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

ot hers on reasonable terns 5 as provided for by the terns of Contract No.
HRQ011- 04- C- 0035 awarded by DARPA ATO. Field of the Invention The present
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direction of mvérmamboﬂfactsuper soni c projectiles. The nethods and systens
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shel | s by neasgTgg paraneters associ at ed with the shockwave generated by a
projectile. One such system described in U S. Pat. No. 5,241,518 includes
at | east three HoQdeMEL Bpatitn sensors, with each sensor incorporating three
acoustic transducers arranged in a plane. The sensors generate signals in
response to the sﬂ‘be:lknmmanmhﬂiomhelaeﬂonme&fo@dmbﬂtech:mlqg?dsmdammﬂf;daﬁ) el evation
angle to the origin of . th wave renents are

unabl e to dete ﬁ%ar?%@ﬂ& %@@%@W % gmélglﬁ‘%gﬂ‘(’é oD 8%| gin of the
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signal at each sensor. Each of the sensors encounters the signals at a
different tine Backkromdett giogi gnal in response to the nuzzle and
shockwave pressure. The Si gnal s fromthe various sensors are processed, and
a direction (azi ®ut¢msandmsthedsard kpayn theteam detemine the@eyesy dirgstionramdor i gi n of the
muzzl e and 1$hochkprue rafiirha ;L& suems%ﬁlamd%nr:@@hang %ﬁegsﬁﬁn% can be

determ ned. 30 Convent| onal systens enpl oy m crophones, can be
rel ativel y cl osrarapeters associated with the shockwave génerated byapmJectlle One such system,

described in U.S. Pat. No. 5,241,518 includes at least three spaced-apart sensors, with
each sensor incorporating three acoustic transducers arranged in a plane. The sensors
generate signals in response to the shockwave which are related to the azimuth and

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

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

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

30 Conventional systems employ microphones, which can be relatively closely



1 WD 20061096205 PCT/ US2005/ 030126 spaced (e.g., 1 nmeter apart) or wdely
di spersed (e.g., nounted on a vehicle or carried by soldiers on a
battl efield), and neasure nmuzzl e and shockwave pressure ommi-directionally
at their respective |ocations. However, unless the sens tively
wi dely spactQ20f87%3%8 the trajectory lies within the ant glcﬁé[,%@ﬁ/eogoﬁ#fﬁ ng 5
preci sion needed to obtain accurate shockwave-only solutions is very high,
and special techniques are required. A large antenna size can be a major
di sadvant age, for exanple, in vehicle- nounted systens. In addition, systens
with an only marginal tine resolution can generate anbi guous solutions in
which the Tine-of-Arrival information of the 10 shockwave at a given set of
sensors is nearly identical for two mrror-synmetric shooter |ocations.
Conventional a ' ' 3 RN FLIEAA etections
so that a 4x4gﬁg%¢¢¥r§axﬁag§r{aﬁ2/g¢¥g %SP%EE&Q%I anet%r}gle on tleﬁ%rdshockwave
TOA. Smal | er caoried bynsddies lonarbattlefizid), end Deasies mnzaleand shnckyeave pressive e
substantial errors, 15 .in 1t %.?thr an?e eisti ma{.ﬁ(l) on Nor eovier ... t he 0conventi onal
al gorithns assORB-4TeCtpmally i thef SPSPEstive locations; Tlomey s UHESS| G SRFLF 88t or v,
whi ch gi ves i nAgavERtWdEIRBER @ Shd/BBthe GajtQbry lle® RithinAth@ anteilal the igiing fired
froma distance of nore than approximately 300 m Accordingly, there is a
need for rabi dPsecisionesdsd i obipigaerurptashackivars-anlysolutions is vrshigheadi mat i ng a
di stant shoot e eE:i%f‘Qﬁhni{r%@E{%xje&u'?édso a need to disanbiguate 20 shock-wave
i e dir

only solutionstor t oot er ection. There is further a need to extract

muzzl e signals thgt o2 ARk i S: ated to the
nmuzzl e bl ast. Sun%tlﬁrgg%?tp'?ﬁ?ﬁ%%\%ﬁ??g%w?ﬁg |nv{éﬁ€’ifon %@é&é?&éﬁlehe

defi ci enci es ofnouined pystems. dn tddition,ispstenas withisn @8y erangink] rienet resolydion\caxli ng

met hods and systens for. esti Jng _shoqgter, ran for. lang- .ran shots, in
particul ar, wh&PeRAGIP ggqlﬁﬁg?ubondq%g "&“ﬁ‘ﬁg? T%&WVGEWMH@ ?ﬂg‘ﬁ
insufficieny nsygeRWawefatd@ivea sbtUT sediarRehearly Tdrariehl 567 t@s atinbRiRd&Hand syst ens

al so inprove disanbiguation of shockwave-only shooter trajectory sol utions,
with shooter locations.

Conventional algorithms require at least 4 shockwave and muzzle detections so
that a 4x4 matrix can be inverted to map a plane wave on the shockwave TOA.
Small errors in shock and muzzle TOA determination can produce substantial errors

15  in the range estimations. Moreover, the conventional algorithms assume a constant
bullet speed along the bullet trajectory, which gives inaccurate range estimates for

long-range shots being fired from a distance of more than approximately 300 m.

Accordingly, there is a need for rapidly converging algorithms capable of
accurately estimating a distant shooter range. There is also a need to disambiguate

20  shock-wave only solutions for the shooter direction. There is further a need to
extract muzzle signals that may be obscured by acoustic signatures unrelated to the

muzzle blast.

Summary of the Invention

The invention addresses the deficiencies of the prior art by, in various
25  embodiments, providing methods and systems for estimating shooter range for long-
range shots, in particular, when muzzle signals are either weak or detected in an
insufficient number of detection channels. The disclosed methods and systems also

improve disambiguation of shockwave-only shooter trajectory solutions, with



2 WD 20061096208 PCT/ U52005/ 030126 additional inprovenents achi eved by

i ncl udi ng weak and/or unreliably detected nuzzle sound in the optim zation
process. According to one aspect of the invention, a nethod for

di sanbi guatyBYef/eedn®) €ctile trajectory from shockwave- %m@b%@%i ncl udes
the steps of neasuring at 5 least an initial portion of the shockwave-only
signals at five or nore spaced acoustic sensors form ng an antenna,
estimating a timng error distribution for the acoustic sensors,
determning fromthe nmeasured initial portion of the shockwave-only signals
Time-Differences-O-Arrival (TDOA) for sensor pairs with a tine resolution
that is greater than the estimated timng error distribution, and sel ecting
the 10 di sanbi guated projectile trajectory based a defined confidence | evel
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acoustic sensor 8 ano inven a net hod
for di sanbi guat infi@zla s¢undjie ee dptiniizadipepioddsy. f r om shockwave-only signal s
i ncludes the steps of neasuring at |least an initial portion of the

shockwave-only si gﬂééo?diﬁ% td bnétaspect ShEinsARibAda MeMus firQisakbigansod s f or ni ng
an antenna, determning fromthe neasured initial portion of the

shockwave- onl y Brajgstilestraiectery fiopt swoekyeave-onfy-signalsiagludes thosjeps of msasyslng atyai r s,
appl yi ng a genetj] l. i ] it dal d I
projectile ?r a}léégttaglrlgiﬂgf sot?{r@p%ﬁgﬁé;fﬂo o‘%dvg OB%EG%EF %gg@ eh?m‘ﬂgl% Sg?&gé‘%@?g“fi ons,
conput i ng resi dealsers férmring an arttermasestinbtngretimingtelrot distribhtiamfos theasodstiom t he

genetic algorithm perform.ng.20 radi ent..sear.ch a.sql ution having a
snal | est resi duﬁ?ns%%uéeémlqlgg fr it@?ﬁ%ﬁ?megllqlgaﬁgp@nsoglﬂlﬁSih8‘a(,wa§ﬁ’(9n|yf aratio
of the sol uti onsizasi Tiné-Defféomet-OF A rfied (TDO ) ftdensos pairiitigalims r@ébludomat e

solution is greater than a predefined val ue, desi g%_nati ng the solution
havi ng t he smal thasis greaterdhan theestimateddinipgprreydistdeptioncgrdselesting theyj ect ory.

Aceording QoY el aRaidifie BRRESe ticcldPoddl SBLARA conflided LG8, T Or eStimati ng
a 25 shoot g(r) r gﬁg@}%yﬁée?ﬁt [ r?g ocf have and rmizz ec‘gfeast , Shockwave-only
signal s as wel disasbiguatidneankdloaatvabie gfiatesidaaldonthe TDOA of the acauistic sensaxhoot er
range is estimated fromthe nmeasured shock wave and nmuzzl e bl ast signals,
assum ng an initi aAciordingto anoehep aspest ofttt iaventibn, atmethabfoe dvirhbigiating.a The
i nst ant aneous bul l.et. vel.ocity. al gng a . . .

projectile trajectory from shotkwave-only signals includes the steps of measuring at

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

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

shockwave-only signals Time-Differences-Of-Arrival (TDOA) for sensor pairs,

applying a genetic algorithm to an initial chromosome, that comprises projectile

trajectory assumptions, for a predefined number of generations, computing residuals

for solutions obtained with the chromosomes from the genetic algorithm, performing

20  agradient search on a solution having a smallest residual and on its ambiguous
alternate solution, and if a ratio of the solution having the smallest residual and its

ambiguous alternate solution is greater than a predefined value, designating the

solution having the smallest residual as the disambiguated projectile trajectory.

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

bullet trajectory is iteratively computed to obtain an updated shooter range. The



bullet trajectory is iteratively conputed to obtain an updated shooter
range. The 3 WD 2006/ 096208 PCT/ US2005/ 030126 nunber of nuzzl e bl ast
detection channels is usually |less than the nunber of shockwave detection

channel s. Qﬂaa&kﬁ}g@%s enbodi ments nmay include one or Y& Rhods 901£6ol | owi ng
t ne-di oc

features. ference-of-arrival (TDOA) between the's wave-only
signals and the 5 nmuzzle blast signals and an arrival angle are conputed
for determning the initial shooter range. A certain nunber of iterations
may be perforned, or the updated shooter range will be considered to be the
final shooter range if a relationship between successively determ ned
updat ed shooter ranges satisfies the convergence criterion. For exanple,

t he convergence criterion may be selected so that the 10 difference between

t he successi vel et exm ned updat ed shooter. ranges o a. percentage change
bet ween t he sudﬁ‘é‘g’ﬁ 9{#‘ zzﬁ%‘?‘égﬂfﬁgk?rﬁf HgFEdS gﬁ%@’( %Fs ﬁ‘%g@é‘ﬁaéﬁal l er than
a predet er m nedhyedvitve déRctidchhfhelseal sol utions, the conputed bul | et
velocity is set to always be at |east the speed of sound. The solutions are

checked for consigfvaRGYeous BmbEAARRE fay ittudéRA8 beslofd WIS ol1bR Mg Fedtdres.
considered invalid if a 15 bullet trajectory angle and an arrival angle are

determ ned to bé tigpeedifferenceqefiardval (FRQA) betieercthe shackwaveorly signals ped denput ed
shooter ran [ t ' e I ' [ St obt ai ned
By appl yi nga oA SedlEs i rad i Bl arcbomBlish e bW} ok b, 20 O "CE
the GA with a pshedtet mnge. nkdemaimbanberfof iterdiiatiscneyite pesfornhed, dethe npdhted?0 wher e
each individual jis represented hy a,63-tupel. which includes an assuned

shoot er range,5h8°tﬁf ?Eéﬂwﬁg??ﬁ?flﬁ%?rﬁﬂg’ bfﬁge gnqlds@%oég iy ?f%aﬁm(‘%@ of the

bul I et traj ect feyween ki6ceS¥ively dReliAsd Ratt @ shodtep FRGe dafiskesThO @RV ergbnce
generations, and residuals for the individuals in each generation are

conmput ed. | n eatsiteripan dionexasiple, ke copyergenss ciierion may be selegtedosotthatdhs dual i s

the sl | oot0 r culTafhod decenls i iy HERRBHL Bh en i clpes B 47, O MV N0
sol ution can beperehiagedhdnge petwiear thie successivelyateterired ppdatedshaogeraapatis on a
predeterm ned nunter of terations to compute 2 oul sed shooter, ¢ gnge.
velocity is set to always be at least the speed of sound. The solutions are checked
for consistency. For example, the updated shooter range is considered invalid if a
15  bullet trajectory angle and an arrival angle are determined to be greater than a

predetermined value.

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

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

25  solution having the smallest residual is selected as the updated shooter range. The
solution can be refined by performing for each 3-tupel in 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.



residuals for the individuals in each generation are conputed wth the
revised shooter range. 4 WO 2006/ 096208 PCT/ 1JS2005/ 030126 The GA i ncl udes
crossover and nutation operators. The crossover operator exchanges at |east
one of m ssed a2| h and m ssed el evati on between two fromthe
popul ati on Y324 gﬁ ration, whereas the nutation operat grqmggdr?g}#lﬁgés
field-nmutation (repl acing a value of the 3-tupel with a randomy selected 5
val ue), increnmental nutation (inducing a small nmutation in all fields of the
3-tupel), and no nutation (leaving the individuals in a generation

unal tered). According to yet another aspect of the invention, a nethod for
di sanbiguating a projectile trajectory from shockwave signals and from a
limted number of nuzzle blast signals includes nmeasuring shockvvave only
signals at five or Hog‘%s&gged 10 acou tItC sensors asur i % e bl ast
signals on at nost 1€ G NRUdeSEassoer andqutalion operators,, e prossoy Speafor®
shockwave-only gk & al 16a®oRE bf RGBT L5mithafd Misad elévidaoRbetwead fwgrat i on for
sensor pairs. The hod further includes performng for a predefined

number of gener mdmﬁ%alafrg@ﬁbq PQPulgtign in 2 gARETAtion veherqam thei rawtafieRAPEEHIToN t hat
el uges 2 br edgbabasfhidmhaLy Rephfk f Liiheotine SAGY LAl ity RIS N ed

by a 4 15 tupel ter”azimuth oter elevation, ed
azi nut h and 4 ssehie), @lcearagntad mutatiod (mdnqmgasrgaltmsiatlmairsall‘ﬁﬂldsdfehe Zﬁdlpvl),dual s

in each generation, wth.t .residual.g i.ncludin uare fit of a
conbi nat ?on of ﬂ%ﬁ gﬁ‘&f’é‘l?%?@@“%ﬁ" Wﬁ‘é‘gﬁlaés B2 l%‘gTa erefija ratio of the
sol ution having the srrgl | est res dual g Its anbl é.a% ate .sol ution
is greater than a F’lgr’i%éietvaﬁi’ grasptzﬁt the [Ryertian, 9 or gt 31185%? 2,

then the sol uti gpy; acm ﬁge&b@ PR bARRWaveRigls Qfd K8 djl‘ﬁﬁited FunilRs bomaiAd as
t he di sanbi guated "projectilé trajectory. According to another aspect of the

invention, a netlestisigrnls iagludesaneasgring shpgiveave-onlysignalsishifive er merespacad t he

presence of 3 g?&ﬁ%?X&séﬂfs Qésuﬁ%ﬁxﬂﬁgé?lﬁ'&fs 59519 rB&é?‘i onﬂe%gxgs‘é’ 2 N9 2

wi dt h correspon wav e raverse a
sensor array andletéﬁhmutg fogm thHeshedkocaveveuly sizngls mxme-mﬁémmes@fdﬂahrﬁelt(rrmx)f t he
shockvave signal,.. the, window | advanced, | L% 308 L%, aL 2o, Sner 0¥
predefined number of generations a genetic algorithm with an initial population that
includes a predetermined number of individuals, each individual represented by a 4-

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

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

the disambiguated projectile trajectory.

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

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

measured total energy is associated with the muzzle signal.

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



in the window is nmeasured as a function of advance tine. The maxi num of the
nmeasured total energy is associated with the nuzzle signal. To prevent
spurious signals frombeing interpreted as shockwave waveforns, a 5 WD

2006/ 09620%5’%%}@39805/ 030126 projectile trajectory capcdifusSosigsiiad ed as
being false if the acoustic energy of the neasured shockwave wavef orm has

| ess than a predeterm ned threshold value over a predeterm ned frequency
band, for exanple, frequencies between approximately 700 Hz and 10 kHz.
Alternatively or in addition, a projectile trajectory can be 5 elimnated as
being false if a time interval where a neasured shockwave waveform has a
positive value is less than a mninumtine or greater than a maxi numti ne,
for exanple, |less than approximately 70 ss or greater than approximately 300

s. I n advant age | t ] lﬁﬂ'? term by
I ntegrating th§yoir%§§ggt}?ag%¢q§95f§%?/é %\%&%ﬁ% W O%Iév? ﬁgir?ee%g}l %& eglelgyrsl)?g‘gear di ng
portions in thenk@suied shotledaveivgavaforn daslesk thyn spreddtevmiedathtesiasid value over a

Advant ageousl y, the peak. signal val.u can.be deternmned in the w

produci ng t he nﬁiﬁdﬁﬁﬁ%“t‘lﬁ‘iﬁ @_Fwda e’fafnptl?ageq‘beg&l?%‘?t&ﬁg} 2RPEY @“ﬁ@%&eat er
than the neasur e katalkHenAl@ativell Beinvidaden arojectilp tafdetbiy'@s beati o factor,
t he peak signal value can be identified as being related to the nuzzle

signal . 15 Efibogliminated agbeingdalsei a timednfervalwhare  mgasusskshopkwiyeavayeforme
following [ eat yepooshil® alylilRaShhPE ntihbtl i iGRedlr cheh, ARKiEARAANC/ OF L e
e related to ¢

: t )
acoustic sensors ca aln vari atiohs, sanpling variations and
sensor | ocat i on foraxmaplepless thin apipheximatelyrt0qisoe geeates thail lapproximiataiy 80kud. evel for
di sanbi guati on depends on a size of the antenna, whereby small er antennas

requi re greater neasidvenragdousembodimynts,|the @il evopgyocunibg detesmined by invepsatingi St |

t he di sanbi guated projectile tr%j ect,org iseéﬁgec .ed based on a ratio of the
residuals for tﬁk?'&%?’@ﬁ@ﬁ%r.g)w}’ itheppindow,pr by Hoenit1agedtient i ment s,
the Tinme-Di fiher gocasd Fndlchisédby cHddfMhve defbesS AATMtadddldl}, thPeakRigat VAl ned
by designating a sensor that fifst encounters the $Shockwave as a reference

sensor, and set tcambe detérimined in ghecwindew pradueing theanaxirovm tethlesnergyand & therpl i t ude
of, for exanpl e 1N 1oL Lih&ls RdrtRdh R mbilfired PRGBS i HeXviRdPRY 2 8L the

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

muzzle signal.

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

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

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

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

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

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



ref erence sensor crosses a threshold value. The first latch activates start
counters for each of the other sensors, with the counter in each of the
ot her sensors running until the correspondi ng sensor encounters the

shockwave. When one of the other sensors encounter the e,
initial po¥?3No8I2Bhe shockwave-only signal, it sets an&%@W%%ZOB

PCT/ US2005/ 030126 second latch for that sensor that stops the start counter
for that sensor. The TDOA values for the other sensors relative to the
reference sensor are then recorded. Further features and advantages of the
present invention will be apparent from the follow ng description of
preferred enbodi nents and fromthe clains. 5 Brief Description of the

Drawi ngs These and ot her features and advantages of the invention will be
nmore fully undecwxidatch foy thaneensor thawiopg thielstatsonuter fpe thabsenedrp Tho MDA h

reference to the, appende drawi ngs,. in which elements are | abeled with |ike
ref erence desi gvr%l\{eggq{gheaﬂher\m?sgﬁ rg%%’/e tq ke rﬁgeretnge geglg?rea,re %gﬁcgfd%ﬂ‘ shows
schematically a cross-section vi ew of Mach cone.intersectin with an
antenna; FIG 2 sﬁb‘ﬁgersfgﬁ\é‘ﬁﬁ?‘f aglvf‘?}a%?ﬁ"gg‘éﬁfﬁs%ﬂty‘?%% ﬁgk?eraé"ya{ﬁﬂttfﬁm? o
omi - di r ect i ONahe fleRAt deScriiftioh OF prefeneEemBodiens afd iemahd Sailsy the ambiguity
i nherent in shockwave-only 15 trajectory determnation; FIG 4 shows

schemat i cal lsy aggureRalidiiohf dRMshivingfor time difference of arrival
nmeasurenents for determnrng the curvature of the Mach cone; FIG 5 shows
schemat i cal | y thegﬁg@aﬁ'&ncweaaﬁe hara@%taxgesdaﬁmb&uﬁwmbe RO shoot er

trajectories; 20 6 shows a schematic “diagramof a corre process;
FIG 7 is a proodsstobll bytheffolowing dhustrativeglesaription with defereneedo ithecappynded

di sanbi i i | s ,.£l 8 i . fil. f
i sor fmonat i ng SRS en A srowk b SRR Sty ke rethel B S BHEEERMIE ol 2gr am
of a shockwave rhaymot®t tdscaieval (TOA) nodel ;

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

with an antenna;

FIG. 2 shows schematically an exemplary sensor array with 7 omni-directional
acoustic sensors;
FIG.3 shows schematically the ambiguity inherent in shockwave-only

15 trajectory determination;

FIG. 4 shows schematically a probability density for time difference of arrival

measurements for determining the curvature of the Mach cone;

FIG.5 shows schematically the probability of correctly disambiguating

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

FIG. 7 is a process flow of a genetic algorithm used to correctly

disambiguating between shooter trajectories;
FIG. 8 is a process flow for discriminating against non-shockwave signals;
FIG.9 isaschematic diagram of a shockwave Time-of-Arrival (TOA) model;
25 Fig. 10 shows a schematic process flow diagram for range estimation; and

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



25 Fig. 10 shows a schematic process flow diagramfor range estimation; and
Fig. 11 shows a schematic process flow diagramof a genetic algorithmfor 7
WO 2006/ 096208 PCTI US2005/ 030126 range estimation; Detail ed Description of
Certain Il1yst nbodi nents As descri bed above in summar t he invention
provi des, iéﬁé’6\/221(?6?0%15}3AE enmbodi nents, nethods and systens fP&ngﬁv?BQﬂ"é‘Pz? ange
estimation and di sanbiguation 5 of projectile trajectories. These systens
and nethod are particularly useful and advantageous, when an insufficient
nunber of paranmeters required for an accurate solution are detected or when
such paraneters cannot be detected reliably. Supersonic projectile
trajectories are estimted solely fromprojectile shockwave arrival tines
nmeasured by several closely spaced sensors distributed 10 throughout a

"smal | " neasurenent volune referred to as antenna. A neasurenent volume is
considered small if the88heHMalPRcing is 2 meters or less. Once the
projectile's trajectory_is identified, the |locatign of the shooter is known
except for di st aRstailsdDesq 3 gital Ulugfrated Embodimentsii st ance can be found
if the antenna also obtains the arrival tinme_of the nuzzle blast sound.
However, the nuzzlAs dsseihediabovedn sursmanywghy invginaraydes, isYariodst an accur at e
shockwave- only | 1 i tJd 1.0 I

et or ' ng. now (o UpTReAS IHHEAE R gy emt Rl it B oo anl R RisRickn
expandi ng c6ni ofprojectifeatcaedianicsn Fhese sysiomsandonatisadde particuliarly wsefuidabd et
trajectory. The, shockwave surface is also referred to as,the Mach cone. To
obtain the sholRVRRAScOw S’E‘F?a%ﬁlls?ﬁf‘(?ﬂt, ““P??F%%tepﬂf%‘beg?f fequired #‘?éa‘é?crcfl{%q angl e,
the radius of GY¥ah HeQlcteded of MBen SRAbhRAMe@FsTThRIIbe AbteétbEreliaslyus oOf
curvature of the expanding conical surface are to be determned from
arrival tines measi¥pergonie projestiledraiopinries amestipeed slely fiom praisctiler i val angl e of
t he coni cal sur - J : rmnes two
possi bl e rel at isbga‘g”ﬁgﬁg‘g{" %) teesﬁllg%lesﬁl{egé%%vrﬁ%?g@o sgﬂg%ﬁégg?pglfmﬂﬁgg&% bul | et
traj ect ory el ghioughduba t‘smealBrméasaementyolingtrefetred trasanteana. Thencasumngpious’

angles wll be described ir}l rmruefgxet ai | bel.ow.v!?t r ef BLENSE tg FIG 3. The
radi us of volume is considered small1 € sensor spacing 1s £ meters or ICss. nce the

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

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

Referring now to FIG. 1, the shockwave surface is considered to be an
expanding conical surface having its axis coincident with the bullet trajectory. The
shockwave surface is also referred to as the Mach cone. To obtain the shockwave-

20  only solution, three properties, the arrival angle, the radius of curvature, and the
spatial gradient of the radius of curvature of the expanding conical surface are to be
determined from arrival times measured at five or more antenna sensors.

The arrival angle of the conical surface-generator that first reaches the antenna
determines two possible relative angles (often called 'ambiguous' angles) of the

25  bullet trajectory relative to the arrival angle at the antenna. The 'ambiguous' angles
will be described in more detail below with reference to FIG. 3. The radius of
curvature of the conical surface at the antenna determines both distance and
direction to the trajectory. The gradient of the radius of curvature along the path of

the surface-generator determines which direction the bullet is moving, thereby



curvature of the conical surface at the antenna determ nes both distance and
direction to the trajectory. The gradient of the radius of curvature al ong
the path of the surface-generator determ nes which direction the bullet is
noving, th 2006/ 096208 PCTI US20051030126 iguity’
bet ween thgwﬁﬂ@iﬁﬁﬁ%ble di rections. Determning these ¢#@§ﬁsﬁnmaﬂb
properties accurately and correctly deci de between the two possible

"anbi guous' trajectory angles requires very precise nmeasurenents. For
exanple, randomerrors should be no greater than approximtely 1s to decide
correctly 5 between the two alternative shooter aspect angles. The required
accuracy can be estimated by considering the propagation characteristic of
the shockwave depicted in FIG 1. Referring now also to FIG 2, an antenna
20 includes N N=ls ] an
advanci ng coni %gﬁgéﬁs{% ?&i%géuﬁgbg%‘}ggq ﬁlgtct)‘rghs E%gg%tlﬁt ‘Flgetc%ﬁsl \ﬁét For eéthg{aen

essential |y bethi® sboqkmmﬂropmies ioghnatﬂ)mrﬁroomamdnbﬂe daptvxtelam thertve posaibdd enent s

23 to 28 can adyvantageau ormy distributed at lLocations C (Cxj,
CA, C.) over a®Bpigueys té"fle"t%‘éraf‘él&%reqwetsHeé'r%e"éfeerﬂﬁsf?‘eﬁ’fn gt "é‘d“ﬁp% the center

at (Cxa , Cyo, rafiddd) errsQ sﬁm& b@no gk@htfe%ﬁi SPSPadREr fidfoRietide BoRRAPL €d
i ndependent of the arrival angle’ The tinme instant that the first sensor,
desi gnat ed as bdmeméheamﬁai@ﬂwnsdmotedeﬂpe@ta%lﬁhe advanci ng 15 conl cal surface

is denoted as to..,Jhe o nsor vanc, coni. surface at
subsequent &1 s HETEREtTeo BN R e St SR T BobRRER, , The
direction of t&lﬁra@téﬁmmge sokwale cﬁpllbfea&emﬂ mfanﬁ@ﬁbxbmsaw MGolzyanng each
of the tine differences by the |ocal speed of sound c, | ;= c(t;

-to). If thereanignnagdg mcrlh‘ﬁ&éhlrséﬂ%’ﬁ%%rn ghle to detrrpinehe E‘E‘H?U&Fessqflal‘ace passi ng
though the fef&r%@&%&m&ﬁw% @hrﬁeu%fn mﬂrég&t&t@s o2 B8Ent

sensors, with the three-di nensional coordi na he N points deal |y
det er mi ni ntP al ¢xppeteditoatrigimatefrom hoywhene veantenpa plemeno ¥d Y28 canas nent i oned
above, errors | [ n eRns can
result in err on@éa){ifs eﬁgélgr?é? L'tﬁ"ﬁdg&%ﬁgd%% ;&g’\?gegcc);ée%fgﬁ ﬁggrgaeSPH%icg?of t he

projectile's tsuafacs twdthyonelefenicne2? otdtedinniy centee at (Oxe; Gy, Cag)esectbatefl arri val

preci sions 25 needed to nake correct de ISIé)nS out. t he }WQF ot herw se
anbi guous t r aj Wafogpgensor aperture is presented independent of the arrival angle. The time

instant that the first sensor, designated as the reference sensor, detects the advancing

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

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

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

The system advantageously incorporates features to ensure that it will not
mistake non-ballistic signals, such as vehicle noise, vibration, wind-noise and EMI,
for a shooter. For example, the sensor mast can be mounted to a vehicle (not shown)

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



angles will be described. The system advant ageously incorporates features to
ensure that it will not mstake non-ballistic signals, such as vehicle

noi se, vibration, w nd-noise and EM, for a shooter. For exanple, the
sensor rrastwﬁ%m%gﬂgpunt ed to a vehi cI e (not shown) 30 W&%ﬁh@%@g@ri C
sleeves in mating jornts to prevent rattling. The sensors can WO

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

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

i solate them from spine vibration. Sensor spines can be attached to a
common hub that contains anal og el ectronics, which can also be attached to
the sensor mast with elastonmeric shock nounts to isolate it frommast 5
vibrations. In addition, the follow ng deci si on al gorithm can be enpl oyed to

filter out signal h | ack e5| ical.ly found i

shockwave- der i v&H© E?‘{Jﬁ‘?g‘t‘%‘?‘% °tsﬂ‘é‘e%¥\%§§§ CBC&"‘B e@q%g},owlfﬁe@p?ncy

rel ative, and C?éaoﬁhﬁcéstamelsblml}mraadolaye thdh €rom pirOvibrdfidn) ESenddrpinedvdnded only
for illustration. 10 Referring nowto FIG 8, a process 800 deternmnes if a

det ect ed si gnal attashedjforp-pomunan b that pmainganalos elssropice viueh @malsetsrts at step
802 and checks h&cﬁ&o% éhg&%s%rfmafsp@'ltﬁ b@fEheriSstBok AdEniE Y ganateqvﬁ&h nfa@ count as
a shock, for exa oes gnal va ue excee

paraneter|zeﬁ thﬁmﬂhntd of, e.g., 500. If this is the case, the process 800

continues with ste 6.a cks I, f .there is a sharp from
zero to the peak sﬁb?fg’ft“(?aﬁ\ﬁgq ‘%{Wﬂegm écmaégqrﬁ “Phee %1%?3&} tﬁtlmbolf his peak
value is not pE?ﬁﬁQﬂﬁt Tayk ma@tgh@tnre,s opically e Etgsh%clﬁwml-cfehﬂi@ixgrmm{l ude, for
exanple, 1/16 t he peak signal value. If this is the case, .the process

800 conti nues Wwablﬁéﬁe%‘@“& Z%é&kéelartlfve’t%é cay pe;wnerbexfermalls Hdelisiede mi ni ma
and maxi ma has @alﬁékhefrégﬂo@ﬂlteh&l qugi‘ﬂuéfﬁ for 20 example, 200 - 400 As. If
e

this is the cas rocess cont | nues with step 810 and checks if the
magni t udes 0 the Rlefﬂrrmmvdtorﬁiﬁt &mme@l&sg]@wdnnmifatmsdsgnebe e.g.
wi thin 35% of one anot

with step 812 aftSBHES gm afSh?ﬂ(ewaBF ejgé ﬁrgceeﬁg ?‘:Efr"f‘g th’ﬁ? Bf rﬁ%fagcﬁr?ttﬁ# Pnlerns

peak 804 if the signal is a loud enough event to count as a shock, for example, does the

peak signal value exceed a given parameterized threshold of, e.g., 500. If this is the
case, the process 800 continues with step 806 and checks if there is a sharp transient

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

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

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

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

25  case, the process 800 continues with step 814 and checks if the times between the
maximum signal value and the zero-crossing and between the zero-crossing and the
minimum signal value are comparable, for example, within approximately 180 us.
If all steps produce an affirmative response, the pfocess 800 decides that the signal
can be a shockwave and the signal is processed, step 816. Conversely, if one of the

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

10



signal to zero is sharp, using essentially the sane criteria as in step 806.
If this is the 25 case, the process 800 continues with step 814 and checks
if the tines between the maxinmum signal value and the zero-crossing and

bet ween th sing and the mninum signal val ue le, for
exanple, w ﬁgﬁgﬁ%%&§X|nately 180 AS, If all steps prodﬁ%@ﬁgﬁgggp?$native
response, the process 800 decides that the signal can be a shockwave and
the signal is processed, step 816. Conversely, if one of the 30 6 decision
steps is answered in the negative, the detected signal does not originate
10 WO 20061096208 PCTI US2005/ 030126 from a 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, e = aresin(1/M, where Mis the Mach
nunber defi nedroxsa EiRkivaad, sep BI& velocity V divided by the sound velocity C.
L refers 5 to the characterlstlc | engt h ? the antenna. ' The radi

curvature of the RefprangbackiaF @vxbﬁl?rﬂ%le‘éﬁeFﬁé“%Wt‘%?ﬁ?HmQ‘é)thﬂ e“é}HH r2. The

end View in thge Lo Hithiiadlanpliss BYGH B - BRGHGMISWIBKENA eMtign 1S

nmeasur ed. Di stancC is equal
sin(O = L / Zwimber @sfmbdhaﬁ h’epro;amad telazitg Nerhwﬂe@h;ethelsbmdn&locityh Lrefers, . The
time dlfference nmeasur e .of .curva tgre betvxﬁﬁn t he p0| nts aon, the anlﬁienna

P1 (g ptenn

surface 10 *bi d8&iechgraptrEshedrraty, f Rt cpyyature ‘?tjs}h%%ﬂ?ﬁlat § dt, = Ad

[ c=(r, - dwb eﬁdsofrme fdennh 28 afe r7 akdr,/ Tﬁe%ndc\)lemeenémmhfftﬁ@@@m&e measur e
of curvature at r2 =r, - Lsin(Q is _gl ven t he sane expression, wth r2

substit ut ed fmhowahome%rumrerrgwneadwzd ufancerd LS33QU§|tﬁé€')fl7°°§(¢) SEhe angleuni ng

unbi ased neasu ene n 15 tinme
di fferences dt 18 dePﬁ%iﬁgs%@) r an@orMS%%%‘tlﬂ u?@%@?ﬁ%a maL élzlf 'f er ent
means dt, andritt@nddiffetches mme&ifaﬁﬂvmntmtvb@endl&t;ﬁﬁm a@meSahfend@mIfadeVI ation

or, the nean neasurenent, values at the two ends of the array corﬁe&tly
det er mi ne the Bisseting thEG?W‘a"clﬁ?réacFH‘é?héadIB’éhsp‘fq&ondﬁs‘t 2 peFind) 68 ~FeBisur enent

val ues for thetingp2, ghlfl r'?l'ikct‘ﬁﬁe Hitffer?}@éirngésareacff%uﬁzgﬁYPa iP=El Gy e?% The

sanpl e measur enment I's shown as X. The radius of Curvature at
end 2 (radius gin liyshesamd mpretsmam weith re substituted doki rus Acgordinglyedte £ dtie; L'al |
measur enent s sin(8) / 8r’c.

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

15  time differences dt; and dt; are randomly distributed values having different means
dt, and dt, but the same statistically determined standard deviation @, the mean
measurement values at the two ends of the array correctly determine the local
curvature there. Exemplary distributions of measurement values for the time
differences dt; and dt, are shown in FIG. 4.

20 The sample measurement made at end 2 is shown as X. The radius of curvature
at end 2 (radius 1) is smaller than at end 1 (radius ;). 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



made at end one that have values larger than X will result in the correct
decision that curvature at end | is greater than at end 2. The probability
that the correct decision is nade when the neasurenent at end 2 is equal to
X is given 2006/ 096208 PCT/ US20051030126 P(r]j = P2 (x)
JP, ()d | ‘%ﬁ“‘{?}”%{’)’%h p2(x)=e ' 2rrv tN and MO= | PEJ(‘ES%%W 126

I ntegration over x and nmaki ng substitution of variables results in the
following probability of making the correct decision: P(,<r2)=1- 1
Je--'erf(u-a)du 2 2 r dt, -dt2 - L3 sin(9) wtha=~h1li8r,2cv 5
Referring nowto FIG 5, the probability of a correct decision, or
confidence level for disanbiguation, is plotted for two exenplary antenna
sizes, L =1 mand L = 2m against the closest point of approach (CPA) r
betmeen t he prolectlle s trajectory and the antenna 20. The sound velocity
is assuned to be ¢ = 340 nis. L a |l arger antenna has
significantly expanded range f ¢1u§$%¥ gagﬁgpgﬂggkmave 10 only sol utions.
For | arge CPA val ues, the dlfference in curvatu e At the two ends of the
antenna (r, and r2) is too snaIJ o b? di stin % ble, so the probability
for a correct decision approa npl ete anmbi guity. Accordingly,
the confidence | evel depends on the S|ze I. (:} e dianeter or spatial
extent, of the antenna. 15 As gpntloaﬁd aﬂoverqﬁfrors arise fromtimng
errors and sensor coordinate

2no

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

probability of making the correct decision:

P(n <rz)—

J_ Ie erf(u-a)du

dt,-dt, [I’sin(d)

with  a=
\/—a \/-2—8r,2c0'

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

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

antenna.

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

sensor coordinate errors appear as random time difference errors.

Timing errors arise also both from gain and signal strength variations from

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

12



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 randomtinme difference
errors. Timng errors arise also both fromgain and sig

vari ations ‘P’Pgﬂ‘i“/"?@"%hannel to channel. Tines of arri valr?éérf@gzé‘%@gélg%d when
sensor outputs rise to a 12 WD 2006/ 096208 PCT/ US2005/ 030126 preset
threshold value VO The timng error dt caused by a gain variation dg
depends wupon the time rate of voltage increase for the channel, with dt =d
dv dt Timng errors also occur when the signal strength varies over the
aperture. For an aperture of length L and a cylindrical sound source at

di stance r, the maxi mum5 signal |evel variation across the aperture is
equal to po (L / 2r), where po is the sound pressure at the aperture
center. The ti npuespt Eresheldoeping Yo Rhabwing caepdl caysed by @ gapy variatien dg Jepends
error, with the expression L replacing the relative gainaf rt',ation dg . The
2r g anplitudeugsnrthe Smatrate bbrolragathoreaserfonthe skamnel; with bint= é%uni formy from
a maxi mum across the entire aperture to zero at the cent &r¢ AL ranges
greater than 10 10 m for a | maperture, the maxi mum anplitude factor is

| ess than 0.05, whi ' e L Ag ter of
0.2, so that effec;rfsma%EH%IS%SS%FW&J%H&@%E%?@(% g%?ﬁ%@é?&%ﬁely, as
descri bed abovean sgertnmmgdengttek snd heaylindiicalsouhd sownce htedistrek rotbemakisndimus i s

smal | enough_w t.h respect. t.o the ertyre.length o t hat .neasur epent
errors are ndt é}&’f‘*}ﬁ?‘%ﬁmﬁﬂ? ?‘frﬁs\?%%e eﬂg Rkt ];tlor‘?ﬁheéz&’o‘?hqr‘??ﬂ‘ﬁ. eegP'r“b({rTg
caused by sensopresideeatliind dPeytudicefitet. MEhe tidsifig Bipdr cqBation@bovd WpliBdidd fuflss of t he
error vectors are statistically independent and wuniformy distributed

bet ween 0 and 1,mm ggq t 1 orL tolaf o dg

| ndependent, t ht St gn af%ngtg/e‘l egﬁ{eg{%&gfzr g’%%c\?/‘% @%?elﬁh’i% or rr‘%agl |ngtgr i t;rl?feed

randomtinme 10-1 difference errors will be equal to 340 12= 0.85 ,us . The

standard devi at iwplityde erp@s piemohtantiony aniong sensars,dut vani doiermilyrfomal i ng errors

for a systems am%l(i'nﬂ.gn Qéroéls tM_gmire aperture to zero at the center. At ranges greater than 10

10 m, for a I m aperture, the maximum amplitude factor is less than 0.05, which is less
than the channel gain variation parameter of 0.2, so that effects due to amplitude
errors can be ignored. Conversely, as described above, at ranges less than about 10
m the Mach cone radius is small enough with respect to the aperture length of 1 m

that measurement errors are not very important.

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

independent, the standard deviation of equivalent umformly distributed random time

3

340412

20  binomially distributed random time sampling errors for a system sampling at 1 MHz

difference errors will be equal to =0.85 us. The standard deviation of

is equal to 0.25 ps. Timing errors due to gain variations are estimated to be
approximately 0.75 us for an exemplary system with a channel bandwidth of about
18 kHz, corresponding to a voltage rate of about 0.02 V/us. The employed acoustic
sensors for each array were chosen to have sensitivities within + 1,5 dB. Therefore,
25  channel relative gain variations are approximately uniformly distributed between

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

13



is equal to 0.25 s. Timng errors due to gain variations are estimated to be
approximately 0.75 s for an exenplary systemw th a channel bandw dt h of
about 18 kHz, corresponding to a voltage rate of about 0.02 V/ps. The

enpl oyed acQustic sensors for each array were chosen to have sensitivities
within 1,5V¥B%RE08 ore, 25 channel relative gain variBtVBFE05430126
approximately uniformy distributed between 0.84 and 1.19, so that the
standard deviation of relative gain is approximtely equal 13 WO

2006/ 096208 PCT/ US2005/ 030126 1.19 1 0.84 to = 0.10. The threshold vol tage
is Vo= 0.15V, resulting in a standard deviation of timng errors of about
0.75 P. Total neasurenent timng errors are estimated by assum ng that
channel gain variations, sanpling variations, and sensor |ocation
variations are ajhgshali stically 5 independent. Then, the timing error

st andard devi atoa éﬂ—rfaﬁ—beO.h&.t Thathessheld voltag8 & V=093 ViGeseBinginastapdard |t i s
difficult and expeN$Zve to achieve such precision with analog to digital
conversion, begau i . i r followed by interpolation are
needed. Two d|?vf'%ﬁg%;fgg}"?%éﬁ({réQ?%’roﬁ{a(gisuprlséteI y measuring the

Ti me- Di f f er ence- offoll mieasaten{chDAng ehOrsaareestimated \bydissuminf thatictmahad gaid syst em
I n one enbodi nent,. the exenplary system uses an anal og ti dj f.ference of
arrival (TDOA) V@?‘Wt‘@ﬁﬁ’fa’ﬂ@iwa}“a‘gﬂ-‘ﬁ’ ﬂdéﬁ‘ﬁgrpﬁaﬁé’ad’ﬁ"@lﬁgﬁ@;ﬁe ?éfcks are
triggered when;fiBcendais Thes tRhing¥A6EHaaldHciaiio thnHeWiBhateg¥e! at the
reference sensor, which was defined above as the sensor that first
encounters the ghgekweme . oli2As) fjscussed above, a 1 Mz clock rate is
sufficient to elimnate the inportance of tine-sanple errors in practice.
The system oper at #ids difficult and @kpagisive theachieet ytich grezisiorn varth akesl exctb idigitabf

threshold levels, with the digital .l ogic rfqrm.ng the foll ow ng
et ong: |1 soriversio, plciiss high SeBipling s M oo PR AR e P RUTHE at ¢ he
reference 20 3R citdbits fr at&lratelyGRNRIZIhd TitheSDITFKIRY-Bf-Ar@%a3 EEDOA) hr eshol d

value. 2. The first latch sets start counters for each channel, which are
i ncrenent ed0  are employed in the disclosed system.

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

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

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

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

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

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

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

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

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

runs to an upper limit value.

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

register.
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by one count at each clock cycle. The processor is alerted. 3. The counter
in each channel runs until the correspondi ng sensor encounters the
shockwave. This sets a second latch in the channel, which stops the 25 count

in that chapnel . 1f no second latch is set, the correspondi ngzﬂcount er runs

to an upper YO WY ue. 4. The final nunber of counts iBCHERRONEMREer is

recorded in a digital TDOA register. 14 WO 20061096208 PCT/ U52005/ 030126

5. The processor reads the TDOA regi ster. 6. The processor resets the
counters for receiving the next shockwave. |n another enbodinent, the
correlation for each channel with every other 5 channel is conputed, for a
time segnent centered on the tinme of the hardware TDOA detection. The
correlation of two functions, denoted Corr(g, h), is defined by Corr(g,h)=-

Jg(r+t)h(r)dr Thes.cof}{e‘?{r@ctegs%gréaﬁs ﬁewd&he%ls}té?ft , Which is called a "lag." It

therefore lies in'the I me domal n, “an the follow ng property: 10

Corr(g,h) g Qf)H - fThewhamrswyr msets theaoentes dbor recemnang the pextfshodkawave.ne. G f) i s
the Fourier transformof g(t), and H(f) is the Fourier transformof h(t).
The total power in a signal is: Total Power= Jlh(r)lzdr= JIH(f)Izdf 15 The

time-of-arrival signal ha finite length, so . that the integration (or
sumation for di i%g'&aﬂéﬂ&ﬁa?m}?&g&%?rf?a %‘.‘{%F?Carcg@rﬂ‘ei)‘f)'@ exery gﬂ‘ﬁ e time
interval oent&hgi AfcBmpatel Br 4 tif semehk Ednvedéd ot fhe iRt REdWAe data in one
or both channels can be extended by zero-padding so that the duration of

the two si gnal ED@Atdsteetion. Ie corzelationvod two funpiéonsr denoted Qorr(g. fhd i$ definedbng

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

al t hough the actual data e digitized and di screte val ues. Those skilled
inthe art will eaarighbe 8bq‘ét)g€f)4’épl ace the integrals by a summation.

The correlation is a function of t, which is called a “lag.” It therefore lies in the
time domain, and has the following property:

10 Corr(g,h) < G(NHH(-f)

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

The total power in a signal is:
Total Power = ﬂh(r)lz dr = ﬂH(f)lz df

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

is known in the art.

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

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

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

g;(t) are acquired in each channel i, j, steps 601, 602, and recorded as a function of
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Referring nowto FIG 6, in a process 60 the shockwave signal tine data g;
(t), gi(t) are acquired in each channel i, j, steps 601, 602, and recorded
as a function of 15 WD 2006/ 096208 PCT/ US2005/ 030126 tinme. In steps 603,
604, the total si | power in a channel i is conputed fo uent

nor mal i zatl\%’ﬁ 6/09?$§scorrel ation as Total Power in channPé[Tf?SSZ&OS?Psg‘FG(r)I' dz
Signal dumian The Fourier transform G (f) of the shockwave signal tine data
g;(t) is computed 5 for channel i and the conjugate G (-f) is formed, step
605. Likew se, the Fourier transform G(f) of the shockwave signal tinme data
gi(t) is.conputed for all the other channels j, step 606. Thereafter, the
cross-correlation G (- f)G(f) is formed for each channel pair (i, j), step
608, which is a function f; t) of .the "lag" The , TDOA for each channel
pair is the tfims inwpamér@‘*s )tothla%ma’c@o%m |*ePe°°“§>Pé‘»ﬂ 8710. The 10
correlation b n be defined as peak value fii

(t) (Power Ch%\r%%@ﬁ%%n%%ﬁ%ﬁbﬁ gﬁ%ggatio)n%‘?'he residual for channel i is
conput ed by conputing the nmean value for a sensor i over all sensors j:

, (1-Corr (9 , 9 ) ¥oraRPowk/ W @hdrinki i= e Y’)P dr 15 as indicated in step 612.
The TDOAs and correl ations for thaf,, neI with the best (i.e. smallest)
overal | residual are then selected as the "best" sol uti on, step 614. As
nmenti oned above, time
rents oned above, ThdFosPRARARS Y B e RKGMJ YRRk B0 ApiEIA)

sanpl es/ ses§. f&hhmbmﬂspomhwghm G () is foringd rstepf6024Lllew;sermé[Femuerng the tine

resolution for t e ved . si gnal .he correl.ation in |s done
with a time r88% %ﬁ{)t"ﬁ(ﬁ? ﬁ%"kwa S18RAL fmé fag gf(ﬁdf Borm%’lt‘g%f%f %fél Thy taking
333333 sanpl eghma6ls j, @&@Qsots heh¥ifted Une éxbgmcodﬂefaheﬁ EGCHG,@S is Foriried For dadiPOA)
bet ween t he sensors™ have

channel pa1r (i, j), step 608, which is a function f;;(t) of the “lag™ t. The TDOA for

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

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

peak value f, (1)
\/(Power Channel i) *(Power Channel j)

Corr(g;,g;)

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

sensor i over all sensors j:

Re sidual(i) = mean(E (1-Corr(g;,g,))
Jei
15 as indicated in step 612. The TDOAs and correlations for that channel with the

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

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

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

Once the various time differences of amval (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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been determ ned from shockwave-only signals, the shooter azinuth and
elevation and the bullet trajectory can be determ ned. The shooter
position, i.e. the distance of 16 WD 20061096208 PCT/ US20051030126 the
shoot er fr%ﬁ@ﬁm?&ﬁ’?or array can be determned if the pigalSodRlossits Si gnal
is known inaddition. In a Cartesian coordinate system centereg at the
center of the array, i.e. {(Cxo, CYO Coo) = (0, 0, 0)), the tine of
arrival TOA of the shockwave at a given sensor 5 (C, Cyj, C) (see FIG 2)
is given by: tseoct =to + L (cos(p)+ MZ -1 sin (6)) V(Xo -C,)+W(Xo
-Cr)+V,(Xo -Cz) wth cos(h) LM Vs V = Wy represents the supersonic bull et
velocity Mc =V =V +Wz +Y,Z, V. wth c being the speed of sound and M
the Mach nunber. O represents the mss 10 angle' between shooter position
and bullet traj r i I el LT jon:..angl es. A
direct hit wou|‘gg%:h§r°?f/eé§r\§4§‘r¥59?égg‘?‘i“5@98”. *%%‘%é@%”éﬁaf BRiGIE bR grlte by =
sin((r)). As nambameadditieyve and indicated in FIG 3, for a given shooter
position and bullet trajectory, there is another shooter position and

bul I et traj ect ory I @Canbsiancoohiinate ysit¥cenferddlae thetontkmefithe atayai.gi{(€p, set of

sensors is nearly identi The t amhi_guous _so] utions are in fact
identical if i ncyge ngrf"p{q’ 51843}} t%ﬁ'@F\fl’\?'{‘rﬁgB Rgfg@é}‘qc AU FRYPUSEIF opagat e

across the sensel. @rr@y (& AGPANsivRYe. | f the TDOA resolution is high
enough to resols(\%’tﬂ’e y?tﬁrvatur e)qo vt heﬁshockwave, then the two nearly

i dentical solutions can be di sanbi d. lee essential anbiguity of 20

shockwave-only TD@, skt 1 s(@)ﬁ' |zeélsiaﬁﬂ) n FIG 3. Assuming sufficiently
accurate TOA neasurenents™%he true solution for shooter position and

bull et trajectory can be obtajned C uti he
J y . thXO - CSY‘— Vyt)glr)- Cy JlgVIiXO —CZ)
with cos(ﬁ)= .
LMc
V.
V ={V, | represents the supersonic bullet velocity Mc = V = ,/Vf +V V7,
V

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

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

1 .
d d by — =sin(®).
efined by ™ sin(®)

As mentioned above and indicated in FIG. 3, for a given shooter position and
bullet trajectory, there is another shooter position and bullet trajectory for which the
15  TOA of the shockwave at a given set of sensors is nearly identical. The two
ambiguous solutions are in fact identical if in a simplified model, the shockwave is
assumed to propagate across the sensor array as a plane wave. If the TDOA
resolution is high enough to resolve the curvature of the shockwave, then the two
nearly identical solutions can be disambiguated. The essential ambiguity of
20  shockwave-only TDOA solutions is indicated in FIG. 3.

Assuming sufficiently accurate TOA measurements, the true solution for
shooter position and bullet trajectory can be obtained by computing the

shooter/trajectory combination that minimizes the root-mean-square (RMS) residual
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shooter/trajectory conbination that m nimzes the root-nean-square (RV5)
residual 17 WD 2006/ 096208 PCT/ US2005/ 030126 of neasured and conput ed
shockwave TDOA's: x Ar,, j. mn 1/ Irla,, - r. wherein the sumis

t aken over s. One approach for solving th|s pr

Levenber g- Ng&gugggﬁﬂé al gorithm described in detail in U%ggggék@BEBSSO 202.
Most cl assical point-by-point algorithns use a determ nistic procedure for
approaching the opti mum solution, starting froma random guess sol ution and
speci fying a search direction based on a pre-specified transition rule,
such as direct nethods using an objective function and constraint val ues
and gradi ent - based nethods using first and second order 10 derivatives.
However, these nethods have di sadvantages, for exanple, that an optimal

sol uti on depends on the selected initial solution and that the al gorithm may
get "stuck" at ohmeasyredpnil gemputed shockwavesiROPASs a | ocal m ni mum or where the
cost function surface has a flat valley, so that further iterations wll

not inprove the result. 15 1t ha bee iﬁ t hat ﬁ gl obal m ni num of the
shooter direction and the projec P~ U7 & ﬁﬁy Tdn be conputed nore

qui ckly and nore reliably disanbiguated y using an evolutionary genetic

algorithm (GA). ary principles and apply these
to search and opt rT}nt %mp¥s3%1§é uorvée'rsal ns’Qﬁ:gnemati c flowdiagramof a GAis

shown in FIG 7. }lnstead n ess f.or a solution,
a GA process 70 bbﬁ? ARPTPAC fg S&fd‘?ﬁ@%ﬂ’%ﬁt‘?ﬂ’éﬁ%ﬁ@e g’lb %uﬁggul ation of
sol utions, st eplgbfithnbdédcitidSn detdi® REUB bhtert 50930[202 Mot alwstaal poirdibyaidimg t he
initial soluti on set, step 72.. Once a random popul ation of solutions is

created, each @EoE(ESYEE ééetFW“FﬁBc proReduse foppprreaching ths optispumy sQlefioRnmi ng
problem step mg?ﬂﬁin rzfn'dBﬂ gss(sbRtigd 'axaes,sserfm%t 'séarma&&aadbésed gagh

sol ution, step It nes 25 can be represe t he Eucli dean
di stance Ar,,, pre-specifie tansitianahlsusugh asidisast methods umdg an obJectlve function and

constraint values and gradient-based methods using first and second order

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

result.

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

principles and apply these to search and optimization procedures.

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

the measured solution.
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t he measured solution. 18 WD 20061096208 PCT/ US2005/ 030126 AT~e =m n

| Tcalc-""mar \ z | Intuitively, an algorithmhaving a small value of atm f
is better. For exanple, when applying the GA to di sanbi guate the sol ution
for the sh ction and projectile trajectory, t GA uses
as a chrono é‘r?m&mggdz |n| tial population of 200 4-s, wt%gg?cgﬁ@ cic/)Gnt ai ni ng
the followi ng values: [Azinmthshooter, Elevati onshoot a, Azi nut hMtssed,

El evati onM sss]. [ Azi nut hshootn, El evati onshooter] are defined by the angle
(A+Q, while [AzinmuthM ssd, ElevationMssed] are defined by the angle 0 (see
FIG 3). Since nuzzle blast is not used wth the aforedescri bed
shockwave-only approach, a 10 nom nal range between the sensor array and the
shooter of 100 meter is assumed. The initial population is created by
random sel ecti on of the 4-s spanni ng a and reasonabl e range of
values (all values are in degregs): i;ﬁfcp shoouf = {0, ... , 360),

El evati onshoot er :'{-10, ... , 30), 15 i mut hM ssea = {-20, ... , 20), and
El evati onM ssed = {-20, , 20). It is checked in step 75 if a maxi num

number of iterati QE‘tﬁltfv@Fy, iﬂ"ﬂg@ﬁ}un%'vﬁl a sfd] vile 8€A1,,fi9bet¥anpl e, at 25, has
been reached. |If the maxi num nunber o iterati ons has been reached, the

process 70 stops & éﬁaﬁme‘%%eﬁagplymg tHeEGAUtG d@ﬁﬁblgﬁte?&eebmb@rr foa%%ﬁ&ﬁs} or

further evaluated. O herw se checks if preset fltness criteria
have been sat i sdifegtiion mdmﬁ@s@l@trmp@tptyath@anerméary u&saﬁplc omeseagPput ed ni ssed

Ot nave P Sdpuisfioh 8F 2 24, ilFectR] difhiinlne WRHARRLANAYS 501 U4 OnS-

If the fitnéss Cri proc ps at step 80;
ot herwi se, a new tion reat ed 25 throu c ssover, step 77, and
mut ati on, step 78QREWH" il “”g%lrs%?ﬁbt“?’&ﬁ” 83 nﬁ‘fﬂ@\"“ﬂ" f@gn""‘“ 1

[Azimuthghooter, El€vationspoorer] are defined by the angle (©+6), while

[Azimuthwmissea, Elevationmissea] are defined by the angle 8 (see FIG. 3). Since
muzzle blast is not used with the aforedescribed shockwave-only approach, a

10  nominal range between the sensor array and the shooter of 100 meter is assumed.

The initial population is created by random selection of the 4-s spanning a

meaningful and reasonable range of values (all values are in degrees):
Azimuthgheoter = {0, ..., 360},
Elevationsheoter = {-10, ..., 30},
15 Azimuthmissea = {-20, ..., 20}, and
Elevationpisseg = {-20, ... , 20}.

It is checked in step 75 if a maximum number of iterations for the GA, which
can be set, for example, at 25, has been reached. If the maximum number of
iterations has been reached, the process 70 stops at step 80, and the result can be

20  either accepted or further evaluated. Otherwise, step 76 checks if preset fitness

criteria have been satisfied.

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

25  through crossover, step 77, and mutation, step 78, and the generation counter is
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WO 2006/ 096208 PCTI US2005/ 030126 incremented by one, step 79. In each
generation, the "best" individual is allowed to survive unnutated, whereas
the top 100 individuals, as judged by their fitness, also survive, but are
used to creat ext 100 individuals frompairs of t | yors with
the 5 cros§§§§ﬁ*@%§g?ion operators listed in Table 1. The Ozﬁ%&%ﬁé?

exenpl ary crossover and nutation operators were used to denonstrate the
process 70: Operator Nane Operator Probability Description uth-Crossover
_Type ossover 0.5 Exchange shooter/trajectory azimuth Azim between two
chronmosones M ssed- Crossover ossover 0.5 Exchange m ssed azi nut h/ el evati on
bet ween two chronosones Field-Miutation Miutation 0.3 Replace a given field
(with a probability of 0.25 per field) with a randomy selected new val ue
wi t hin range anreneq%g%-hhtatggn Mutation 0.4 Introduce small nmutations in
all fields of P4 RRMERBEBMe R’ thin 51 for shooter information; within 50.5

for mssed information Fljp-Nutation Mitation 0.1 Change the splution into
the ambi guous alf 8?%%8“&‘?’1’1%0%%’9%{%‘?{ISﬁﬂm?d;IPisgrrY“%."fnﬁﬁaft%“ﬁosone

remai ns i nt actwheledltiee tdp 18Qindiveduatyi g jadgedbyitheiofitiessyash andiQbui apuseded by
perform ng a gradient search on. the best sqlution and the corresponding

al ternate sol UPicERe the,pexs 4 06, indhiduglsdtaan paits of thesurvivers withdhejual s and t he
ratios of tfe LESbAARaRhSpEAMR s inthbihe conput ed

The following exemplary crossover and mutation operators were used to

demonstrate the process 70:

Operator Name | Operator | Probability Description
Type
Azimuth-Crossover Crossover | 0.5 Exchange shooter/trajectory azimuth
between two chromosomes
Missed-Crossover Crossover | 0.5 Exchange missed azimuth/elevation
between two chromosomes
Field-Mutation Mutation 03 Replace a given field (with a probability

of 0.25 per field) with a randomly
selected new value within range
Incremental-Mutation | Mutation 0.4 Introduce small mutations in all fields
of a2 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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m ssed azimuth is <15, representing "close" shots and if the ratio of the
residuals is 15 >2, then the solution with the |l ower residual is selected.
O herwi se, no actual selection is made, and the solution with the | ower

resi dual he "primary" solution, while the L ytion is

| abel ed answé%?"%"’g‘%{’g sol ution. 20 WD 2006/ 096208 PCT/ %‘é@%@%ﬁ@@%@é W't h
shockwave-only detection, the GA algorithm produced a solution on a | GHz
conput er running the Linux operating systemin 0.15 seconds on a broad range
of simul ated shots. 97% of the sinulated shots were within 15 of m ssed
azimuth, and 86% of the sinulated shots were within 5 of m ssed azi mut h.
Using the 5 aforedescribed di sanbi guation algorithm close shots, i.e. shots

having a m ssed azinuth of <15, were disanbiguated 95% of the tinme. The

di sanbi guation al orlthm produced correct resulis for re di st ant, shots
70% of the time. TWeh shackwaveeonlyAetgstionnths Gded Eig‘tmﬁ‘i'@r‘é%ﬁ 13utel opA Y, pased

on the sensor H%\émﬁga%ﬁmn ﬂi&%ﬁ&)&p@faﬁﬁgﬁmnﬂm {3 &U&ﬁd@%n@fb{éé%hﬁige with

shots having a Tow e ation being 10 easier to disanbi guate
af or edescri bed ofcinmlated shdts 97 Yanf the sinuletei skots wajeakithin |5 Vefreisssd paimwdd wi t hout

det ection of e t weak
muzzl e signal %@@@%@ET%‘“‘TS@ ot}s&%@@ﬁ’n@ ms)sng;&frlhﬁ‘lﬁt é’g}ﬁ%%n%e

channel s carg beafoﬁdmﬂbagﬁmsdlg/uadsxeﬁlgblﬁthnﬁbm/shorsangehaiehza'ﬂng avaissen and

di sanbi guation. 15 FIG 9 sho hemat,i a.di am of .a Tinme of Arrival
(TOA) nodel,  virimpthiof <y wer iim"f ﬁ@g‘%’é{fﬁ% t“Pﬁa’E@ @Mguaaoam 141. The
TQA nodel can bg oﬁ{ﬁ[flg;réﬁmé‘&édrf@emsm%&ﬁ&bagtaaf Mw&fmo/osftﬂe fingCtrht € and the
shoot er dlrectloﬁ relative to the sensor |ocation. e TOA nodel is based

on a ballistic amc&ecy ofxdisampiguation isgapestadito vanytbased ogmpwmsm aAy eenmedny| sti cs

A 9ot sarRliBe BELI Aeblilor B wiidfifls fvifda W eBldiiofiBBRE LY. (Y O

is related to te tur t he
azi mut h andie! eaaaiettmrdlamgilpmteof the rlfle muzzl e; the muzzle velocity of

the projectile (or equival ent Mach nunber); and the speed of sound (which
varies W th tenpeTiatafsredaatribedaomitions)for e projdckilesrajedtdriy sterecobmainkal witlidut i s
possible to accurately calculate the tipe at whi cft}lthe shockwave, and nuzzl e
bl ast reach a p@ﬁtqqtleﬁ pgmu%; blast. However, it has been found that even a weak muzzle

signal or a muzzle signal received only on a limited number of channels can be

advantageously used to improve range determination and disambiguation.

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

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

25  in space.

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

Syi» Sz), and the bullet trajectory is shown as emanating from the shooter in the

21



25 in space. As depicted in the diagramof FIG 9, the shooter is |ocated at
point P (Px, Py, Pz) relative to an origin (0, 0, 0), the various sensors
are located at points S/ (Si, Syl, Sri), and the bullet trajectory is shown
as emanat i f shooter in the 21 WO 2006/ 096208 P 0126
di rection or\gof.[)%hgezggect or fromthe shooter to the j'h s&&@gﬁg’?@% t he

cl osest point of approach (CPA) of the bullet to the ja' sensor is | R =
ID1 sin(fl), and the path followed fromthe point where the shockwave is
radiated fromthe trajectory to the j'h sensor is S (the index j of the
sensors has been omtted). The Mach angle of the 5 bullet is 9= sin-"(I/M,
M=V /co. Mis the Mach nunber of the projectile, Vis the supersonic
velocity of the projectile, and co is the (pressure- and. tenperature-
dependent) speditegtionsfuhd Thaestor fiosstha shdoter ththe b samserisjdhoclpsestpbinthe | ' h
sensor is (3. The trajectory is characterized by its azimth angle nmeasured
count er - cl ockwiof eppréach NCFhéogéﬂlakvléet tnthe hesepsoy i) éh@ Dahm(l@}, andghepatly at i on

angl e nmeasured upward from 10 the x-y plane. The equations that define the
shockwave arri fellowedfrom thegoint whene the/shotlovava s radiated fioms thn drejectaryetowld tt en i n
terms of these geonetrical quantities. tinme of arrival is equal to

) [ ] A The ]
the time Vit farasorips (theindex)ofdhq seasorphas bsenpmitted). Thedachangleafthet o t he
point were sound is radiated toward the j h_sensor, plus the tine it takes

the shockwade Dolletindsisin KE M), ¥ 5Kde,. | Mjis the dach mambginfihs prajegtileny igt8et he | m
S 15 sensor, -, _ CO. DLk =t +| =t Q+ i +9 ) wherein to
is atime refere eése°%t°f‘f%%‘?%%{8°F %Hr?\g)réjgc;{%e’ c%%d_'ll';(’gs t}ﬁzﬁrgé)%gd)a%? te}s{g’%gﬁ gThe Mach
angle 6 is al sdependéntpspedd ofsothds. Th: ‘miss-angle' Heoveeaftajegtons andrthelj ™t deador ishe

velocity V of t rojecti) e remainsg,const.ant .
y Bh eI‘hFc) traJcctory Js characterize by?ts azimuth angle measured counter-clockwise

from the x-axis in the x-y plane and by its elevation angle measured upward from
10  the x-y plane. The equations that define the shockwave arrival time t; and unit
vector at the j™ sensor are written in terms of these geometrical quantities.

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

distance IZ l to the point were sound is radiated toward the j™ sensor, plus the time

it takes the shockwave to travel the distance ‘§ ' from the radiation point to the j

15  sensor, -IS—I
Co

¢ =t +|/1_|+El_t +'—Ii|sin(,6 +6)
j =% =¢p ’
Vo ¢ 0
wherein t; is a time reference (firing time) and ¢ is the speed of sound. The
Mach angle © is also indicated in FIG. 9.

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

over longer distances projectiles are known to slow down due to air resistance. The
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20 over a distance corresponding to the sensor spacing, so that there is
insignificant loss of speed between the tines the projectile radiates to
the different sensors. However, over |onger distances projectiles are known
to sl ow down due to air resistance. The 22 WD 2006/096208 PCTI US2005/ 030126
air resistaf0e%aBY expressed by a drag coefficient CFHTEHNEPEhds on
the bullet shape and bullet caliber. A mathematical ballistics nodel
derived from physical principles can predict the arrival tine of a
shockwave at any general point in space as a function of a full set of
paranmeters describing the projectile (e.g., by its drag 5 coefficient Ch),
its initial velocity, and the density of the surrounding air are known in
advance. The paraneters required for an exact calculation are typically not

known in a realistic set tlef el d. wever
estimation carfiTHESILgRICRY %?ﬁpl‘%ﬁ?@é})’cﬂ/(g’ ‘a“ﬁe’it ) Wé@ggéebé'ﬂg\m in
formof a progggs, aﬂxh@\ﬂléi'c@%e@m@ﬂghérﬁhu@ﬁl blliGtics HRodeMirivad idkeshykislo account

decel eration of the projectile velocity along the trajectory. The process
200 begins at psmelpleagal piiedit the arrivel tlnmq\pfragshadgmvptat yyssenerel poinfegpacdf sound

gt i ed T o LS oR SEPRIALY el IESSHAE ok 4Tt 5 G T 21 120

coefficient afef ver T O] weapo I i omg( y of the

proj ectil e,s whoefficiented,), 1@5\/1ﬂfti%g%lodi?t\yﬁind€tﬁﬁ d@xslnaéfaﬁe sutfoundiap ain arednown\Vo/ ¢ =
initial Mach nunmber of projectile Afirst estimte of the shooter distance
Do i s conput ed®@#Va88&p 204 using the neasured time-difference-of-arrival
(TDAA) T. and an arrival angle . a between shock and nuzzle sound at the
sensor array and Bye a%smﬁﬁeﬁgeweﬂﬁ?rtmérw e¥prdatipniare typicalbynaef kpowaina Vach

nunber M, ac (i'ﬁﬁlghg gatttuf% ik o leaﬁfeﬁad THowe\gQ rahfd ekiim@B4rPoan Ok ts&ﬁffﬂ%ﬁe

assunpt i ons, e projectile' s speed at a distance a fromthe shooter
position P canmpmvcd)hpam gcrative proegss sto@/nfin fimtdie prqcess flow diagram 200 in

10  FIG. 10, which takes into account deceleration of the projectile velocity along the
trajectory. The process 200 begins at step 202 with the following assumptions:

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

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

15 weapons
M) = Vy/c = initial Mach number of projectile

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

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

Tms : cO

D, =—=——
° l—cos(a)

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

position P can be computed in step 206 from the equation

a )
CoVo

", =M,,[1-
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Mo =M QI - a C V 23 WO 2006/ 096208 PCTI US2005/ 030126 so that the tine the
projectile travels the distance a along the trajectory becones, step 208, a
T. VOV o0 Chb The angle 6 is related to the Mach nunber M by the equation

5 sin(e) = ein the Mach nunber M is initially t shoul d
R0 Hhog b RaRwbRudual o

be noted t stantaneous bullet velocity is set

sound (i.e., M =1) if the conputed bullet velocity becones |ess than the
speed of sound. The revised distance a = 1Al in step 210 then becones 10
a=Do.cos(i).[1- tan(,#) J. |\ M 1JlI The angles a, (3,'and A are related

by the equation (a + /9 + 0) = 90. The process 200 then | oops back to step
206 by inserting the conputed value for the distance a in the equations for
M and Ta above, yielding an updated Mach nunber M and an updated bul | et
travel time Ta, respectively, for the travel ed distance a. 15 The neasured
TDOA r,,,$ and t heo Sskihattios thppjestilefivels therdistance azlong shefrded9R¥n  used t o
successively upgdafe.t g%y@é ue D for the shooter range: D=c¢ (r,a, +Ta )+s
This process is repeated unitil either a nmaxi mum nunber of iterations has
been reached or the range values D converge, as determned in step 212. 20
The process 200 alzgca:chegﬂ%n step 214, if the revised range value D = | Dl
for the distance bet Ween- Ke shooter and the sensor array is a "reasonabl e"
value, in 24 o C,

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

5 sin(®) = A;

wherein the Mach number M, is initially set to M. It should be noted that the
instantaneous bullet velocity is set to the speed of sound (i.e., M, = 1) if the

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

distance a = !2' in step 210 then becomes

_ D, -cos(g)| 1-—t=B)._
10 a=D, (,B)[l m]

The angles ¢, 3,'and O are related by the equation (ot + 8 + ©) = 90°. The
process 200 then loops back to step 206 by inserting the computed value for the
distance a in the equations for M, and T, above, yielding an updated Mach number
M, and an updated bullet travel time T,, respectively, for the traveled distance a.

15  The measured TDOA 7, and the computed updated values for T, and a are then

used to successively update the value D for the shooter range:
D=c,(r,, +T,)+s

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

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

20 The process 200 also checks in step 214, if the revised range value D = ID‘ for

the distance between the shooter and the sensor array is a “reasonable” value, in
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WO 2006/ 096208 PCT/ US2005/ 030126 which case the process 200 term nates at
step 216. For exanple, the value for D can be considered valid if the

di stance a traveled by the projectile and the distance s = a sin(/3) between
t he sensor and the point where the sound wave is radiated,_ sin(a) fromthe
projectile VO2HWO9Wsor are valid nunber values, i.e., TO{USZORARIZ NAN i s
5 a special floating point value representing the result of a nuneri cal
operation which cannot return a valid nunber value and is typically used to
prevent errors from propagating through a calculation. In addition, a and
(3 should both be |less than a predeterm ned threshold value, indicating
that the projectile was indeed fired toward the sensor array. 10 As

nmenti oned above, the nunber pair (r,,,s, a) is initiaIIy used to conpute the

)
shoot er range oth a i_mat | | .e
projectile's sg’Z‘é"&"a% ﬁarotc%%%@%ng&ale fSt?pfeﬂ6 g:[o )gdfna?tl?’ve p;‘{c%cf{é‘ts@c%o
descri bed abovee d@smefwtvarxeiﬂmd@tanmvsteeroy tigpemoettily andihpdistanog t he nunber

pair (r,,,s, a), he solution is discarded. 15 Even if an exact
sol ution may nqt e“ ahgaed bidan@ 1 Hintivthefd e sHBlYERe {thdibiag  Shooter
range D and th% mpsﬁﬁ(d atz)‘fptfar’ut ek seI é‘vatl orlln angﬁes I ch gre rlel ated to

(3) that nost closely match a rreasured shock TDOA and a neasured nuzzle

TDOA. As al r edigyn the prajestiledo therfenson aelvabid pymbneialugs, hes RetaNANe A/NANDS s
Sensors cangin, ah ﬂ%sh%hrﬁ%m@?ep[]&wﬁ%'d{e %&ﬂ?&fﬁﬁmemﬁb@ggeaﬁahﬁﬁ' mut h

and shoot er eI ev oter range, can termned from
t he shock- onl ycmcmrumvalgd tumeber kalueandsis tgpically msedyto poayent ematsefsorg Si , S, ;, Sz

). It will be assunmed that the T T bet ween e t ed shock-wave and
the nuzzle souHEf’pég%mﬁIﬂ%’B“ﬁba% ﬁa@%@ﬂeﬁﬁﬂq%g\%@%g%gﬁﬁﬁg%y not be
detected by al lprddbRrBinB® Midshollfvaluk, m&lca ehdTkHegslojeftils WaPinddeh firbdtowahe
iterative process 200 does not return a 25 valid result then the process

200 attenpts t@%ﬁﬁ?&ﬂ@ax he shooter range by invoking an evolutionary
genetic algorithm (GA) 300. GA's mimc natural evolutionary principles and
apply thesd0to sedsatentiontdabeventheaumber prirdeedeyie mitidlyGsedlegomputethe  sear ch

with a random el @l SRINH I03% abSkRAoR hekibiting g He bR¥ectPEGeda T andom

along the trajectory. If the iterative process 200 described above does not return a
consistent geometry supporting the number pair (7;s, @), then the solution is
discarded.

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

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

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

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

search with a random set of solutions, instead of just one solution. Once a random

25



25 WO 2006/ 096208 PCTI US200S/ 030126 popul ation of solutions is created,
each is evaluated in the context of the nonlinear programmng problemand a
fitness (relative nmerit) is assigned to each solution. In one enbodi nent,
the fitness_can represented by the Euclidean distance en

cal cul at ed %@Iz 6ﬁ)§ﬂ0%nd t he measured solution, for exanﬁcg?ésg@SW@zqtj Z
Skxk, col ¢ Skack,neos / Tnme,nmear 5 Q,;n = ;' +abs[i N lIntuitively, an

al gorithm producing a snaller value of Armin is better. A schematic flow

di agram of the GA process 300 is shown in FIG 11. The process 300 uses the
time-difference-of-arrival (TDOA) Tns and the arrival angle of neasured
previously for process 200, step 302. An exenplary nunber of 3-tupes 10

havi ng the val ues (RANGE, MA, ME) is defi ned as an initi al popul ation, step

304, wherein RA Spt shoot er n MA is the
S ased  avt mucoPuioh REsonichd B e, AR aEaty R IO oF etk 1Y
i ndi cate by howogrameting ﬁl@bl&bﬂ drdta fithess @ellatiemenit) @eﬁsszgmdamemndomm Bl evation

space. The target |n t he eb}{,ﬁustrate exanpl e is a}sﬂg 0 be he sensor
array. The i ni9nesmbadimantthe,fiiness cag bereprss hyghe Fu ’cd«SEP et ecti on
of the 3- tupelcmm é&%tﬁm'ﬁﬁ@ﬂ’leriﬂéa!s‘ﬁre@%tldhe%?@ml@ gyange of val ues:
Rangesi,oater = (10 [ meter] AzimuithM'md = {-20, ... , 20}

[degrees] and E evatl — 20) (degrees]. 20 The conputation
fol lows a simlar proceSy (& mmp Sugzd ;fbove for the shock ve- only

sol ution. gl ti ali\é"@ f j-,gen ation P 2 €p..306 8, t hej shooter position
vector P (Ps, P" ) ~i{s conput gd for eatﬁ £ pr.meay previ ously
determ ned shooter azimuth and el evati on, and an assuned NCE for the

particul ar 3-tupel.
Intumvely, an algorithm producing a smaller value of Aty is better.

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

wherein RANGE is the shooter range D = lﬁl shown in FIG. 9, MA is the missed
azimuth, and ME is the missed elevation. The MA and ME values indicate by how
much the bullet missed the target in azimuth and elevation space. The target in the
illustrate example is assumed to be the sensor array. The initial population in step

15 304 is created by random selection of the 3-tupel spanning a meaningful and

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

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

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

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

Assuming an initial Mach number My, the vector 4 (A, Ay, A,), 1.¢. the position

25  from where the shock sound is radiated, is computed with the MA and ME values
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Assum ng an initial Mach nunber M), the vector A (An, Ay, A2), i.e. the
position 25 fromwhere the shock sound is radiated, is conputed with the MA
and ME values 26 WO 2006/096208 PCT/US2005/030126 for each 3-tupel, step

308. The di = S~ -P between the shooter and eagh t hat
detects a \ﬁ El&/ave are al so corrput ed. For each 3-tupel, ﬁﬁgﬁr%\gﬁg%()l
conputed fromthe equation cos )6 = A 'kA , wherein the synbol "." indicates

t he scal ar product between IA IP-SI 5 the two vectors. Updat ed val ues for
the distance a, the travel tine T. of the projectile over the distance a,
and the Mach nunber M are conputed by inserting the conputed value for O
and the initially assuned values for M = M and a into the above equations
for Ma, Ta, a, and D, step 312. This process is iterated several tines for

each of the 3-typeliss o, SUAMR! SndalblallGS. 25,4 Seiliclthd dlogbeaiid:

whereafter 10 the resi -rmn de above, which inc u es the nuzzle

signal, is corrgn{,) f'; ﬁ]g{det&&qkhgcw%jea%%né&@d It is checked in step 316

i f a maxi mum nu of iterations for the GA, for exanple 25 iterations,

have been reached&%éacﬁ@%ﬂ&{‘thi‘&i@p@ﬁ%&%fnpgﬂced'ﬁroﬁhﬁ&kﬂﬁﬁoﬁ‘as been reached,

then the process stops” a eturning the 3-tupel with the 15
smal | est residual. O4 pwss the tgrocess 300 creat es a new, popul ation

through a cros@8¥et Yhersi thesymhol of indicatgs tipgealanpoduebdGWERDr at i on
counter is increnmentdc one, step 322 In each generation, the "best"

i ndi vi dual |s allowed to rvive wher eas he t

i ndi vi dual s° Lf D%Pg‘@ﬁt%ﬁs[??@fqdvﬁﬁfgg’ég’ dgﬁt@&eé‘ F@% ’Ioé’lfé‘ used 20 to
create the next préfeQilk Bekr theltigthifcelal 81 tReMash ﬂﬁmsémear§wxﬂpu\tém Mkdrfingt he
crossover/ nut atl on operators |ist ed in Table bel ow. The fol’l owi ng

exenpl ary crossbeesmpities yalsedfor 6@%‘&9?’&‘@@3’@5%}@@ vahiegifor d. iapnd 2 ine thet he
process 300: 27 bm %%995&%1219[8 TP aH?BPQ?& PR0%Gs process is iterated several times

for each of the 3-tupels, for example 3 times, as determined in step 312, whereafter
10  the residual Atmi, defined above, which includes the muzzle signal, is computed for

v

each 3-tupel, step 314.

It is checked in step 316 if a maximum number of iterations for the GA, for
example 25 iterations, have been reached. If the maximum number of iterations has
been reached, then the process 300 stops at step 320, returning the 3-tupel with the

15  smallest residual. QOtherwise, the process 300 creates a new population through a
crossover and mutation operation, step 318, and the generation counter is

incremented by one, step 322

In each generation, the “best” individual is allowed to survive unmutated,
whereas the top 100 individuals, as judged by their fitness, also survive, but are used
20  to create the next 100 individuals from pairs of these survivors with the

crossover/mutation operators listed in Table 2 below.

The following exemplary crossover and mutation operators were used to

demonstrate the process 300:
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Operator Name Operator Probability Description Type M ssed Azinmuth-
Crossover 0.5 Exchange m ssed azimuth between two Crossover chronpsones
M ssed- el evation Crossover 0.5 Exchange mi ssed el evati on between Crossover
two chronos d- range Crossover 0.5 Exchange ran tween two

Cr ossover c%@%@grﬁr@g Field-Miutation Miutation 0.3 Repl aggT/ﬁgﬂW@ﬂnFi eld
(with a probability of 0.25 per field) wwth a randomy sel ected new val ue
within range Increnental-Mitation Mutation 0.4 Introduce snall
perturbations in all fields of a chronosone (within 2 neter for shooter
range; within 0.1 for mssed azimuth and el evation) Table 2 The GA process
300 is executed with an initial population of 200 different 3- tupels, with
arefill rate of 50, for a total of 25 generations. The GAis run 5 tinmes in
5 parallel with different sets of initial 3-tupels, and the solution with
the smallest residual is selected as the final solution for the RANGE

m ssed azi nut h—and .'r'}sif%*r —ef-evat+-oh got-e rAg—e1

conput ati on of Lvmeé?tob. Pece pp@l’(”ﬁ%‘h
anbi guous shot$ from 95%to BuEWPE he s- a-set by using 3 ea
muzzl e signal FMiﬁPﬁs‘f*Zlinh‘haddi  Fopsores 50 pixshange pissesd PRI NSFSWO WL ch
is a significankrasig¥iave, pver shagk e onj SrEASMYSons _ Cal cul ations
that do not takMisser 8le¥asingi def GOPYETt h8-decel er lFChmen st eNptiop B eRe
along its path EFQSEQVP[ air resistance tend to o ome

geonetries and|MiFed-gngnt |y d| SOsRYersh8Ps, thi s| B %"%%f“f‘#att‘f“@ﬁ"?fﬁy exceefl

20% The 15 af (MW%WMWW
for |ong-range FicleMutgtiqna ot | ohMutation 0.3 Replace a given field (with a probability

of 0.25 per field) with a randomly
selected new value within range
Incremental-Mutation | Mutation |04 Introduce small perturbations in all
fields of a chromosome (within +2
meter for shooter range; within +£0.1°
for missed azimuth and elevation)

Table 2

a o

ability, | o) S i ndi %ﬁ"é‘B i jocrease

The GA process 300 is executed with an initial population of 200 different 3-
tupels, with a refill rate of S0, for a total of 25 generations. The GA is run $ times in
5  parallel with different sets of initial 3-tupels, and the solution with the smallest

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

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

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

only solutions.

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

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

detections.

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

selecting the trajectory with the smaller residual.
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As descri bed above, anbi guous shock-wave only solutions can frequently be
di sanbi guat ed by conparing the residuals fromtw different trajectories and
selecting the trajectory with the smaller residual. 28 WD 2006/ 096208

PCT/ USZOOS/VQQ%O%Q?%M the nuzzl e blast signals are det e%@%s?ﬂ)sfﬁsﬁk nor e

sensor channel's, en the aforedescribed shock-nmuzzl e al'gorithns can be used
t o unanbi guously determ ne the shooter |ocation, regardl ess of the nunber
of shock channels. If the nuzzle blast signals are detected in fewer than 4
sensors, but shockwave signals are detected in 5 5 or nore shockwave
channel s, then the aforenenti oned GA can be used with a nodified cost

function or resi dggempBRIVIRY i £Y QétedTbES] £oShBRALSoAERNAYAIthathe are
"m xed" into the optimzation Tunction to di sanbi guate _the shockwave-only

sol uti on and/ osfored¢scribed sheclemupzip pigomthoss cambe wied &t wambigygusly defgeniae | | f

fewer than 3 I f I e I

det ect ed, thenﬂgégéé)l eér%B?%Eé%aﬁygsggp?\?ﬁ#@%ﬁ?ﬁ%&?%&ér%g I W?‘%bﬁ%ﬁm ize

t he shooter. Tiignamuiz ietectedimdfewartiiambienbes,bat shabkwavdaignalsack detectedlin 6hannel s,
because: 1. The detection |evel .on ong or nore c nels is too, |l ow to detect
with conf i Hengmorg shogiwayg, el%gléei"d_ﬁe ?trgreﬁﬁft‘%eggg} Fﬁ'}eé“?‘ilwfthé raw si gnal ,
causing the I1po&iisd 865 ihchOH Siredlidal WiHebeby WhafeQer métiz¥d dighalUr&hvaalbie TDOA
estimtes. 3. Echoes fromthe shockwave Can be stronger than the nmuzzle

bl ast and can e ‘mixed2into theoptimiaatiom BinphionAp dispinhighate ghesbpelgvavprenbyst em t o

fal sely detect o E.otinV i gﬂ@.% t1 S l. ected on
sone channel s, Sotl??%%raggll%gﬁeg#l ¢ ?}lr? ets%%l‘\éﬁ SI ééz)at tllgir‘g%a%%%}agéﬁ tlgﬁé%thgrgﬁi mm _
| r munk, cnh -i' muzdl¢ Shapnels ANDenleethar & shodwhyecahannebkare Keteetad, thenj anwleer ei n t he

first termfor the nuzzle blast is su d .over the reduced nunber of
sensors (< F?Qt%e&é?‘éaé‘?d‘YﬁE’“ﬁﬁ'ﬁ’ﬂﬁmgmﬁhz ﬁ?f OPter. sunmed over the sensors

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

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

confidence.

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

15 system to correlate with ‘noise’, giving unreliable TDOA estimates.

3. Echoes from the shockwave can be stronger than the muzzle blast and
can arrive earlier than the muzzle blast, causing the system to falsely

detect shock as muzzle.

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

20  situation can be defined as

2

. i P
_ z : i _ i
ATml’n - J (A Tmulee,calc Armulee.mea.\' )
i

+ Z (A T.;‘,Imck.calc - AT.'S"hock.mem) ’
J
wherein the first term for the muzzle blast is summed over the reduced number
of sensors (<4) that detect the muzzle blast, and j is summed over the sensors

detecting the shockwave (typically all sensors).

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

provides important information about the shooter azimuth and hence the projectile’s
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detecting the shockwave (typically all sensors). 25 As denonstrated by the
exanpl es descri bed above, the nuzzle blast signal provides inportant

i nformati on about the shooter azinmuth and hence the projectile's 29 WO
2006/ 096208 5/030126 trajectory as conpared to_a shockwave-only
sol ution, sggﬁﬁgﬁﬁ%ﬁg conputed trajectory solution alighSVHRA®BIBEely with
one of the anbi guous solutions, i.e., thus disanbiguating the solutions.
Wthout at |east sone reliable nmuzzle signals, a significant nunber of 5
anbi guous shockwave-only solutions nmay be generated in particular at |ong
shooter distances, which are | ess desirable than a smaller nunber of

unanbi guous, but |less precise solutions. In the event of potentially
unreliable nmuzzle detection, an attenpt can still initially be nade to
detect nuzzle signals, e.qg.,,to find a myzzle.blast signature.in 10 noi sy
signal, and t JrR5HRYIEES qddQ 3 ‘?ﬁ%&aﬁgﬁﬁ@“‘m}asﬁé’?&{hgc%?‘gﬁ? h@ﬁ&ﬁﬁyl | be
deened to be rsglutighhRgrsimdbiabbdly Sithdné 6f thé Bmbiguéyd sBfutions; Ue.f ihas ent nunber of
sensor with sufficient cross-correlation between the channels, and if there
is a suffici erdisapbigmtiegithe selutientsat i on bet ween the nuzzle signal and the
correspondi ng raw band on each channel (offset by a nunber of bins to
account for filt &Vithhat agylsdst sonse :€lishde mugale signald, @ significant mumbet ef si gnal s t hat

show i nsuff.icient correlation ar erased, _a the. f i " cqar nmuzzl e
Gotection 5 ogripoSh HpsRABR o] oty EhB R pe B P AR Rcn  RGRE, T2r ©
a shock. Fl ag difiares, whidtsar@fess ddsitably thas b emkllee abmber of unlrabighyusettilesdi ng t hem
as nuzzle blasts. - termne a maximumtine it would take the nuzzl e wave
to traverse tRECCIEFOYEABYLr array and define a "w ndow' having the
correspondi ng duration. Search for nuzzle energy. peaks by noving this

wi ndow acr oss subs therpvemiof 9°t§l_1tia”dé‘f1§éiﬁll)‘13 m“éﬁ&ﬁﬁé?té"“f & %mpﬁgaq%l det ect ed
shockuave, -sKipipbiiibofahd BURicclmbDf SERRCL LA PhusA0bER shderdRen

identified as oes. Integrate ergy over the wndow, i.e.,
seek the riéxi moisysignal and to compute the resulting TDOA’s. The muzzle detection will be

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

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

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

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

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

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

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

i.e., seek the maximum of:

2

25 10=33 (bt

n=0 j=0

n
ity

wherein the square of mb], ; represents a measure of energy, e.g., energy of the
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25 (mb, i-0 I=n wherein the square of nb"1 represents a neasure of energy,
e.g., energy of the 30 WO 2006/096208 PCT/ US2005/030126 muzzl e bl ast,
measured by the n h sensor. (i+j) indicates the detection channel, with i

denoting a ime interval between the tine the sh

det ect ed angjoslmﬁ&gé)él nning of the w ndow, and j repr eseh ﬁ?ﬁugf?ﬁ?wzfnt erval
neasured fromthe start of the wndow 5 To discrimnate against noise, the
peak energy in the wi ndow producing the rmaximum of function f,K (i) is
checked to determne if the energy peak at that maximumis greater than the
energy across the window by a given ratio factor. If this is the case, then

the signal in the window is identified as a nuzzle detection, and
cross-correl ati on is perforned on all channels in the nuzzle blast band nb

to 10 determ ng, nge%\eéb %@%m%{s&f:;@g %ﬁh@a&&mabﬂmm GaRithen be

used to det erm ne t ’shoot er ” range and mbi guat e t he shockwave
signal, as desienotingd didoratetime mtsmMWen thedinukethe shdvkwave wasdetestad aadcur ately,

qui ckly and often n u rovi de shoater. dir ctlon u
trajectory baéléeg’ 9@&&% °¥(5£’t‘}|%lr§}’r?§§’?§§ﬁ IGRELa ﬁegsé{%afgﬁ'é&'le can be
i nproved and SpgRtvhddvange can be estimated if even a weak muzzl e bl ast
waveformis also detected. The systemis relatively insensitive to fal se

shooter indicati qe%slcﬂnﬁm@@aﬁﬁt Adisey B pdkeenkigh i tHeQinddW prod@éifi£thenor Wi nd
noi se, firecrackers or near,hél shooting in directions away fromthe system

20 It shoul d lmeaximuniodfugtie fh@cwlsqdéﬁfi@rmwfﬁ@ewgymmve si gnal s
performs two %‘?&ﬁ) \?xﬂéggkgatl:{:ﬂgﬁx}(ﬁllee gﬁ@&&ﬁ%é@ dé;‘&tbgs[grwr@g'}gnd factoP€rrS1 gnal - can

i ndeed be attri waves rst ot ar energy in a
frequency bandhis bathevessn, thapthe zignatiethe witddwHz identi fiddakdinuzzle daepionaeddwi t h an

enpirical threshold al ue. t.hteshol d ceeded, can
t gl s: gnal fomsﬁé°%ﬂ%%?n§éP8‘%r&éd?§ a@f’t‘*’é‘f‘ﬁ‘@ 1 BH%Z%%%M@%X%%OMI y, the
time span jof tdaRrAiRkaniz2R TDOAsal positive

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

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

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

system.

20 It should be mentioned that the system detecting the shockwave signals
performs two test on the initial waveforms for determining if the signal can indeed
be attributed to shockwaves. First, the measured total energy in a fr‘equency band
between approximately 700 Hz and 10 kHz is compared with an empirical threshold
value. Only if this threshold value is exceeded, can the signal form be considered as

25  arsing from a shockwave. Secondly, the time span of the detected initial positive
pressure peak must be greater than approximately 70 us 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

3



pressure peak nust be greater than approximately 70 s and | ess than
approximately 300 s. These criteria provide imunity of the systemfrom

i mpul si ve noi se, such as firecrackers and non-threatening gunfire. If these
tests are n%%ﬁ)%(?@gegs the 31 WD 2006/ 096208 PCT/ US2005/ 030126 detected
waveformis %&8dered a shockwave, and no shooter sBCEHAUSHASHBI26
attenpted. Wiile the invention has been disclosed in connection with the
preferred enbodi ments shown and described in detail, various nodifications
and 5 i nmprovenents thereon may be nade thereto w thout departing fromthe
spirit and scope of the invention. By way of exanple, although the
illustrative enbodinents are depicted as having acoustic sensors, such as
m crophones, this need not be the case. Instead, other types of
pressure-sensitive chani cal or electrigcal sensors be used. Moreover,
P val es o: vaRer FAVBEN & nghepisiiei ARk AT 3% o JRbtr SPUSH B 10,1 it ended
to be exanpl es a&é}h;)ied.and ot her val ues nay be sel ected depending on the
actual conditions in the field. Accordingly, the spirit and scope of the
present inventi Ofyy; : L 1 e, 32 dains:
1. A nethod for d?‘{sﬂé%ﬁllt‘%tl}gﬁtﬁgrﬁgg E%S?EQAF%“F%}C&%AO‘?@" PfQ g(r%fgﬂrrl%%kwave

signal s and a leibbdientsishbwn and deseritel én ddtaik tvasougmaddificationgpanidsi ng:  nmeasuri ng

shockwave-only.signals .at five or nore.spaced, acqustj.c sensors.form ng an
ant enna; msgsurl 3%"?1‘8?9? ﬁ’eﬁqogﬁaysheé’hagr’ §hegﬁii° gﬁhwgggpﬁreﬁ E?)IP HRLE o s
det er mi ni ng fr geapeide thelinvdavion €B$ wah af exakiple; alidull firilegrathe Anbddnatnt{ TDOA)

information for sensor pairs; and conputing the dj sanbji guated projectile
trajectory froffadsaiciad@s hrying psARSHGIENSAE, Segh a8 wacropheies, this ngednotpe thee bl ast

signals. 2. The,qe Flk&?%g%tggj r}g%érpso% predifd-EnBtiv3 hél anithPot et b aPdeRisoid fayrBaSUr ed

on exactly three o
be used. Moreover, the values given in Tables 1 and 2 for the various operators are

10  intended to be examples only, and other values may be selected depending on the
actual conditions in the field. Accordingly, the spirit and scope of the present

invention is to be limited only by the following claims.

32



3. The method of claim2, wherein the disanbiguated projectile trajectory is
conputed using a genetic algorithm 4. The nethod of claim 3, wherein
perform ng the genetic algorithmconprises using a predefined nunber of
generations with an initial population that includes a predeterm ned nunber
of i1ndividuals, wherein each individual represented by a 4-tupel which

i ncl udeg, shooter azinuth, shooter elevation, m ssed azimth and m ssed

el evati 6#MS. The nethod of claim 4, wherein residuals are conputed for the
i ndividuals in each generation, said residuals including a | east-square fit

of a copbi natk@od fir deQQB_ig'illaﬁﬁé(él"E%fecﬂTéQra% dtAY k@n@h@@ﬁwﬁegrﬁhﬁ and 2 lighited N€

nmet hod of claimb5, wherein if aratio of the solution having the snall est
residual a it i . solution is greater than a predefined
val ue, desﬂgﬁg%rﬁgﬁ??%qgﬁrﬁﬁﬁ%%%Bﬂgbﬁ%' the smal | est conputed residual as

t he di sanbiguated projectile trajectory. 7. The nethod of claim®6, wherein
per f or m ng nidasurigg RREIkvagé-9alyi sighals@o ¢ d1SBSredpFley boghstic 5SSO Y@¥nighsh mut at i on
operators to the initial population in a generation. 8. The nmethod of claim
7, wher gjtthnapp! yi ng the crossover operator includes exchanging at |east one
of m ssed azinuth and m ssed el evati on between two individuals fromthe
popul ation in a generation. 9. The nethod of claim7, wherein applying the
crossover opsswingmuzats| biake sigeals aaighesy faur of thesensotne of shooter azi nuth and
trajectory azinmuth between two individuals fromthe population in a

generation., 10.. The. met.hod of claim.7,.wherein the nutati erat or..
Qonor ses. EPEMnRRTT B Sodnabs Seid rim PifEhee Rt St AR ffRhion
mutation. 11. The nethod of claim 10, wherein the field-nutation operator
repl acefor sensefinarsigndt he 4- tupel with a randomy selected val ue. 12. The
met hod of claim 10, wherein the increnental nutation operator induces a

smal |~ mut %B%Pﬁiﬂﬁh@h#sa&i)i%hﬁ@d g{og')etrcﬁé tr %écib?? krﬁm]tﬁe Tﬁaﬁﬁx fm(r)llﬁﬁgiof?,fsh%@a% 10,

wherein the I p-mut at 1 on~oper changes” the solutiton in a ‘generation to
its anbL%$ us A}eﬁn t%ssolgtion in the generation. 14, The nethod of claim
10, whet'&1P H%ﬁ%ﬁ?ﬁtﬁ%ﬁ bperator |eaves the individuals in a

2. The method of claim 1, wherein muzzle blast signals are measured on exactly three of the

Sensors.

3. The method of claim 2, wherein the disambiguated projectile trajectory is computed

using a genetic algorithm.

4. The method of claim 3, wherein performing the genetic algorithm comprises using a
predefined number of generations with an initial population that includes a predetermined
number of individuals, wherein each individual represented by a 4-tupel which includes shooter

azimuth, shooter elevation, missed azimuth and missed elevation.

5. The method of claim 4, wherein residuals are computed for the individuals in each
generation, said residuals including a least-square fit of a combination of TDOA shockwave and

muzzle blast signals.
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generation unaltered. 34

6. The method of claim 5, wherein 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 computed residual as the disambiguated projectile trajectory.

7. The method of claim 6, wherein performing the genetic algorithm comprises applying
crossover and mutation operators to the initial population in a generation.

8. The method of claim 7, wherein applying the crossover operator includes exchanging at
least one of missed azimuth and missed elevation between two individuals from the population in

a generation.

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

in a generation.

10.  The method of claim 7, wherein the mutation operator comprises field-mutation,

incremental mutation, flip-mutation and no mutation.

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

tupel with a randomly selected value.

12. The method of claim 10, wherein the incremental mutation operator induces a small

mutation in all fields of the 4-tupel.

13.  The method of claim 10, wherein the flip-mutation operator changes the solution in a

generation to its ambiguous alternate solution in the generation.

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