of *ndhamIEEHTE &1 ARt diemaPiedn theRygiens
di sambi gugldidid 1d fire3RE WithORSise’, giving unreliable TDOA estimates.
3. Echoes from the shockwave can be stronger than the muzzle blast and

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

detect shock as muzzle.

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

situation can be defined as

i i 2 i j 2
ATmin = \/ Z (A Tmuzzle,calc - ATmuzzle,meas ) + Z (Aréhock,calc - Aréhock.meas ) 4
i J
wherein the first term for the muzzle blast is summed over the reduced number
of sensors (<4) that detect the muzzle blast, and j is summed over the sensors

detecting the shockwave (typically all sensors).

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 anbi guous shockwave-only

wegloandaos nmay be generated in particul ar at |®BImUS2005/030126
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shoot er di stances, which are | ess desirable than a
smal | er nunber of unanbi guous, but |ess precise
solutions. In the event of potentially unreliable
nmuzzl e detection, an attenpt can still initially be
made to detect nuzzle signals, e.g., to find a nuzzle
bl ast signature in a noisy signal, and to conpute the

resul ting TDOA" s. The muzzle detection will be deemed
?cﬁof &lsiBRipGrelifto H?E&Jk@va%-gﬂﬁrl s%hﬁ‘foﬁ {PURCALS BorBiputed trajectory
Yent nunber  of sensor w'th sufficient

Csrdhﬂﬁmczlurghehmté dnsdbetvtbene bﬁ&leahﬂ:mglmlus solatiens, f-c.t hap e
is a suffjciently.strong correlation between the
ndisamipguatipghe sa‘Hﬁ“?rﬁe correspondi ng raw band on each
channel (offset by a nuynber of. bins t.o .account  for

fi | t Withga atyeast somierehale muzale signalse 2 HguDEF AUIbST Ofhal s
D&Vl g h A if pagRlar aNEng BRvot
fgﬁg‘\?m&%\éghbcoarvfsee rﬁﬁ%?&&%ﬁg?{él%ﬂe ogllzi:) i's |a;1vo gé o
- diktandesf which@ekisss desiritde $hanalsnetier gb}mb@ |off smimiiggous, but less
shock. Fl a%}these peaks as |ikely 'shock echoes'
tPF@Flé%?’llé Sudi ng them as nuzzle bl asts. - Deterni ne a

rmX|rrumt|rrE|t\NouIdta e wave to t
e Bahe everasF agivaer e eanu%%?'%%%wtwﬂa%n g an sdlf

Bﬁtga?@%%'}gécﬁ:QO dufeat d‘hQ&le § %QB ﬂﬂd%@zﬁﬁ%ﬁ)&g@ﬁﬁk@m a
i's w ndow acr s substantially al

dﬁdney: hgnalp:hﬁlrtn ebmpfiitel thowisulging ff@%tsedthedmsﬁmt%@n will be
ski ppi section, |nthedtec ed,Si

eeRaaB e bl Lo ersienaBiatelony f AR RlmBRLG sonsor
OWsth shitfied BERWcorrelBtion &Q\egent the cﬁﬁi%lbﬁuﬁﬁdlff theyd @ ra&iufficiently
the square of nmb"+J represents a neasure of energ

estgung conetagipn betweea thezmhezlpsigeal anﬁﬂwr@ép%lﬁlftgﬁéwﬁlaﬁd on

i TS
S
i ndbiersise, i 1espne sure e et s Rt e heaten g

t Qﬁs&f, ahd tlf%ffoflmln‘é" E&%’émuzzle 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
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:

f)= ﬁ

n=0 j

2

(mbz,)

™M=

[}
(=}

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

J
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To discrim nate agai nst noi se, the peak energy in the
w ndow produci ng the maxi nrum of functionf max(i) is
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maxi mumis greater than the energy across the w ndow

by a given ratio factor. If this is the case, then the
signal in the windowis identified as a nuzzle

detection, and cross-correlation is perfornmed on all
channel s in the nuzzle blast band nb to determ ne

nmuzzl e TDOA's. The detected nmuzzle bl ast signal can

then be used to determ ne the shooter range and/ or

ding bR heaithed Shtekilaxesos. (g pindiates desdatedtied chirmel with i

In summary, the descriped system ca cur at el
q@ﬁn@reng/agrsereéq HigR IARALYGUERh LEGUR RoCkHAYE Whs detected and

Aiple %%élhﬁﬂl %?%%‘Hslg%i %It refefnts p@ﬁﬁ% %t@ﬁaﬁﬁ@@éﬁl‘@vf%}ﬁ kive start

neasu tion can be inproved and

sbfxhe etindaange can be estinmated if even a weak nuzzle

bl ast waveformis also detected. The systemis

r el at dRbymimseRirst Nasd, thd pak enabp i the window atddonismgithe

AT DY RS DN
a%‘@(m{ %Qﬁetstyx% Eﬁ‘f‘enlﬂggsd@ﬁ% &e%n@@ﬂ%&‘ﬁ"%@@entxﬁ% fdchR. If

system cting t kwave signals performs two
t thd is Ohre d:dse, theri the algnwainéficownslofvas 1dgetiBedrad myzile dethetion, and

signal can.indeed be attribute Q, Shoc

t FresyRRIEItAR 16 BPPrsd AR § s Vletaﬁ &?&?m@lﬁgb%“&”&éen
apREShoRheLE TEROAHz and 10 kHz is conpared with an
enpirical threshold value. Only if this threshold

val ugp &etgei?c?ﬁﬂ?ﬂe gﬁa%%\xgl cail ©BRbe fl&rdrfb REeteHARS it ter

as arising froma Secondly, the tinme span
ofangbendlet disirabighate theﬂlhoq;iorssavle isignahredesgribedodtmivennust be
greater than approximately 70 ms and | ess than

appr Bxduifeh#rlyythd @6sciibed Syseshe ca dcceratedy, mumklhdzmd ofanni ty
of the system from i npul.sive

f PRl geushspraide ﬁb?flt?lmlgﬁ{l ;rllrfdgbté{;h }rpjle%tor}i l?as?qll gn shockwave-
cS néfﬁ%&r &rgﬁféﬁgﬁ ﬁﬁﬁﬁ%léﬁﬁgq L26¢ BEprORUELRS MobRr RRke can be

no shooter solution Is
aedtenpé®if.even a weak muzzle blast waveform is also detected. The system is
relatively insensitive to false shooter indications in response to vehicle vibration and
noise, nor wind noise, firecrackers or nearby shooting in directions away from the

system.

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 frequency band
between approximately 700 Hz and 10 kHz is compared with an empirical threshold
value. Only if this threshold value is exceeded, can the signal form be considered as
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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Wil e the invention has been disclosed in connection
with the preferred enbodi nents shown and described in

waledoaiode208/ar i ous nodi fi cati ons and i nmpr ovenent BCT/I187080080126
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may be nmade thereto w thout departing fromthe spirit
and scope of the invention. By way of exanple,

al though the illustrative enbodi nents are depicted as
havi ng acoustic sensors, such as m crophones, this
need not be the case. Instead, other types of
pressure-sensitive nechanical or electrical sensors
may be used. Moreover, the values given in Tables 1
angli2ddahaveRfimidmbPethsRIBRIAL MbEkvAve, irfil R ddick solbtion is
exanpl es only, and other values may be sel ected
degpiemgiiedg on t he actual conditions in the field.
Accordingly, the spirit and scope of the present

i nverWhiathesntentioa hhs bichalisclusd inspnnersionoyithothie peeferred

claims, What is clained is: G ains:. 1. A .net r

di 4RbAding ende F?P@"%“}ﬁf‘iﬂs%l%‘t‘?dﬂ’é 9?%\1 W8y ixn"fiﬁ"r%gg‘% 4

s hagkyAY SR th¥resh 4RGIbe mAR AR Wigioul@&Rkting Worathd spastand
an initial portion of the shockwave-only signals aﬁ .

f i scepoof thoinvestier eBy sap@é examplembpuch e r&lilwg‘aa}ﬁe embodiments
antenna; determning fr e g [ AL g '

of AIF nglgtﬁg 2k ﬁévgg 8?ﬂ%)§tlcs ?eglrs]chjg,ssugﬁ ASHiGGoHdRkS, Rk nB&S At BE the
Ti ¢8e Dinfsfead &1E& Syds ofbrdsstat-s¢nsPRR)méchanis &g elecpaial gnsors may
applying a genetic algorithmto an iﬂit'al chnonosongb
whbecirseil.nMarerser.ghe yalues gigen ing a@kﬁtﬁér gsé’&f?ﬁt"iali‘ﬂ%? Offegtors are
a predef ] ned r ' nayPE Rk epending on the

r e@?e&l gg‘? {sonrfeoerﬁs eStOingIﬁ g&ggﬁgﬁ%g&v%\}l 2tl h the CIct: hr orgosorr%s

f r o4l bendigowt inchafigdr idichordingbyyphet spivgg and seenem{dhc pigeent

sol ution havin tﬁg sw@ Ies%ﬂ{esidqal and its

anBVgiaads 5 belmyed only by Ip o ME ¢1¢MShe ratio is

greater than a predefined val ue, designating the

sol ut What isgldingd the snal | est conmputed residual as the
di sanbi guated projectile trajectory.
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2. The nmethod of claim11, further conprising conputing
new sol utions by perform ng a gradient search on the

we gloan9aaos obt ai ned fromthe genetic al gorithmPEMUSTHOF30126
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smal | est residual and on its anbi guous alternate
solution; conputing the ratio on the new sol uti ons;

and if the ratio is greater than a predefined val ue,
desi gnating the new solution having the small est
conmput ed residual as the di sanbi guated projectile
trajectory. 3. The nethod of claiml1 or 2, wherein the
predefi.ned value of the ratio is approximately 2. 4,
The ret'RSd of one of the preceding clainms, wherein the
chronmosone conprises a 4-tuple having el enents

sdt ecfducthodfprdifambigiapng a REY eatilhaiegiengaem sheckvwayefonly
shoot L . mssed azinmuth and m ssed

el eva %%ﬁ#%éa&?%gghethod of one of the preceding

cl ai wher ej l.vi.ng a.genetic algorithm conpri ses
ool o EF S BoR AR R PuPT Gibe RPN SR o B8 or
NMBidre paetd adaistie &ansméﬂsﬁhiﬁ%hﬂ entefrgSover oper at or

conpri ses crossover azinuth and crossover m ssed

azi MI§dlerdRBIMBIRINS the ncalii@d WAEAGSRIn 6 tBE BARKkWIWARbSI Rignals
the crossover azimuth operator exchanges shooter and

t Tapedlifesenecs- GirAlritd (o) tfwseosnrpansones. 8. The

met hod of claim®6, wherein the crossover m ssed

azi muapplype r gbmticengrding eés amirssa dheoniovobie, whith incsded
elevatiop bet ween two chronosones. . 9. The et hod of

o PERUAIHE TaiREPEY 45°umBtoRs: Lo P GResHBr SR BROE SHsPR g adons;
fieldnutatjon, .increnental nmutation, flip nutation,

and nePTRRIUAEIreRidualpfor yelutionsiabtrinesk with tephmegeetes fim the

t e, i Hiihat i on operator replaces a chronosone
flgg?éc\%vlh%h a randomy sel ected value. 11. The net hod

el ai _ o y I .
ot Tiine HHEPLRRE AGE LRTRY R spHER AL PREL RO
ambiguous alternate solution; and

if the ratio is greater than a predefined value, designating the solution having

the smallest computed residual as the disambiguated projectile trajectory.
2. The method of claim 1, further comprising

computing new solutions by performing a gradient search on the solution
obtained from the genetic algorithm having a smallest residual and on its ambiguous

alternate solution;
computing the ratio on the new solutions; and

if the ratio is greater than a predefined value, designating the new solution

having the smallest computed residual as the disambiguated projectile trajectory.

3. The method of claim 1 or 2, wherein the predefined value of the ratio is

approximately 2.

4.  The method of one of the preceding claims, wherein the chromosome

comprises a 4-tuple having elements selected from the group consisting of
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12. The nmethod of claim 11, wherein the small nutation
operator conprises changes in all fields of a

| ess than approximately 2 in sheot/€82005/030126
azimuth and el evation, and | ess than approximately 0.5
for m ssed azimuth and el evation. 13. The nethod of
claim9, wherein the flip-nutation operator conprises
changi ng the solution having a smallest residual into
its anmbi guous alternate solution. 14. The net hod of
claim9, wherein the flip-nutation operator conprises
| eavin chronosone unal tered. 15..Th t hod of one
of t rﬁ@%ﬁﬁﬁé e@aqUﬂE SRqoLfn ey efipie it ey ey AyssEd ?{ewéuon
Difference-O-Arrival (TDOA) for a sensor pair

cénmp rTfseéﬁetb@qi pheng efghepicresing elpines, Atersin prties A genetic

3282%{? I ng ?ﬁ’lﬂ% ﬁ%ﬁg%?m%f%%ces {1‘%@5115% {térsst

oPacotepd ham S0 AELBRE B oRonelfyerpgover
smal | imitand chspeedadsed ebdmudl teratdRSi gnating the
solution or the new solution having the smaller
CONPUFRAnEBSH BE@hind8, Whdd6ih TR drofoQbe&irhhi® Jp%l%Jt&(é‘k@ﬁa\ﬁ es
and the solution or the new sol ution having the arger
conpuheetter an triajedtoysizimuth beyasatwo ghomesoinks
trajectory. 17: A nmethod for disanbiguating a '
pBoj eBteithethod af @ailm)ﬁ,ywlﬁarcimtwmbsmmentss&dyazﬁ;rhgtﬂiajpemtor

conpri sj ng: neas r|n | east n i.n ortlon of

Che” kR BTSRY b Rgrandan ateo doiatigh brdie gvis%elgemosomes.

acousti c s ngors form ng .an ant enna, estimati ng

t P rﬂéieép?tg? af deim Buyhessin ks mptelion eperator 60@%%@&

det e aiing lﬁ&eﬂeﬁta SpiRasH" rdf gatwnaénm@%xom t he
erences

shockwave-only si gna Ti ne- ri vaI

(T 6 SEBEQEinPEN Stk Ak R GG
B R Bt e sty

gr eat’er es mng error
and aﬁkomdssong ﬁdh@wdh&&aﬁuchugtseldcted Qplaetile tr aJ ect ory
based a defined confi dence

11.  The method of claim 9, wherein the incremental mutation operator induces

small mutations in all fields of a chromosome.

12. The method of claim 11, wherein the small mutation operator comprises

changes in all fields of a chromosome of less than approximately +2° in shooter

azimuth and elevation, and less than approximately #0.5° for missed azimuth

and elevation.

13.  The method of claim 9, wherein the flip-mutation operator comprises changing

the solution having a smallest residual into its ambiguous alternate solution.

14. The method of claim 9, wherein the flip-mutation operator comprises leaving a

chromosome unaltered.

15. The method of one of the preceding claims, wherein determining a Time-
Difference-Of-Arrival (TDOA) for a sensor pair comprises performing a cross-

correlation between shockwave signals detected at the sensor pairs and
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| evel for disanbiguation and on a value of a residual
for the TDOA of the acoustic sensors. 18. The net hod

w@booslozi208 17, wherein the timng error distri bpdT/O82005030126
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related to gain variations, sanpling variations and/or
sensor |ocation variations of the antenna sensors. 19.
The nmethod of clainms 17 or 18, wherein the confidence
| evel for disanbiguation depends on a size of the
antenna. 20. The nethod of one of clains 17 to 19,
wherei n the di sanbi guated projectile trajectory IS

sel ect.ed b rati,o of.the i dual.s, for

i StiEcneae i dht BiodBeans ARAIGP AMGE isplonhly? o

17 to 20, wherein the Tine-D ff.erepces-O Arri val

( Mpodhemsthadefesie of e Rrecgdingfligys & Wn@é%‘?ﬁgnati ng

a sensor that first encounters the Shockwave as

r ef enkthe satipais sorllerdbin th @r%@eﬁn%‘(alveatdéﬁg%ﬂna the ?ﬁlmpn or the

C erv& gchttm Wik ex?%th?ml lérl'&%ﬁpgiedt ﬁdt‘lan ghnﬁw xlggtl%ftrajectory

y signa nce s

cmal&ﬁe solatibihoctbbabw svltioe hawdag theflarrgst cdnaphutéd @sikuaiatsiang
start counters for each of the other sensors, with the
cHFTAS BIOJSTUEHCSPY he ot her sensors running until
the correspondi ng sensor encounters the Shockwave;
whin fomsthel fordissnbieatisgfaupisciéls dainstasy Fomheorkyayeanly

porti f ckwave-only signal, setting a second
Iatcﬁ'P af& fcﬁge&%oﬁg)espondi ng ot her sensor that stops

ﬁEio?%ﬁ%%%ﬂrfaﬂéqﬁ%@e S g Y PR BTN S Bt o e o

r @sRephcddachificrChoreneRipamSmtennd2. The nethod of one
of clainms 17 to 21, wherein a projectile trajectory is

eli me@%@ﬁh?&h@ﬂé@rd‘r@hs’iﬁbutlon for the acoustic sensors;
determining from the measured initial portion of the shockwave-only signals
Time-Differences-Of-Arrival (TDOA) for sensor pairs with a time resolution that is

greater than the estimated timing error distribution; and

selecting the disambiguated projectile trajectory based a defined confidence
level for disambiguation and on a value of a residual for the TDOA of the acoustic

SENsors.

18. The method of claim 17, wherein the timing error distribution is related to gain
variations, sampling variations and/or sensor location variations of the antenna

SEnsors.

19. The method of claims 17 or 18, wherein the confidence level for

disambiguation depends on a size of the antenna.

20. The method of one of claims 17 to 19, wherein the disambiguated projectile
trajectory is selected based on a ratio of the residuals for two ambiguous

solutions.

21. The method of one of claims 17 to 20, wherein the Time-Differences-Of-
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if acoustic energy of the measured Shockwave waveform
has | ess than a predeterm ned threshold val ue over a

w@eedeteosri ned frequency band. 23. The net hod eET/UbBmDFN30126
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22, wherein the predeterm ned frequency band conprises
frequenci es between approxi mately 700 Hz and 10 kHz.
24. The nethod of one of clains 17 to 23, wherein a
projectile trajectory is elimnated as being false if
atine interval where a neasured Shockwave wavef orm
has a positive value is less than a mninumtine or
greater, t a Xi mum time. ._The ,net hod of claim
24, MY%RﬁBQ@rEﬁ{ ?ﬁnﬁ‘lfrﬁafrfﬁ%e(%’ge%lb X nately 70 ns
and the maximumtine is agproxi mately 300, ns. 26. 'Ehe
met hod ofleBgRAtGS aPRoRhal RISt gnopyntefBp shoplpaye as a relerence
di saphj.quated projectiletrajectory has a smaller val ue
of the résidual than any other conputed projectile
trajectory,. 2 . ' ' hoqat
ange. by “SUREATre B 80 iR ARb Wb I R R e iniial
CONPhbRioAGT tiesdsukng-ahpsigna ve therkfersicg nalser erbssas a
plurality of spaced. acoustic sensors form a

ant e ﬁWﬁ%h%&@E?’iSH&%HS%tfg pEHV3HAg FtaQiCQH%tFrsafgg?aﬁg of the other
pl urabidys QfithaROMstntdrs HERASRbFihe RleR sMsBisHInking thiige
measur ed $hock wave and nuzzle blast signals an

i ni t icalrespehdingisensof eddoentstsdbe grockway®; assuni ng an
initial bullet velocity and a bullet drag coefficient;
and it er aftiex®hy of twethidr Bghsars end@inet drecoiiml partibebf the
velocity along a . bullet trajectqry, t.o obtain an,.
updatsberkaryeoBly sightyesctting 2 SesRITAER &RF tBF T SpRRAYE other

wher Shibof 1 Qbby Bl LiaQBBHE: HAMRRESRAsRErHAT M Ng &

predeterm ne er of i1terations. 29. The nethod of

claim 27 W%@%@ég kL FSHRM VIS 26 thOGehlePidnkéts wiARLSREL to the

range inc
reference sensor.

22. The method of one of claims 17 to 21, wherein a projectile trajectory is

eliminated as being false

if acoustic energy of the measured shockwave waveform has less than a

predetermined threshold value over a predetermined frequency band.

23. The method of claim 22, wherein the predetermined frequency band comprises

frequencies between approximately 700 Hz and 10 kHz.

24. The method of one of claims 17 to 23, wherein a projectile trajectory is

eliminated as being false

if a time interval where a measured shockwave waveform has a positive value

is less than a minimum time or greater than a maximum time.

25. The method of claim 24, wherein the minimum time is approximately 70 us

and the maximum time is approximately 300 ps.

26. The method of one of claims 17 to 25, wherein the disambiguated projectile
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conputing a time-difference-of-arrival (TDOA) between
t he shockwave-only signals and the nuzzl e bl ast

we@rad9s and an arrival angle. 30. The net hodp@f/usioas/eB0126
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27, wherein iteratively conputing conprises defining a
convergence criterion and accepting the updated

shooter range as a final shooter range if a

rel ati onshi p between successively determnm ned updat ed
shooter ranges satisfies the convergence criterion. 3

1. The nethod of claim 30, wherein the relationship

bet ween successively deterglned %ﬁg?ted shooter ra %es )
i's ati@ieciosy Baceseidiyalicrh edgrides dhapany SPPHE Projectile
updaggﬂwaﬁgoter ranges. 32. The nethod of cl ai m 30,

whereih the rel ationshi p between successively

det exmj . ShQ ] r

oEh MR SRR IS U9 o S PO mucl
shoobkst, cangiesng:33. The net hod of claim 27, wherein

the conputed bullet velocity is set to the speed of

sound ihedshBng sekivave-Onll Ispinaat ®piurality f bessd hdvastid fdsors
speed of sound. 34. The nethod of claim 27, wherein

t he fopumEad askoBRer range is considered invalid if a
bullet trajectory angle and an arrival angle are

gr eat erme¢dsannga pnedletidgshiigeal at thiepduraldy of Fpeustie s¢rsarsof
claim 34, further including, if the updated shooter

range idetarminahg Gonethpmdangedsipekatave and gowiiebiast Gapals an
by: de;ﬁnin an iniLiaI opul ati on of the GA the

popufita HintAls Phie shopten m ned nunber of

i ndi vidual s, each .i ndividual represented by 3- t upel
whi ch iase4mige &n amtiakbulisbyeletiysng hﬂi‘ﬁb@?g 50#?1&%6 ahd
azimuth (MA) and a m ssed el evation (ME) of the bull et
t r aj ectitargtiveheednepuiinggntipgantmepey buleprelgeity dens abniiir
of generati.on ésfor t he

indir@ﬂﬁgpéoPﬁﬁgggﬂaggkggggﬁ%%gﬁgnd sel ecting in each

ggip.t ar rlngt?loé Ig? cl%x‘:r)rlx I7,I vetrllerg%\ﬂepa%vte@eco%rlr)%ltillge %(t)m{)r?s?els %lér orming a

predetermined number of iterations.
29. The method of claim 27, wherein determining the initial shooter range includes

computing a time-difference-of-arrival (TDOA) between the shockwave-only

signals and the muzzle blast signals, and an arrival angle.

30. The method of claim 27, wherein iteratively computing comprises defining a
convergence criterion and accepting the updated shooter range as a final shooter
range if a relationship between successively determined updated shooter ranges

satisfies the convergence criterion.

31. The method of claim 30, wherein the relationship between successively
determined updated shooter ranges is a difference between the successively

determined updated shooter ranges.

32. The method of claim 30, wherein the relationship between successively

determined updated shooter ranges is a percentage change between the
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i ndi vi dual whi ch survives unnmutated. 36. The nethod of
claim 35, and further including the step of selecting,

w@idoemodzése predefi ned nunber of generations hamer/oe®05/030126
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performed, the solution having the smallest residua

as the updated shooter range. 37. The nethod of claim
35, further conprising for each 3-tupel in a
generation, performng a predeterm ned nunber of
iterations to conpute a revised shooter range, wherein
the residuals for the individuals in each generation

o SRR BRI 12785 oo U
p%j{ | nggﬁ é) ﬂfs gver %@ \sg{qredp] t | on lﬁé{%kg%}g%{;y ig |s%‘t tPnthe speed

38, YhQLRA ¥R %Mﬂnﬂgd biGet %l%ﬁ}@ié%ss‘maﬁf Bk @peed of sound.
|ncI udesexchangi ng at | east one of m ssed azinmuth and

RERYRbF QRinP &1 Welﬁ‘ﬁ% Lgfc'lq{e\ﬂ'sgéﬁlﬂsraﬁéé)@chhﬁdered

popu atron in a genération. he net hod of cl aim
38, islveli®ifra tillet mjeaoiyomgpedancrri v apgls ere greater than a
fieldmytation, incremental nutation, and no nutation.
41. R etﬁ’%‘i“ﬁ‘é‘av?}’f‘eclalm4o mhereln t he fleld nutatlon
o er at or | aces a val ue .of

Wn do lyetb@ ebelaian g4 fygher jnclug; H& 1g€‘l“’ﬁ§§1“8$ﬂ S%(L(’é?frfﬁla@ 1s
Sl B PP CER R TR (O BB Dpel s e
met hod 1nmgaaa1”}14'§ e{tl%h%f E&%ﬁo@%nﬁﬁlhﬂﬁ havt 0@5

| eaves S In a gener una
A neirbdderhfifiedinmatigdiof il vidgnlg epetojndividuabreprasprted by w 3 -tupel

from Shockwave signals and a |imted nunber zzl e .
bl aSvIigh gieiass a6 aHpMed s hePIer TaRRP PGS R (MAT A & issed
SI gn@}é@w@;‘ ME}‘S%fﬁ{e YREEr S Pa acoustic sensors

formng an antenna; neas r| ng’muzzl e blast signals on
at nDStpefr %mogfthe B &F Q3R fined number of generations;

computing residuals for the individuals in each generation; and

selecting in each generation the solution having the smallest residual as the

individual which survives unmutated.

36. The method of claim 35, and further including the step of selecting, after the
predefined number of generations have been performed, the solution having the

smallest residual as the updated shooter range.
37. The method of claim 335, further comprising

for each 3-tupel in a generation, performing a predetermined number of
iterations to compute a revised shooter range, wherein the residuals for the

individuals in each generation are computed with the revised shooter range.

38. The method of claim 35, wherein applying the GA comprises applying

crossover and mutation operators to the population in a generation.

39. The method of claim 38, wherein applying the crossover operator includes
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determ ning fromthe Shockwave signals
Time-Di fferences-O-Arrival (TDOA) information for

waensove2pai rs; performng for a predefined numper/usfo0s/030126
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generations a genetic algorithmwith an initia

popul ati on that includes a predeterm ned nunber of

i ndi vi dual s, each individual represented by a 4-tupe
whi ch includes shooter azinmuth, shooter elevation,

m ssed azinmuth and m ssed el evati on; conputing
residuals for the individuals in each generation, said

conraergheE e Brtiil vamiRl Srbrd dftagen between two

si gnaldsvidediédlfrbin the peul@iodfinbhen&atied.i on having the
smal | est residual and its anbi guous alternate sol ution

| §0.0TIRAkBhold BRPIaAn BB SWRIEIAGRE Mdtaien of&aiod e&hrﬂ&stﬂw-
sol uti on havi ngt he smal | est comput ed resi dua

di sanbiajioat mgreprepjadaritationt ang rcmpialion.45. A net hod f or
extracting a signal froma nuzzle wave in the presence
of1.aTighoethod vEclging A8 whareinphd S¢ldgnutetedn opengjorareplanes a value of

wi ndqw havi ng..a wi dth, corr ondlngtoatlrre required
f or g’ﬁg F@gm%égm%%n¥¥§%%$§£ A ensor array:
detectlng t he Shockwave signal; after detection of the

shockhamethes ghelrim A hEriRFhe HEreRlcRES WP APEEHRT ipices a

t ot aly &Sl @iohGh &1 YRflslof e Rrupbndow as a function of
time; and associ ating a maxi num of the neasured total

4?3 '\g\% e Whthd BP&ai‘Hﬂaél\slg%élﬂ@ﬁén f}l%tan-gg%p%gqr}g%ggé gl aim

erern neasuri ener
i nt emdmldmsmhaegenfeaaunedalmn@i gy over the wi ndow. 47.
The met hod of claim45, further including identifying

Spnc Wﬂaeﬂloath@igarﬂlﬁguﬁin%raqﬁafemﬂe@r fdri Gidsn éHbck\bﬁve signals
det ected si gnal caused t he Shockwave echoes. )

The rmid Bdini rwmmeﬁpﬁ@uzzlgbtaﬁteﬁlgnaﬁe FempPHingiet er m n| ng
a peak signal value in
measuring shockwave-only signals at five or more spaced acoustic sensors

forming an antenna,
measuring muzzle blast signals on at most four of the sensors;

determining from the shockwave signals Time-Differences-Of-Arrival (TDOA)

information for sensor pairs;

performing for a predefined number of generations a genetic algorithm with an
initial population that includes a predetermined number of individuals, each
individual represented by a 4-tupel which includes shooter azimuth, shooter

elevation, missed azimuth and missed elevation;

computing residuals for the individuals in each generation, said residuals
including a least-square fit of a combination of TDOA shockwave and muzzle blast

signals; and

if a ratio of the solution having the smallest residual and its ambiguous

alternate solution is greater than a predefined value, designating the solution having
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t he wi ndow produci ng the maxi nrum total energy and
i dentifying the peak signal value as the nuzzle

wGe@ead6208 f t he peak signal value is greater thanusives030126
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nmeasured total energy in the w ndow by a predefined
rati o factor.

the smallest computed residual as the disambigunated projectile trajectory.

45. A method for extracting a signal from a muzzle wave in the presence of a

shockwave signal, comprising:

defining a time window having a width corresponding to a time required for a

muzzle wave to traverse a sensor array,
detecting the shockwave signal;

after detection of the shockwave signal, advancing the window and measuring

total energy received in the window as a function of time; and
associating a maximum of the measured total energy with the muzzle signal.

46. The method of claim 45, wherein measuring the total energy includes

integrating the measured energy over the window.

47. The method of claim 45, further including identifying shockwave echoes and
disregarding
portions in the detected signal caused by the shockwave echoes.

48. The method of claim 45, further including determining a peak signal value in
the window producing the maximum total energy and identifying the peak

signal value as the muzzle signal, if the peak signal value is greater than the

measured total energy in the window by a predefined ratio factor.
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