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Conventional systems typically employ an antenna with a plurality of acoustic
20  sensors, which can be relatively closely spaced (e.g., 1 meter apart) or widely
dispersed (e.g., mounted on a vehicle or carried by soldiers on a battlefield), with
each sensor measuring shockwave pressure omni-directionally at its respective
location. One exemplary antenna may include, for example, a total of 7 omni-
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 pattern of the sensor array.

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



the spatial sensitivity pattern of the sensor array.
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the relative sensor positions that produce a minimum residual of the time differences
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20 Embodiments of the invention may include determining the relative sensor
positions by a least-squares search. The least-squares search can be initialized from
a previous known location of the sensors or alternatively from an approximately
measured location of the sensors. Any one of the sensors can be selected as a
reference sensor and the relative muzzle-blast arrival times and shockwave arrival

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

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

determining a time of arrival of shockwaves produced at the sensors by incoming
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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 omni-

20 directional acoustic sensors;

Fig. 2 isa schematic 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 Illustrated Embodiments

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 supersonic projectile to determine the projectile’s

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



The invention is directed to systens and methods t hat
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signals froma supersonic projectile to determ ne the
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is used in conjunction with the shockwave information to very accurately locate the
projectile’s origin. However, relying solely on muzzle blast may not be a reliable
measure for locating the projectile’s origin, as it is possible to silence the blast.

25  Furthermore, the muzzle blast can be attenuated by interfering manmade structures
(e.g. buildings) or natural structures (e.g. hills). Therefore, in actual deployment of
the system, muzzle blast information is used secondarily to the shockwave
information. However, a signal from a controlled muzzle blast can be used to

calibrate the system.
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air density (which is related to temperature); the Cartesian position (P, Py, P;) 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  temperature/air density). With this ballistic model, it is possible to accurately
calculate, 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




air density (which is related to tenperature); the

Cartesi an pition (Px, Py, Pz) of a shoot t he
w@2ioaned158nd el evati on angles of the rifle nMuze¢EUS100£028604

nmuzzl e velocity of the projectile (Mach nunber); and

the speed of sound (which varies with tenperature/air

density). Wth this ballistic nodel, it is possible to

accurately calculate, at any particular point in

space, the exact tinme at which the Shockwave (and

nmuzzl e blast, if used) reach a particular point in

Spa ; q:“Bi't é{i@&?g [0E8)S tHe&aABEk sensors are

arr?o\e/cgﬁea/ﬁtla@gﬁtat fi ggq%)r?e}fagpgﬁ};f thél?z(a\(?ofg)(sjescribed )

sensmasd arwinsCf(Cei St C4)oanddhebytich BajaspyUesip wirfananating from

shooter |ocation, bulletptrajectory, and_cal iﬁerﬂ, As Th

depithst shdotemintthe dugchign ﬁﬁwj’i)-{’ e ths indeyd TEfisgpdpe - semsor. the

i slocated at point P (Px, Py, Pz) relatiyvye to an

or i gkdlod @stafte Bkwednhthe whbdtausnds Fhsaser &r ,‘I,dbatcme%tpoint of

points C (CXJ , &,, CZJ), and thegbul let trajectory

ks sho : = 8 phth t81¢dwedFrom the

g f m?%h?ﬁ%ﬂ?{)}%@%b{tﬁe?m tl'thEh éﬁ&)‘??}se] H,@n&ﬁ‘l P

refers to the th sensor. The

vecth ek 310, OB 1R AL 68 Ao B e ok £

bullet to the |j or,is L d 4 he

fr onﬁ’? M?C]b%‘?gﬁ? l’%@ﬁ'@ﬂ% e? ShBc \//\]/g\)/’g\;}i—slp }r}éd‘\lﬂ g% @8&?%&18%%@“ of
t he gid @bR&&IVY id e bliRrdonicheBeiRs of the prdfictile, decohdie (pressure-
angle of the bullet is g- q?i n 21(’}1%'\@11[1 M=Vlc .M itrs.egtlge and
Mac a0 tsrpertuet-densadssd) sperdaf pemdy L hesmissamglg PSSR frgiectory
1€l o jthysel%gr she PLOLSElthyEs cldidtkied By lthezihphesgleremagured
t enper-at ur e- dependent’) speed of sound. T(fe . . e &
" mi sounigrglaskwisetigse i ke dR She *anRiaRhang Oy He Syl gl
9, - & BheEE gf&fn g €535AR! el 8fhabiths! thit RELh&WRIshockwave
angl'e a neasured counter-clockwi se fromthe x-axis i n

t he axival ingnt aadduby veaier off Ball | SASUNYE eVHtiReHs (ir@y of these
upward fromthe. .x-y plane. The equations that define
t he géﬁ%%tﬁ%a}gq\(}%angigl?srval time t, and unit vector at the j

th sensor are witten in terns oIprhese geonet ri cal

tities. The ti f arrival %] e
i ;J ap alk bee ?llalp 0? ﬁgwlﬁf%] egga(l%g hle;l[gnet rav Zthtg@s tf rgthéd ?g)t]%cﬁcﬁgto travel

to the point were sound is radiated toward thethj th
senspg disiﬁﬂlddet he thé pEini Wert abwesl it helidBhbokaalvbe jsdnsery plus the
t he di stanc (Sj fromthat radi ationypoi nt to

J

time it takes the shockwave to travel the distance | } from that radiation point to

1§

[un—y

the i sensor, —i‘
4
AL IS, D,
tA=to+u+l~’—|=to+usin(}/j+9), (1)
’ o Co
20 wherein t is a time reference (firing time). The closest point of approach (CPA)

between the projectile trajectory and the ™ sensor is

R 1=[bfsin) . @



the j sensor, wherein to is a tinme reference (firing

time). The Posest poi nt of approach (CPA) tween the

wpe@peed7sd e trajectory and the j th sensor i S RCT/US20P5/028604
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FIG 3 by the followi ng equation: M is the
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reference in its entirety. For comparison, conventional empirically derived ballistic

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

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
(Py); or the half-span (Ts);recorded at the jth sensor, using the following equation that
depends on certain parameters of the projectile, such as its cross sectional area S, its

length L, and a constant K that depends on projectile’s shape.
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WO poobles7eal | 1 Stic nodel prediction of projecl|PEI/ES2005/028604
trajectory. In the context of the present discussion,
the drag coefficient is assuned to be proportional to
the square root of Mach nunber M A nore accurate
nodel is described in US patent 5,930,202, the content
of which is incorporated herein by reference inits
entirety. The distance Al and the tine tj ' to reach

the poPH&e g‘@ecfa%béio }énﬁtuﬁcﬁ 1[@%1@&@ qra‘gocdeﬁﬁndnt fC,SBNE&Rkvn.  This

are defli ne terms of the initial nuzzle velocity
Vo, pahmetenisainpomrdnt o th«;/balhwwno@hareéxca@n efgueipstds’ ér‘ﬁaJe@Sfy In

;I' E:ﬂiﬁeﬁé?ﬁt [ ﬁlnggxgge% d?s]c ug: {09 t (?%g&@ﬁ&&tr'@aa?sgﬁrﬁed to be

Yefén bet ween t he
di f fpﬁjpexrmbnaiemsthas squiaR: toot b8 Maﬁ:dmmndqen@ﬂ y A owekiapryrate model is

L e

ere

pos Iréf‘er%%%r ‘? Ets Eﬁﬁe ERHOhSta nléﬂt il thdyirde & B R&LR AR point where

pace e measur e s of shock TQOA should

b © lﬂgﬁ?lde}§ Faq%a@e%rtg $f Alskns3LRe Qfeﬁné%ﬂq 1SR W thebRit@PMAzAO velocity

conpensate tor changes in the sensor sensitivity over
t i md/,, thtcalelelcity ¥=Nos iand drag cpeffigigaide- of the sensors
may change over tlne due to nechani cal changes, such

as bendi ng or othe{ Lﬂgﬁﬁfﬁ[ﬁ%Uhﬁ@Bﬁ t her eby degradi ng

t he accuracy of es (natlonp t he shoot er posi tion
from TDOA differences. It A; t herefore inpordant to be

able to accurately?, Cakrbgp#rrgzp sensor positions in
the field, either in Lenedul%dC ntervals or when

ot herwi se warranted, for exanple, when erroneous

lpeasur gnestnsor aﬁeng‘emmeﬁwﬁd 1 Bssalias areadvecthp AitSDpiédremnve-of-

5, 930,202, the. exact_sni 0Si t ng t.he bm

Cr argHER AT be s Rt Ftme £ Bt AtforBEnp Rk o
can shRe fcﬁlsh(ﬂ}@ér)boﬁﬁ&%iﬁ%ﬂotl thhjeR by fdh@snhda@llyt drean accurate
projectile' s Shockwave, assum ng égh@ 3%@

c oo kaipYilgegesofAhear eﬁ‘t‘i‘&"tﬁ?"é’t’“@ﬁﬂﬁéﬁ% W’?SOIF ? i erﬁ‘b‘ln%]uSpace
h OV§Y Rher, b {’Heaé?lﬂérbfentshﬁ shRkaton ﬁqoﬂmsdetdnﬁiaﬁadﬁzrots@ﬁl sensors and
sensors, and not their absolute_£03|t|ons I n space

14r e shewdibe dde tojaempkisatp e bpRasp Bt & BYHSOTSESIL iRy @V%félme
problemis solved in that the relative coordi nates of
the sefboreiative peyiiens iagpace Rty SeRFREHIRY SRS RiFHRRS due to

shoQf &faP$ &ﬁa'ng&, anflad lna%dﬁi@to? 6Lk RRREKNRYE thereby degrading
the accuracy of estimation of the shooter position from TDOA differences. It is
therefore 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

erroneous measurements are suspected.

As described in US patent 5,930,202, the exact sniper position along the bullet
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 exenpl ary sensor array 10 of FIG 1 has n =7

sensors; o of the sensors, for exanple, sensor
wdad2ooboesased at the center of sensor array 10, PERUR®05/028604

arbitrarily selected as a reference sensor with

coordi nates (Cxo , Cy0, Czo), so that there are (n- 1)

= 6 relative sensors having rel ative sensor positions

(CXJ , ¢y1-, C4), j =1, . . . , 6. The total nunber

of relative coordinates of the sensor array 10 in

3-di nensi onal space is therefore (n-1) *3 = 18. The

Mz g ??Qk afd 1n%r£%%@lefn' {DEsivddTh At Ge stive r&:@m@ﬁ%g WEWE sensors

arri are recorded for each of the

ot harspécesendatarmied|fromi ¥ knaven shpierpogsition ped the dep@pbgockwave.

sensor for at |least three shots with different known

s h oot eThqmsx'nplian'rmm@n arriyul 0 fF1E r fiastoF pasors; e opBie §ensors,
he se j 1

L0 TG s SOLPYa RRAE R bR of RRsiARY B8, ofn be arbitrarily

be, sdlateden angbencet seesoafvith epwrinhionéiko s €@ Cance tha kese are (n-

desi t as the or q§9
Car llg éﬁg%ﬁ g?rgms Y]IP rerfatﬁre ts%ns%rrp%lgiglé @é\l@zb)fj 7% 6.
di f Te& Rl n@hbdr\vateldtivaeosrdmstas efitbatensdr 2frayrilinl Jedignedsional

shock) re ve to.a fjring ti t 0. r
a s&gpIst %%?#P’ieéﬂ rlg’isi_o{#‘ vﬁ he ﬁmﬁﬂgg 8Gird Waci % eg{’"ézﬁb%/nd the
f iCr Sithc kv a8 Al ﬁ;n@@tsll ok ﬁf‘e&edﬂi’d@ﬂ%cl( bi{'tﬁe cthar@ienatreslative to
XJ -, of the | ors relatjve o Cx
o thosy %tile Efraense ARPR 10y atesaitiee ah%%\mﬁ@iféfe& kftﬂgivé‘rs Rogter
e n oggﬁtlﬁg Jhd b1 Brajb 6 MRle Rt irPthd lsén@&ﬁ dr@F against which the
t-squares approach that can snooth out deviations

of Shyot oMU O BRIl oA B BRI 6P B, CRresryR i, the
fronyidig. 'a§r§eld reﬂ é%ﬂ&fr%@s?i 1aé¥i aE ﬁﬁ%hgfnvﬂ@x(ﬁ hof,sca) efa

require to or sol vi n stemo uatl ons,
but Cattesan sastenrﬂummé@ﬂup@a mtql @ﬁﬁ%@l@f@f@@w@ &i ng

}C o %%%gu%rr?en sr&l NOL A and' @Fsh% trélatﬁg% L @irﬁlg tﬂn@ Iﬁ)e I'Adc!’)‘rdﬁygly,

aCoUSTIC environnment, so bot'h”shock and
muz féren d@h@stomﬁgmraben with uisertsels yndimtsbets diged, fharegrhi@r1)+3

Ot SR e DR o B e T SRR a8 0 TS,

r el @gzp)yendseig@rl) peasurédpisanidBXs therGg, enougﬁz.gmiti(ﬁljlaﬂ: finformation to
i o € e ORGP O THE A B AL ARG e
20et @iHFbREfbsitoR an@ KAl trgjectbry) ﬁoﬂa&%ﬁssﬁﬁﬁdﬁfamegarad{t daabt two

search net hod or
shots are required to allow for solving 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 muzzle-blast equation ¢, ., =%, + ‘5' / ¢ to the

equations (1) or (5) above, the (n-1) relative sensor positions (Cx; , Cyj, Cz) (=1,
., 6) that best fit the shock and muzzle-blast times Atmyzze and Atgock 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



by a genetic algorithm (GA). The gradient search is
initializedggromthe |astneasured or other esumabl y
W@e@ags7es | ocati ons of each sensor. The | east - BCUHSES5/028604

gradi ent search nethod or the genetic algorithm (GA)
attenpt to mnimze the RVS residual fit to all the
relative sensors positions (Cxj , Cyl, Cz1l) relative

to the reference sensor. The RMS residual is defined

as ) It has been found that the sensor positions

relative to the reference sensor can be conputed

qui %nléla%ﬁﬁeadn ? &%5%& b%%sﬂabgyac%h@gocﬁporﬁ Vwekithisenary genetic

al gori | m’m c¢ natural evol utionary

princi

e i b P
us etcamdﬂhfze tierR S residpaldisdelell hefrddativa @?nséﬁtﬂ‘?ﬁlﬁ@n% &> Cyi» Cz)

| starting froma random guess
soI EFT{B’ﬁ%%h‘ esfgfé%. **ViMg a search direction based on a
re-s ul e, such as direct methods
si ng iﬁ %M%ergilﬁqu\?gl% %%Igetrala(%n and constraint values and
gr a_dl ent - based
derivati ves,, %:Ez Y elne NTALL ek P P 5t VY Bhcctmeas (6)
di sadvant ages,VVor exanple, that an optinal solution

depends on the selected initial solution and that nost
al gori Itlhﬁsb@etfod‘rﬂtthm: Kie samsoapwb)n@piatlﬁgto the rqfetepge sensor can be

Unli ke classica [

beg compyte qglgglly AR \/5|e aﬁ)?y %gm Se@%é E@r%e%ggazgonﬁm%m
i Pst;aalasd nfifnid Usiturdln evcftm-idnhnyo Ipnn@’lese aadr amdbomhp&@pm aedrgtn and
of solutions is create | yat

18 oneBtinIzaion nEORSHIF ne gagglslﬁ %\r(/f%t %aé)‘éﬁié ag% gﬁms use @
fit e Emialsat E}Irédé@urgefbt Ta)apﬂoﬁch&%S thg ncq:dmmm galnhos oftarting irom a

| nmbodi t f
{ e FEeT GiSa SR B SPEDRESh S B O BISL AT it PaPecited

and yLhe s agalrach solnddt MbthadS veiag iah @jdetiveEainclid) and constraint
above. [ntuitively, an algorithm Fr odu

val yelues and ngradignthasade imetlm% nusglgp V‘F ﬁl&glt %:go@ of r derlvatlves
%r ISk, QReC‘ i} in@mhdiO hatd %1133@@%@@%} @62 bxiple,t AL ﬁA\optlmal

Uses as a’chronobsone an initial population of sens
coorsdiutian éependsam theseldsted 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 evaluated in the context of the nonlinear programming
problem and a fitness (relative merit) is assigned to each solution. In one
embodiment, the fitness can be represented by the Euclidean distance between a
calculated solution and the measured solution, as defined in Eq. (6) above.

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

25 When applying the GA to arrive 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, a maximum number

10



randoml y sel ected or can have val ues representing

previously gasured and/or otherw se deter ed or
w@saosnei7esl sensor | ocations. Typically, a maXiPCnUS2005/028604

nunberof iterations for the GA is perfornmed. For

exanpl e, in each generation, the "best" individual is

al l owed to survive unnutated, whereas e.g. the top 100

i ndi viduals, as judged by their fitness, also survive,

but are used to create the next 100 individuals from

pairs of these survivors using

crosgﬁ%grggﬁg%%hgﬁﬁﬁ%g£gg tion operators, as

des@ or exanple 1 n Kal yannoy Deb,

Mul ti -0bj ective Otk n.aahi i EX@l bG8 B wed to survi
A gor TR empin i e g At M Allbwed to survive
| eagim®aear eBerest ¢ gahe cp 200goudividuals, as gndgerh s ttheip fitmess, also

Gaussi.an noi se in the asur nt.. :
oA bl e TR R IR B B s
exapphe crébdevel/authipngpsoduttice ppantose i tiéseiibed dweexample in

time, wll inpact the religbility of thelo | zat |

est KARERBAY sy é‘é”\‘/@':b,%f eﬁ”beaifolt’éﬁ’z%?" i (‘eEjtver%ﬁ%ls cfjfl ‘?Az?\’lthms’
SeNg&n WALy 4das Naeyary assunptions of symetry that

may be inherent in such algorithns. One approach to

COr r eCiyhil@eaSEipafes d@aaaioa igotithngsae irsbustotooBassive nbiein the
contribution - ' Shocgk, cal ¢ -t Shock, meci.s fromeacepltS for
of misesuseRanb O shrpkivate HgAy et RS} ™ Q&?Eﬁ EELIGH
16N€ kdniife, Alie & EHaM@Ms if snsd? Qensitivity b@&aneg thill Biipaeth reliability of
sensor and for each incom ng and processed shot.. |f

al | theelheadizatignesyiortion NMerepYe), @ PAA! Ph %Or%!ﬁ?ta 3%55' of a sensor can

Sho glﬁtrlﬁ%éir}e%n}? %gs%gﬁ&l’s W& 2nh&fy tAS R ARGAIREENE th SalY Bg@rithms.

rando I'stributi Hoviever,” if certain sensors

consi ShEDU e fBR! fol BiHcks MBF QehlbANadshRbhiorPinesd ad shiane the
to the resrrdual sum then their operability and

rel icgﬁﬁbﬁt{oylLJag% he-din, gyefitimeach aiitle ténsirs ogartimd touthé waidual
to the conputed residual should be decreased

13ccekptesaghny. Conversely, the contribution of a sensor
that consistently contributes nore than its expected
share shoul d be de¢reasd¢ (This can be @accompl i shed by
assi gni ng a wei ght ﬁwaaE; & “@éngéW%?ﬁgt igﬂinversely
proportional the sensor"s mean contribution to the

residual over a running w ndo . -
The time of arrival 73, ng recor%egv for each sensor and for each incoming and

j j
processed shot. If all sensors respond properly, then the values ’rShDC,(,MIC = T dhock meas

can be expected to have a random distribution. However, if certain sensors
20  consistently contribute 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 should 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 contribution to the residual over a running window

that includes, for example, the last N shots.

11



that includes, for exanple, the last N shots.If, as

menti oned agve, the performance of the arr in
wa@leden9s78y particul ar shots is affected by | OSBCD1S2005/028604

symetry, then the maxi num possi bl e val ue of Dt nax

will be less for certain shots than for other shots,

dependi ng on how t he Shockwave propagates across the

sensors. That is, certain shots will make the array

appear shorter, while other shots will make the array

appear longer. In conputing the running average

contri Eljtsl OB ncd ST, Snd Ber &?aﬁ&sﬁﬂéﬁ@'m& K@ ¥Btecting particular

contribution can be ndrnmafized wth respect to a

nax ishatnispadesicd by 1Bsnefxsyfmretyhten gteomaximugy passibleoralue of ATma

consi.stent ¢o r.ison of m ssed-.T [

ShotalloF s ¥ aparip S0 hae R LTS P REHERE of bW FhEHockpvave
of WidPapitesi digosk Nie valste. Thattifiecertemi chotd wof mekg the7grray appear
the value of Dmn = (8) i jnimzed. The effect of..

wei §hertehg hite oS SRAI 1@ J‘i‘f’i?%% afgy GpPees 1§y somputing the
gr eayBfingCHRBEaE RuhtkiBiidnOoft RO%Es ®EMS @ésidual)ithdie @btiribution can be
showi ng greater reliability over r

: L cent shots, .i e.
conmPTRiEed Wl geRsch Red MEXimTaPOBY ﬁ?’"a’T ‘?rsth%tpsﬁ‘n%goc pilow for
has  hhgshenshidistNetmBsdPEIA firsRReEeratt sRotgofiiflers@psometries.
i mproves (it may be suffering, for exanple, from an
i nt er myt §ftyddld, trishhd bgindRizab et adieT agaedddal of Ty €T), the
time, restore its contributions to full weight. Wen a

18engelueio§ repaired or replaced, the weights can be
explicitly reset to full value. No other changes in

the optin zation al gor Ztlg;n ar e_requi r)@dV,.ZV%i l e the
J&
7

connection with. the
preferred enbodi &®ats shown and _described in detail,
various nodifications and inprovements thereon will
becone, s 6 Qﬁi&%/% RSN b Jv&éﬁd?lg%?e rekithd1 @fhokioh By A give
Accordingly, é spirit and sCope of the presenf__

i NV e@daiten noritsbitton be thosaienseds wiritly arp phavhiag Bskieoigtighylity over
clainms. Cai ns; 1. th 4GalA_br ak el1etds R benefit
sendeFBEF o/ nt{)@utsggeﬁg gogﬂslé Il%%ldgﬁs I8’?)'talteﬂlr1 J]%g{oec}ﬂ& on . et
1Sy StiBdtlas f@fopihkicnda given sdnesmpfoves (it may be suffering, for example,

from an intermittent glitch) the weighted average will, over time, restore its

i nventi on has been d| L&C{l}f n Shock,meas

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.

20 While the invention has been disclosed in connection with the preferred
embodiments shown and described in detail, various modifications 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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determ ning approximte relative | ocation information

of the sensgfys; firing at least two shots i ng
walrdobeessss known shoot er positions and known DRET/E82005/028604

trajectories; determining a tine difference between a

nmuzzl e-blast arrival tinme and a Shockwave arrival tine

for each of the sensors and for each shot; and

determining the relative sensor positions that produce

a mninmmresidual of the tinme differences for the at

| east two shots. 2. The nethod of claim1l, wherein the

rel ati.ve sensor positions are determ ned by perform ng

a Ig%§?§Squares search. 3. The nethod of claim 2,

wher.ei n I - - LS d ok kdsd HoSta? a

pre&iod%%Eﬁgﬁﬁaﬁ%gggﬁ%%%%P§fﬁé&€gﬁgg?§?¥%$k$ﬁ§g%ithod

of cl aida2tiombystem eomprsirggbsstepsqliar es search is

initialized froman approxi mately nmeasured | ocation of

t he sendtarminify approsimast rededive focaticaiinfomatiogrof jHagrsensors;

conprising the steps of selecting one of the sensors

as a r efirween testden simts zavihgobiipent ﬂgcn‘gwm ghoater pesitions and known

nUﬁélﬁ}g%ﬂ§%ia£rival times and a Shockwave arriva

ti B8 T oWERER sensor relative to the reference

sensor. . 6. A.nmeth ] ONRE j f

degr ad aqe?%ﬁur%n?g %tnﬁg fhgfélgkg gens or &Zi%g%t{%lre {éstt %??%Lme anda

sy s sksskwaoaqrivaliting foteacls b&ths sapfors aiet for edchishe); andt i me of

arrival of Shockwaves produced at the sensors by

i nconi ngptahitisg thpeddtor Rinsgr @siticesthatygedice s misiguessiidmn! of

for the Shackwav rival . ti at the sensors to

et él?‘ﬁﬁlﬂ%glgf%fep%%?%é? eHE%ﬁSt mc?gsg%?'vi ng a contribution of

each of _the sensors to the.tine, resj I f. :

apl ur al F{“VHS'?“’@H%I%? ¥ ergglstliq%rr?llahgg %\eq‘\%g ipg(])%t(Ei 5113Soarr ¢ deferpnined by

sensor , p&adrchingel gdst-sduetengeardiver sel y proportional a

contribution of said sensor to the time residual. 7.

The 3et fthgimethod b&ilaiin®, wheteirhiae leasdisyuarssisagch senitiplenpd pm a

normal i zi ng the .
previous known location of the sensors.

15 4. The method of claim 2, wherein the least-squares search is initialized from an

approximately measured location of the sensors.

5. The method of claim 1, further comprising the steps of selecting one of the
sensors as a reference sensor and computing relative muzzle-blast arrival times

and a shockwave arrival times for each sensor relative to the reference sensor.

20 6. A method for compensating for sensor degradation in a multi-sensor shooter

detection system, comprising the steps of:

determining a time of arrival of shockwaves produced at the sensors by

incoming shots;

performing a least-squares regression for the shockwave arrival times at the

25  sensors to determine a time residual;

observing a contribution of each of the sensors to the time residual for a

13



contribution to an observed maxi numtinme of arrival
di fference. g8 The nmethod of claim®6, furt

W@ 0p/0PEENY e step of conputing a weighted K90 5028604
arrival tinme that enhances a contribution fromsensors
that have a greater reliability. 9 . The nethod of
claim8, further conprising determning a shooter
position and bullet trajectory froma tine residual
conmputed with said wei ghted Shockwave arrival tine.
18_. The method of claim®6, further conprising
adj ust.in e wei.ght of a sensor when the sensor has
beeﬁufaélrt)\g?tisgat.s’ ?f The nethod of claim6, wherein the

sensot & an% %g@%ﬂ fof:?a%ﬁ 5Rbr, satd weiEHPoeﬂ:%tiMSe%f p&%(%‘%i(’iﬁﬂ a

11, wheérepn™ coustic sendor is a m crophone.
The comiibaibn@f saidl adnsor 1q thetigregesidduahe sensor is an
acoustic sensor. 14. The nethod of claim 13, wherein
t he 7ac oTlisd hethseoidim i6sfuathed comppisiog éhe step of normalizing the

5 contribution to an observed maximum time of arrival difference.

8.  The method of claim 6, further comprising the step of computing a weighted

shockwave arrival time that enhances a contribution from sensors that have a

greater reliability.

9. The method of claim 8, further comprising determining a shooter position and

10 bullet trajectory from a time residual computed with said weighted shockwave

arrival time.

10. The method of claim 6, further comprising adjusting the weight of a sensor

when the sensor has been repaired.
11. The method of claim 6, wherein the sensor is an acoustic sensor.
15 12. The method of claim 11, wherein the acoustic sensor is a microphone.
13. The method of claim 1, wherein the sensor is an acoustic sensor.

14. The method of claim 13, wherein the acoustic sensor is a microphone.
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