SELF- CALI BRATI NG SHOOTER ESTI MATI ON Background of the Invention

The present invention relates to | aw enforcenent technol ogi es and
security, and nore particularly to nethods and systens for estimting
the location of a shooter 5 firing a supersonic projectile based on
shockwave-only information. Systens and net hods are known that can
determ ne the general direction and trajectory of supersonic
projectiles, such as bullets and artillery shells, by neasuring
paranmeters associated with the shockwave ener at ed by a projectile.
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can produce objectionab | obes in sensitivity pattern of
the sensor akf ayocaiBgngithe ﬁ’ﬁsliltqfélﬁspf@a"rﬂ%?ﬂdf% ling\afrbepring tg dhs prigin pf the of
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location. One exemplary antenna may include, for example, a total of 7 onmi-

directional microphones, with 6 microphones distributed over the surface of a sphere
25  {(approx. diameter 1 m) and the seventh microphone located in the center of the

sphere. An arrangement with less than 7 sensors can produce objectionable lobes in

the spatial sensitivity patiem of the sensor array.

Sensor positions can shift over the service life of a deployed system and/or



10 adapti ng shock-only shooter estimation algorithnms to conpensate
for sensor degradation and/or | oss. According to one aspect of the
invention, a nethod for calibrating relative sensor positions of
sensors in a shooter detection systemincludes the steps of

determ ning approxi mate relative |location information of the sensors,
firing at least 15 two shots having different known shooter positions
and known bullet trajectories, determning a tine difference

bet ween a mnmuzzle-blast arrival time and a shoci cwave arrival tinme for
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Further feature s of the present invention will be
appar ent fromtﬁfmatﬂg?t?%\g\nﬁﬁ%a%gscrl ption of preferred enbodi nents and

fromthe cl ajgrs. 1521@136@51&11@?0?9{&'119}%#%9 iR Heﬁ‘l’l‘l'nﬂ@%he reiatlv-g%sor
following figures depict certain illustrative enbodiments of the
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the invention an?eagu%d lggatlloxll g? the € I%OIIS.nA?f}l;] gnevg?%é sensors can be selected as a

reference sensor and the relative muzzle-blast arrival times and shockwave arrival

25  times can be computed for sach sensor relative to the reference sensor.

According to another aspect of the invention, 2 method for compensating for
sensor degradation in a multi-sensor shooter detection system includes the steps of

defermining a time of arrival of shockwaves produced at the sensors by incoming



Fig. 1 shows schematically an exenplary sensor array with 7
omi 20di rectional acoustic sensors; Fig. 2 is a schematic di agram of

a shockwave Tine-of-Arrival (TOA) nodel; and Fig. 3 shows the
pressure of a shocicwave emanating froma projectile. Detailed
Description of Certain Illustrated Enbodi ments 25The invention is

directed to systens and nethods that are able to conpensate for
changes in the position and performance of acoustic sensors that
det ect shocicwave signals froma supersonic projectile_to determ ne
the projectile' $haly aFrEEnHE y leaghhausess fasesesion dor tﬁ%@%‘y’%‘f&eﬁﬁ%“bwsﬁb‘i‘ﬁods
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realistically the ormw e contam nated by ground
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which like reference numetals refer to like elements. These depicted embodiments

are to be understood as illustrative of the invention and not as limiting in any way.

Fig. 1 shows schematically an exemplary sensor array with 7 ommni-

20 directional acoustic sensors;

\ Fig. 2 isaschematic diagram of a shockwave Time-of-Arrival (TOA)

model; and

Fig.3 shows the pressure of a shockwave emanating from a projectile.

Detailed Description of Certain Illugtrated Bmbodiments

25 The invention is directed to systems and methods that are able to compensate
for changes in the position and performance of acoustic sensors that detect
shockwave signals from a supersonie projectile to determine the projectile’s

trajectory. In particular, the systems and methods described herein can calibrate



20t he shockwave and if the nuzzle blast signal can be assuned to
travel a direct line- of-sight between the nuzzle and the sensors.
The ability to localize the nuzzle blast is used in conjunction with
t he shocicwave information to very accurately locate the projectile's
origin. However, relying solely on nuzzle blast may not be a reliable
measure for locating the projectile's origin, as it is possible to
silence the blast. 25 Furthernore, the nuzzle blast can be attenuated
by interferin de structures [(e. bui.l di ngs) or npatural
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af oredescri bed sensors are sufficient to determ ne uniquely the
shooter |ocation, 30 bullet trajectory, and caliber. As depicted in
the diagramof FIG 2, the shooter is located at point P (Px, Py,
Pz) relative to an origin (0, 0, 0), the various sensors are |ocated
at points C (4, ;, O, and the bullet trajectory is shown enmanating
fromthe shooter in the direction of 141 , where the index | refers
to the jih sensor. The vector distance between the shooter and jth
sensor isthe closest point of 5approach (CPA) of the bullet to the
jth sensor is 1.k, ‘" aspeftie pRUNISEIPPIT SYSfeavRseP dingin theravepdan s ssipaie t he

shoci cwave is r agiiuaaed if F1om tmedetpfc&ﬁ layy dréhotiit@nd df Bn SOMBOkenbcs J.
The Mach angl e of tgﬁﬂﬂ% llet is I s the Mach

number of the pr&f%é desgeyea setnﬁ’és 01%» 16 Meﬂ%ééfrt‘*?n ® PRE-
projectile, and dieciidalshieroplumes s\ldvmagauneiy,ttbammnatmrtcEmeBﬂdﬁaﬂz@ly speed

of sound. The' angl e’ \nee raj sensor
Is fyi. The t r a] é’?:%g rongis@ef:eﬁﬁlgat&garn%eztegg?’g&f%%%? %ggfmt]ep VJ“P ?en{sc;rlh
measur ed count er logdiesdk e sentdrobile sphese,althoupls othey serer cxnﬁguyhah@e geed by

its elevation a“ﬁ&s@olé]%ﬁ%@é%ﬁéi 09@1@@&1%31'éﬁmret‘r9ﬁl&%&ﬁergfﬁgﬁaher-g@g, Cyo,
equations that define the shocicwave arrival tine unit 'vector

at the ft' senso z0)aﬁ“’e‘“6\hc?t?q B it n%hedfgnflﬁ@g’éh"g@ﬁﬁ’élﬁ’?ﬁc%gumm
quantities. 15Theitl dchEh @hsomlchn ptahdela&umuaaluytspauaMntfbﬁBSehmﬁMy of thé akes

o1 L1 PO S5L1 bt Rubt BXobh U5y SR P SO BR BbSs 20U
sHockwave to tr asetditatrexel Stimnoey, if e tespomsnrfundimt of thelseador,dn., thoirasiet o
the j Co function {output voltage}/{sound pressure}, is identical or at least known and
constant for all sensors. It has been found that, in principle, five sensors are
sufficient to determine the angle of incidence in space; however, a 5-element sensor
15  amay may lack directional uniformity, with certain directions having a high

sensitivity and other directions where only a weak signal can be detected.

Referring now to FIG. 2, a Time of Arrival (TOA) model, which is described in
more detail in US patent 6,178,141 (incorporated herein by reference in its entirety),
is used to estimate the trajectory of the projectile and the shooter direction relative to

20  the sensor location. The TOA model is based on an accurate ballistic model taking
into account certain physical characteristics relating to the projectile, including: the
air density (which is related to temperature); the Cartesian position (Px, Py, Pz) of a
shooter; the azimuth and elevation angles of the rifle muzzle; the muzzle velocity of
the projectile (Mach number); and the speed of sound (which varies with
25 iemperature/air density), With this ballistic model, it is possible to accurately
calculaie, at any particular point in space, the exact time at which the shockwave

(and muzzle blast, if used) reach a particular point in space.

Measurements of a shockwave's pressure and arrival time at five or more of the
aforedescribed sensors are sufficient to determine uniquely the shooter location,

30 bullet trajectory, and caliber. As depicted in the diagram of FIG. 2, the shooter is



.t =t +-IAA+ILA=1 -1 1 SIROf +0),(1) vco co 20wherein to is a
time reference (firing tinme). The cl osest point of approach (CPA)
between the projectile trajectory and the jth sensor is 1R1(2) The
CPA (or) can be independently determ ned fromthe nmeasured sl ope of

t he shockwave depicted in FIG 3 by the follow ng equation: pc3 VW-1
2 fill MBis the projectile's Mach nunber at the point where sound is
radiated to the jth 5 sensor along the projectile's trajectory and
p, co, i3 are the atnospheric density, speed of sound, and non-Iinear

paramet er [3= 1.Bcatefiepdpide@xofv, gd&ﬂﬁ“’&f? Wﬁ@éovﬁ {)n the TARAYS SRR AR 5
co = 20.05 71. -, foiatsd.at hoWhis L. (CEI;, 8L pa B villlbxarafeb@skivehoeniemathéih fed by
its peak pressure P, divided by thephal f-span T, (see FI G 3). The
vel ocity V of t hie phoojeecltth¢ gireshon ¢ b whereele inderhirefeosria therit” selsengiet s
10 trajectory, if the sensors are closely spaced, that there is

i nsi gni ficant | osstootiisepecttbeh weeshobtmeartdi JH'BEn$h® ,|ojthrctlio$eet poard i odit es
to the different sensors. In a nore general owever, a

mat hemat i cal pal dgpshingSPAPSskahe Hullatto e Fhembsis iﬁf a8l s yath folllowed fm o
shoci cwave at any general point in space as unction of the full

set of paramet ergoiaeRahd §Rbcwavé i BdigeT e thef ttQumophyShe Al sensor is §
principles, and has an accuracy 15 of approximately 10 parts per

mllion (ppr’r) Thie Meah hegladf toeajullerid 8 sin S(L diés = 164, s tieMagh numbergd
pat ent 6,178,141, tﬁ{é% ?”J' %Eﬁes‘ﬁ ermlc%ﬁloéﬁ dr %r(g&rnﬁt &4 ch?sr ifil @I e@éﬁ

ference in |ts nt1 onal
d rived ballisti @dmweﬂa@r%W@dn@}ﬁpn@IOfiounﬁ d"é@mlﬁcﬁyglaﬁetlfﬁrf’dmec@ry a]!@OO

ppm 10 the j™ sensor is . The trajectory is characterized by its azimuth angle & measured
counter-clockwise from the x-axis in the x-y plane and by its elevation angle ¢
measured upward from 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
geomelrical quantities.

4]

15 The time of arrival is equal to the time 7 it takes for the projectile to travel

B . . . .
the distance IA fl to the point were sound is radiated toward the i sensor, plus the

time it takes the shockwave to travel the distance |§ J’ from that radiation point to

Ifl

the § " sensor, ~——

t1=to+]if| |S| =1, -l-PD Ism(y +8), ¢y

[+}

20 wherein tp is a time reference (firing time). The closest point of approach (CPA)

between the projectile trajectory and the j sensor is

18 |1=p sy . @



The ballistic nodel includes the bullet drag coefficient Cb, which
depends upon 20 the projectile's caliber. The caliber may be
estimated fromeither the peak pressure or the half-span (T5)i
recorded at the sensor, using the follow ng equation that depends on
certain paraneters of the projectile, such as its cross sectiona
area S, its length L, and a constant K that depends on projectile's
shape. 20:75 55M w ISO S KIRiris (7;),- ,,0250m 2_,31, Once the
caliber is found, its un|qu% drag coefficient Cb is known. Thi's
paraneter is irrporttaletcpwtmt ) bbbk inBtgetdeAM AR erpneTdth 11 Me@ured slope of
projectile's trajectory. In the context of the present discussion,

t he drag coef fi cthesitockwava depimagdn FIG. bey e éflowing equatiort 0 t he square root
of Mach nunber M A nore accurate nodel is 5 described in US patent

5,930, 202, the content of which |qu arpted herein by reference
inits entirety. The distance | ime ti' (3o reach the
point where sound is radiated to th ‘defsor are defined in terms

of the initial nmuzzle veIOC|t Vo, the Iocal vel ocity V=M;o, and grag
coefficient Cbh. C de%%plpgiz b&@ash number at the point where soiind 1s radlated to the j

5 sensor along the projectile’s trajectory ] J| ., and g, cp, B are the atmospheric density,

speed of sound, and non-linear parameter §= 1.3. The speed of sound cp varies with
temperature as ¢, =20.05,/Ty,,, (w/s). The slope of the shockwave is defined by
its peak pressure P; divided by the half-span T; (see FIG. 3).

The velocity V of the projectile can be assumed to be constant along its

10  {irajectory, if the sensors are closely spaced, so that there is insignificant loss of
speed between the times the projectile radiates to the different sensors. In a more
general case, however, a mathematical ballistics model that predicts the arrival time

of a shockwave at any general point in space as a function of the full set of
parameters can be used. It is derived from physical principles, and has an accuracy

15  of approximately 10 parts per million (ppm). The mathematical model is described
in detail in US patent 6,178,141, the content of which is incorporated herein by
reference in its entirety. For comparison, conventional empirically derived ballistic

models have nominal 1 m accuracy at [ lem, or 1000 ppm.

S The ballistic model includes the bullet drag coefficient Cy, which depends upon
20  the projectile’s caliber. The caliber may be estimated from either the peak pressure

(Ps); or the half-span (Ts)jrecorded at the " sensor, using the following equation that

depends on certain parameters of the projectile, such as its cross sectional area §, its

length L, and a constant K. that depends on projectile’s shape.
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t ' --F114111Ch (5) 10The sensor arrangenent of FIG 1 is used to
measure the Tine-Difference-of- Arrival (TDOA) between the different
sensors 12 to 18. Accordingly, seeking to solve for shooter position
and shot trajectory relies heavily on an accurate know edge of the
rel ative positions of the sensors 12 to 18 in 3-dinensional space.
Further, the neasurenents of shock TOA shoul d be unbi ased across al
sensors and 15 should be able to conpensate for changes in the sensor
sensitivity over tinme. The relative positions in _space of the sensors
may change over ti (MBS febsres frR-cli WHARgndes coodlivient b &R hg THF
ot her transf or magar@RE: istiigsebyin @R gadsicngbdeNeedtion sfatdfedife’ Sisdidcpt iToON
of the shooter pgsit%qg fr@n1TDO§ iffere ces. It 1S %herefor;
mpor tant Lo be SBIBPY cBHrETal, ARy 1 LTS SRURE] hde i o
the field, 20 eirhyrtions tscdhweshuhredodt wf dachngmbar Mhenmotsherwits anodel is
warranted, for e Iel, u r : As
{JS &%@&Bé&%ﬁ%%ﬁ 329,96‘,?%&5 "SR R WRRE 35 ﬁl’:&g?i%i%&)g Ligdy

described in pat ent gact sni per posi ong t he

bul | et traj ect oryfetead ib@s afitgt R disfancteﬁ ik ARZ &b BmblASH rexdEs o) whee
reliably detected in addition to the projectile' s shockwave, assum ng
that the sensor wodrisgiadatedso ted" @sonoe defatee iytetasoiifhe iHital sivezlt wldvisy

not ed, however, ‘%'ohﬂl[alogﬁlv}!lo&i@e\fil\?én,%%H&g@&?ﬁcﬁ&%ﬁ of the sensors, and
u Ins

not their absoluté position pace, are required. In the present
approach, the inverse problemjis_ hyggrhﬁjgﬁﬁ the relative
coordi nates of the sensors in|@E3§$ ar &/t e m ned from a known

shooter position and the detected sh?fkwave. (5)
)
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10 The sensor arrangement of FIG, 1 is used to measure the Time-Difference-of-
Arrival (TDOA) between the different sensors 12 to 18. Accordingly, seeking to
solve for shooter position and shot frajectory relies heavily on an accurate
knowledge of the relative positions of the sensors 12 to 18 in 3-dimensional space.
Further, the measurements of shock TOA should be unbiased across all sensors and

15  should be able to compensate for changes in the sensor sensitivity over time.

The relative positions in space of the sensors may change over time due fo
mechanical changes, such as bending or other transformations, thereby degrading
the accuracy of estimation of the shooter position from TDOA differences. Itis

N thetefore important to be able to accurately calibrate the sensor positions in the field,
20  either in scheduled intervals or when otherwise warranted, for example, when

EITOneOUs measurements are suspected.

As described in US patent 5,930,202, the exact sniper position along the builet
trajectory can be computed if the muzzle blast wave can be reliably detected in
addition to the projectile’s shockwave, assuming that the sensor coordinates are

25  accurately known, It should be noted, however, that only the relative positions of

the sensors, and not their absolute positions in space, are required. In the present



The exenplary sensor array 10 of FIG 1 has n = 7 sensors; one of the
sensors, for exanple, the sensor 12 |ocated at the center of sensor
array 10, can be arbitrarily 5selected as a reference sensor with
coordinates (Cxo , CA), Czo), so that there are (n- 1) = 6 relative
sensors having relative sensor positions (C&j , Cj, Czj), j =1,, 6.
The total nunber of relative coordinates of the sensor array 10 in

3-di nensional space is therefore (n-1)*3 = 18. The nuzzl e bl ast
arrival times tomie _and the shocicwave arrival tines tsho ggare
recorded for eacPrch Heinyerprarotiens isgelyddn ﬁl‘%tlﬂéFtrFlé‘é"et"B"rTﬁat?SrPg SHEF he
reference sensorinkgie @t ddt@mgied flihQ@&nGGhsotébpbditioiahd e umdcick Biakwave.
shooter positions and bullet trajectories. The point in the sensor
array agai nst whi cTht bxemplaystreot asrap ki ofift(h 1dagn € esradrs;one ofithd sessodre t o
be measured can or
sl eaatod as N Bfexal: Etﬁ&g@} 23] éa'wa %@%eﬁt%ﬂén%g}%gm% R GhIRGHIRANS
Three shots p¥ ooﬁ@betedaaspmfa'pnceﬁm% Vﬁihﬁ‘»ﬁfé‘#l@ﬁﬁfts (G¥or v [Czg)s spriay igere are (n-
neasurement s ( 2102k e 38Hod kaviRe8kave @R bbstiRNS TR, dys bwg-tu NE et o.
Accordingly, for_a sensor configuration with n senSf m shot s

fired, there arelferdetapumbeypkiliirreopdiatesad e drmadaaay 1R me(‘}ﬂnal Czj)
of the j sensor sspicligthdrafere (91104 08., THe ¥dzzld ) amemdmasqmmgerandlme measur ed

paraneters, ther ?I s enoq}g{hl&e{g Loé«:?g%?“lﬁl‘fgﬁm TRt 1eot¥1erﬁs%ns?rﬁl’eflag'qfe€3

| east-squares a deviatt ons 0
2Q( shoot er ptsi tthem:n oftheirefsrentedtensor foy d@d¢astrilyde shotomith Bidfematduommishooter

paraneters. At ns a Lred o allowf ok Sl t he
558 8bnsiall TR oBE SRGIE & Sholsbhl B BRUNLDO

syst em of equat i on are recommen rea er .
stoot hi ng of meassertErermRGrd elevavwear@hwgtoéﬁaﬁﬁsareséml&k%ﬁeﬁawﬂa B¢ ean

acoustic envi r onggBhentisiRd kddtncd Sdnbor 3G e PR U BB A (exobk:g@t:[z@aﬂ? be
e- ast

Squat on 1= o CAFIY e RIS TR TEST ENEUE  he. (n- 1)
relative sensor msurémemm$21(@xqzle andyy shodk¥ je)atitq o d firing time ) Atdoalinghest
Lhr oo shot o ban S Gnfl@flon HilG I ALILUAT G B, fﬁsrgt.&gééf for the

three shots can res
gradi ent search i:rmmd(’fhﬁrwbsdn‘ateg@qfe{% Ca) gfdhmtsm@wvew Exogfadi ent

search is initiah ﬁ%ﬁ#lﬁ%}lﬂésﬁﬁﬁarm@ﬁlgg 1&101%*3%%9151@%&?&@51&&0
accurate | ocations each sensor. | east - quar esﬁglﬁgidl ent

search method o raHPWé""T@éfr‘”@tsﬂ’(‘?r%ﬂa@HP*PP M %@?"0&’( ‘i"éﬁiﬂa“?‘b? 0 Wtze the
RVB resi dual of i t(siodtetpdsitibhimdnali@ oy Sisdihe agasddtpaaistels Qxtleast@yp ,
Czj) relative t Oshtgtg gtege%rfmeed%o g‘l?ow &t so?vmo the system of equations, but three are
recommended to allow greater smoothing of measurement noise. The shots should

be taken in a clean acoustic environment, so that both shock and muzzle blast can be

accurately detected.

25 In other words, by adding the muzzie-blast equation ¢,,,,,, =1, +l‘8[ / e tothe

equations (1} or (5) above, the (n-1) relative sensor positions (Cx; , Cy;, Cz) G=1,
.., 6) that best fit the shock and muzzle-blast times Atpu.ze and Atgaex for the three
shots can be determined, for example, by a least-squares gradient search method or

by a genetic algorithm (GA). The gradient search is initialized from the last



5The RMS5 residual is defined as - a rmin =1 E{(Arnizur.leicalc - AT
i nark, neasY +(Ariliociticale - Aral hocknicas)} (6) i It has been
found that the sensor positions relative to the reference sensor can
be conputed quickly and reliably by using an evolutionary genetic
algorithm (GA). GAs mimc natural evolutionary principles and apply
these to search and 10 opti m zation procedures. Mst cl assi cal

poi nt - by-point algorithnms use a determ nistic procedure for
approaching the opti num solution, starting froma random guess

sol uti on and spe®fFEyphe cdhespaEpbly pecwailsriopsd SerhEASET pr e- speci fi ed
transition rule, sych as direct .nethods ysing an objective_function
bnd constral nt -val (DR AR GERARURT SR B TG s bge et
second order dertowabinieshe RVES teciivaV Birto alt therelatite setisongbhitas (Og\0;, Cz;)

di sadvant ages, for.. | e, n optimal solution depends on the
sel ected initianégeﬁ?ﬂ%ﬁg%ﬁ%QF%g? nost al gorithns get "stuck"” at a

sub-opti mal sol uti gfs RS kdHukiKkE38L&SS! cal search and optim zation
nmet hods, a GA begins its search with a random set of sol utions,
instead of just one squLin-( QTCE & TANdOT popyati o of 20
solutions is creat ed,®%enchl4-82Evalaat Eet=tme )t HE eemt-62 st/ ()
nonl i near programm ng problemand a fitness (relative nerit) is
assigned to each s 1 £ﬂ$ﬂﬂk i

represented by theﬁgﬁgvﬁgggﬁﬁﬁﬁgﬁance be?&%gﬂmgggg%%%ﬁgﬁiﬁéﬁﬁ%ﬁP%n
aﬂd t he neasur edrogpped awigkly gad Bshbnh by vsivg Eeevolptgragherpatic dlarifiim (G v,
an al gorithm pr ognginighid nsiRl |evMadidy ObrincBles CI¥E hplbatderio LRMhand
applying the GAtq arrive at _a solution for the sensor |ogcation, the
GA uses as alEhrEHBEONE dRoQRies aloBo sl PPy SBRLof SRUHdiHat b

t hat can be randeryinktd esketireofor aaprodeamg theabptigsny eqint@ae nbiting) from a
previously neasured a 0, ] t N ' (o} r

| ocati ons. Typig%ﬁ §{Q%§§%¥?%£§@ﬁ%%%2§gaggﬂﬁkgg%ffgﬁé&#%ﬁéﬁﬁgﬁ%ﬁ??s
per f onned. transition rule, such as direct methods using an objective function and constraint

values and gradieni-based methods using first and second order derivatives.
15 However, the latter methods have disadvantages, for example, that an optimal
solution depends on the selected initial solution and that most algorithms get “stuck”

at a sub-optimal solution.

Unlike classical search and optimization methods, a GA begins its search with a

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

20  solutions is created, each is evaluafed in the context of the nonlinear programming
problem and a fitness (relative merit) is assigned to each solution. In one
embodiment, the filness can be represented by the Euclidean distance between a
calenlated solution and the measured solution, as defined in Eq. (6) above.

Intuitively, an algorithm producing a small value of AT, is better.

25 When applying the GA to amive at a solution for the sensor location, the GA
uses as a chromosome an initial population of sensor coordinates that can be
randomly selected or can have values representing previously measured and/or

otherwise determined or estimated sensor locations. Typically, 2 maximum number

10



For exanple, in each generation, the "best"” individual is allowed to
survi ve unnut ated, whereas e.g. the top 100 individuals, as judged by
their fitness, also survive, but are used to create the next 100

i ndi viduals frompairs of these survivors 5 using

crossover/ nutation/reproduction operators, as described for exanple

i n Kal yannoy Deb, Multi-Qbjective Optimzation Using Evol utional))

Al gorithns, John Wley & Sons, New YorKk. Wi | e | east - squares
estimation algorithnms are robust to Gaussian noi se in the neasurenent
of shockwave TORef iigiionsderdhes@aisrenfiraed. i n t hese neasurements, for 10
exanpl e, due to changes in sensor sensitivity over time, w.ll inpact
the reliability of FPhEeMBlcalt 25t ETRESY ettt miial oo afloweg BAHE

or conpl et e | 0ssuffutabeds @&Ods LA TheUms @ONInARIdALY, R JSIgaPLY GRS fifiess, also
symetry that rra%‘ be 1 nher en tOi ntsglch ?b .ri.%.laﬁs.fr mef Qgrsgr%gasto
correct for sens Fvwﬁla%ilr ATarToR oS s PE t0 UL e ThE e Sh'Fi°BUt I On- DJ
Shock, cal cShogkswagstrofspenmetttn/iefrodulions epsaiers, ov desctibedefor cexergle in

residual 15 e#ﬁ ;ﬁ%?lfahnlglg% ’Debg' M]lti—pﬁj?ﬁ}nﬂ% ;Oﬁ;'t%znf\zat%ﬁo %'égg ?{L&uﬁonafysgg&%mfz@ asT

(7)- .11 e of arriva IS recor for each sensor
and for each i nclohs Wgcndops deededd shot. If all sensors respond
properly, then the yal yes Irkacked,. - rigeca,"""l can be expected to
have a random di st r“iy h&ﬁﬂ?’aﬁ[}’ﬁq“%\%%arﬁfm ia[go’ﬁtg?’f éﬁeﬁo@é%tgoc%élssf’@ noise in the
consi stent |y conhgbhethent 6D Eldckhan TOAe iy @xgigat dds sharee ihasirhigents, for
resi dual su then thejr. o il ] ?‘QEI ﬁgx [
qLJ'est ion, an 0t heex?nrlpl?:’gﬁlﬁg i %’g’gﬁ%o‘ﬁ S%n%&ts‘%lggg%ﬁ%}& e "F”Eaﬂsll ualﬂggﬁg‘ﬁ}ﬂa’ Oge
decreased accor dhnipcslizatiomnsimstiohyMotebier, copartial louedremeto foss of erseser cehat
consi stently conff Rul8sy %ﬁrﬁﬁn&»ﬂ%@sd:hﬁéen%l&?&ﬁﬁ% iﬁl&fé‘iwﬁn%mlel{%gﬁﬁ%s.

decreased. This can be acconplished by assigning a wei ght to each

sensor that is invenseidpyrodéh R6 QRect | 0N AbnsbiN AefRGR 08 FEAN observe the

contribution to the residual over runni ng w ndow t hat includes, for

exanpl e, the | asqontpjb@mtlgﬁmm,a — Tfyocimeas| Trom each of the sensors over time to the residual

15  expression

J

2
ATtm’.n = \/ Z (r.-sfhack.mfc wT.Sj'Imcl:,meas ) (7)'

The time of arrival 7, is recorded for each sensor and for each incoming and

processed shot. If all sensors respond property, then the values |1.:§,m,_,,‘_w,c =T ek mens

can be expected to have a random distribution. However, if certain sensors
20  consistently coniribute more than their expected share to the residual sum, then their
operability and reliability may be in question, and their contribution to the computed
residual shonld be decreased accordingly. Conversely, the contribution of a sensor
that consistently contributes more than its expected share should be decreased, This
can be accomplished by assigning a weight W; to each sensor that is inversely
25  proportional the sensor’s mean coniribution to the residual over a running window

that includes, for example, the last N shots.

11



*1f as mentioned above, the performance of the array in detecting
particular shots is affected by |oss of symetry, then the maxi num
possi ble value of Arm, will be less for certain shots than for other
shots, dependi ng on how t he shock-wave propagates across the sensors.
That is, certain shots will nake the array appear 5 shorter, while
ot her shots wll make the array appear |onger. In conputing the
runni ng average contribution of sensors to the residual, these
contribution can be nornmalized with respect to a ﬁ&XIﬁUﬁ]pOSSIb|e
&Lul u for that shotlf#d mepiiengd rbevechn srrérmasre b MHsaatiay dh dgscting sydenlaroa

across differentsu3RQel Srdfed @&fl&;s@ e E&tmnﬂ'ﬁ? rfﬁénrm@ﬁ'rammum pDSSIble WS ubeL,,,
words, instead of _mnimz

of the residual .o
the 10 val ue of Wilb eiﬁ%ﬁ%&?&%&ﬁl‘em tha? fqraﬁlﬁféﬁetﬁﬁl“enﬂnﬁ on p %thegh‘ﬁ%‘%g"e
is mnimzed. Th@o@fgit&cacmf; tvtegdvld. MHat tid) @ citairs slghgalvilf mﬂ&ttﬂ;@larrhyaﬂﬁéa,r is

to give great tr| n Lo those.sensors which are
greater reliabi I%%loy overe r de tssvﬁlgt%al‘e e ene agﬁ?aflkﬁlﬁ? h] Com ug% hﬁe

resi dual & nk,. Whmiss ayereeactiilivien Dh@ndgertefthetre&@ai,h@se amtrpﬁswm%mnce
of a given sensog, gescﬁmﬁ résg%]ctt Y ntammfgo@sm?lg%m X tﬁaxéﬁmlt@auéwsaap an

intermttent glitc e wel aver age W over tine, restore
its contributi onengigent enmpawn@ﬁmlssw a&’-‘%%ﬁ?@fﬁ“‘ﬁ%‘”&gﬁgfef%ﬂgewemes

repl aced, the weights, can citl full ot her
e e o e Lo SR Sni o Binim e F Sl s st B (DrBe

i nventi on haso beaiuedf scl osed in connection with the preferred

enbodi nents shown and described in detail, various nodifications and

J ] o
J Z {(Tshoc.’uan'c - T.S‘hoc.ff.mcrrs ) * m }
Az, =1

mia ™ T max

(8

is minimized. The effect of weighting the residual function by Wj is to give
greater contribution to those sensors which are showing greater reliability over
recent shots, i.e., contribute less to the residual Ay, This approach has the benefit
15  that as performance of a given sensor improves (it may be suffering, for example,
from an intermittent glitch) the weighted average will, over time, resfore its
contributions to full weight. When a sensor is repaired or replaced, the weights can
be explicitly reset to full value. No other changes in the optimization algorithm are

required.

L 20 While the invention has been disclosed in connection with the preferred
embodiments shown and described in detail, various medifications and
improvements thereon will become readily apparent to those skilled in the art.
Accordingly, the spirit and scope of the present invention is to be limited only by the

following claims.
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i nprovenents thereon will becone readily apparent to those skilled in
the art. Accordingly, the spirit and scope of the present invention
istobelimted only by the followng clains. Wat is clained is:

. A nethod for conpensating for sensor degradation in a nmulti-sensor
shooter detection system conprising the steps of: determining a tine
of arrival of shockwaves produced at the sensors by incom ng shots;
performng a | east-squares regression for the shockwave arrival tines
at the sensors to deternmine a tine residual; observing a contribution
of each Of“&?f'anS?{s'to the tine residual for a plurality of shots;
and conpensatt R§ #BF Tensor degradati on by assigning a wei ght for
each sensor, said weight being inversely proportional to a
contribution, of said sensor . to the tine yesidual. . 2. The nethod of
claimi, fird H’éﬂmgé‘?’fﬁf’%?‘ﬁ@tﬂt&f@r 5§Pw‘é’ﬂ5dﬁfa‘{?H?Wai‘Q‘iﬂH'g?eﬁsﬁ’éS%B‘ﬁf tiet on
to an obsegysteh, BR¥pHY the fEps@f: arrival difference. 3. The nmethod of
claim1l, fgrthen conprising the step of conputing a weighted

shoci cwavedgfrmiRiag a gt arel of pheskivenss Brodessd At thebsnents by Biruimgshats

that have gefih@RbaNedsCidusidh dotedsion fbr thERBockRANCL O tifke@htThedsenddd doher
conprising determ ning a shooter position and bullet trajectory from
a time resfeleraineadimetcgiduali t h sai d wei ght ed shoci cwave arrival tinme.
5. The net I ’ I,Skhng:-adi [ Lght of
a sensor mﬁ%ﬁwﬁ%@@g@iﬁ%&o nh(g{séﬁ%lgg rtlhefsg%gglgrtglct}{.é Qm@e%#ﬁ%‘l ﬁrr)gta :ﬁ’g’gﬁ I}oqugl aim
1, wher ei nshotsearglensor is an acoustic sensor. 7. The nethod of claim

6, wherei ncotlﬂ:%n&ﬁf?éjﬁ)tr E&s&%&ﬁﬁﬁaﬂoﬁ b§ aggiéﬁ’il%omagl‘lt for each sensor, said weight

being inversely proportional to a contribution of said sensor to the time residual.

2. The method of claim 1, further comprising the step of normalizing the contribution to

an observed maximum time of arrival difference.
3. The method of claim 1, further comprising the step of computing a weighted
shockwave artival time that enhances a contribution from sensors that have a greater

reliability.

4. The method of claim 3, further comprising determining a shooter position and bullet

trajectory from a time residual computed with said weighted shockwave arrival time.

5. The method of claim 1, further comprising adjusting the weight of a sensor when the

sensor has been repaired.

6. The method of claim 1, wherein the sensor is an acoustic sensor.

7. The method of claim 6, wherein the acoustic sensor is a microphone.
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