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 inlimted circunstances to require the patent owner to
| i cense others on reasonable terns 5 as provided for by the terns of
Contract No. HRQ011l-04-C- 0035 awarded by DARPA ATO. Field of the

I nvention The pr esent invention relates to I aw enf or cenent

t echnol ogi es and securi and nore artl cul ar t o net hods and
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as bullets and &rao.illery shells by nmeasuring par arreters associ at ed
wi th the shockwave generated by a projectile. One such system
descri bed in U.Eeld gfthe Inpdntion5, 241, 518 i ncl udes at |east three
spaced-apart sensors, with each sensor incorporating three_acoustic
transducers ar r angaePrPHntAnvERian later fodavs enfaresment dnshnojogierand segwrigy-&nd
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can be determ ne
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-Atrival (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 4
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



30Conventi onal systens enploy m crophones, which can be relatively
closely spaced (e.g., 1 neter apart) or widely dispersed (e.qg.,
nmounted on a vehicle or carried by soldiers on a battlefield), and
measure muzzl e and shockwave pressure omi-directionally at their
respective | ocations. However, unless the sensors are rel aéi V5?| %m

wi del y spac® W88t he trajectory lies within the anf&HHEYR
timng 5 precision needed to obtain accurate shockwave-only sol utions
is very high, and special techniques are required. A | arge antenna
size can be a nmjor disadvantage, for exanple, in vehicle- nounted
systens. In addition, systens with an only marginal tinme resolution
can generate anbi guous solutions in which the Tinme-of-Arrival
information of the 10 shockwave at a given set of sensors is nearly
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| ong-range shot's being fired froma di stance of nore than

appr oxi mat el y 3PeFizhtechpigess@retgiupreds here is a need for rapidly
convergi ng al gorithns capable of accurately estinating a distant
shoot er range. Thd) Ergeanispnasizg cankap nyorflisadyagiage, derrxoBplerip ¥rhicley e
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range for | ong-sheptgeloeationss, in particul ar, when nuzzle signals are
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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



addi tional inprovenents achi eved by including weak and/or unreliably
detected muzzle sound in the optim zation process. According to
one aspect of the invention, a nethod for disanbiguating a projectile
trajectory from shoci cwave-only signals includes the steps of
measuring at 5l east an initial portion of the shocicmave-onlx si gn
at five or MRVOEYHBY acoustic sensors forming an ant RFYS2005/030126
estimating a timng error distribution for the acoustic sensors,
determining fromthe neasured initial portion of the shockwave-only
signals Tine-Differences-O-Arrival (TDOA) for sensor pairs with a
time resolution that is greater than the estimated timng error
distribution, and selecting the 10 di sanbi guated projectile
trajectory based a defined confidence | evel for disanbiguation and on
a value of a resgj j : di ng
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An initial shooter, range is esti ed from.the .neasured shock wave
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solution having the smallest residual as the disambiguated projectile trajectory.
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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 compuied to obtain an updated shooter range. The



10 difference between the successively determ ned updated shooter
ranges or a percentage change between the successively determ ned
updat ed shooter ranges is smaller than a predeterm ned val ue. To
obtain real solutions, the conmputed bullet velocity is set to al ways
be at |east the speed of sound. The solutions are checked for

consi stency.wc#@t”ﬁ"g?’é?ﬁpl e, the updated shooter range i sPEHNSIHUBLG6
invalid if a 15 bullet trajectory angle and an arrival angle are
determ ned to be greater than a predeterm ned value. Even if the
conput ed shooter range is determned to be invalid, a solution may
still be obtained by applying a genetic algorithm (GA). For exanple,
an initial population of the GA with a predeterm ned nunber of

i ndi vi dual s can be defined, 20 where each individual is represented
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To prevent spurious signals frombeing interpreted as shockwave
wavefornms, a projectile trajectory can be elimnated as being fal se
if the acoustic energy of the neasured shoci cwave waveform has | ess
than a predeterm ned threshol d val ue over a predeterm ned frequency
band, for exanple, frequencies between approximtely 7

kHz. Al ternXQ¥8498% in addition, a projectile traj ec?g?"?glgggr?loq%%QS
elimnated as being false if a tinme interval where a neasured
shockwave waveform has a positive value is less than a mninmumtine
or greater than a maximumtime, for exanple, |ess than approxi mtely
70 gs or greater than approximately 300 gs. In advant ageous

enbodi nents, the total energy can be determ ned by integrating the
nmeasured energy over the wi ndow, preferably disregarding portions in
the 10 detected si gARlGAAURAL RYsORPEINRY SR 6hRRSs. AHY Bl 65 pkthtdr
the peak signal value can be determned in the w ndow producing the
maxi mum t ot al ene¥changesal 19ast anp of pissad asimythand wHssedelpwatign befesn tWRan t he
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sanpl i ng vari at i amnoamdati@r(aving the dndividvalsanm 2 ganertien whalted). ant enna
sensors. The confidence |evel for disanbiguation depends on a size of
t he antenna, wher ebjccording te vetanotbernnapect el inventione a methoddergiisambignating a

accuracy. If 20 two i i i i ?fﬂ'm‘-%ﬁ;fﬁq‘
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shoci cwave as a deégii€ng fomelieshockwandodetipnadlimeDiffakndesOfiAmgtal fTDOA)
timng circuit when the 25anplitude.of . for exanql the i.nitial
portion of the sﬁgﬁ“&&ﬁ'ﬂléfB%F‘ifpgﬁrsgﬁgﬁenE{hogﬂg[%FrelggP‘%ﬁggg%mr?:rosses
a threshol d val ugredditned hirhibdr of génetationstai gesdtie algstitamtwidoanrihieiakpobalationaidn
of the other senso with the qount er ln each ?@"tﬁe oﬁher g\lﬁn ors

: . fi ingivid ya4-
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residuals including a least-square fit of a combination of TDOA shockwave and

muzzie 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  of at 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 muzzie 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



second latch for that sensor that stops the start counter for that
sensor. The TDOA val ues for the other sensors relative to the

ref erence sensor are then recorded. Further features and

advant ages of the present invention will be apparent fromthe

foll owi ng description of preferred enbodi nents and from _tg{?}e g[)%glﬁn%
Bri ef Descri¥R $980%3%8t he Drawi ngs These and ot her FERLEREYE
advant ages of the invention will be nore fully understood by the
following illustrative description with reference to the appended

drawi ngs, in which elenents are |abeled with |ike reference

desi gnati ons and which may not be to scale, 10FIG 1 shows
schematically a cross-sectional view of a Mach cone intersecting with
an antenna; FIG 2 shows schematically an exenplary sensor array with
7 omi -directiongly e&ﬁ@HﬁEdt&ry%ﬁ[‘%’Jl&matedasbemiﬁls@if tRe RBRUR energy of the
schematical |y the "anb ity inherent in shockwave-only 15tra ectory
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ti diff

of the Mach cone ofeREintR e RRAS TN Qanff, MEHGEEL BlcR i Pfrokiale) 10°
correctly di saang&mltﬁWZbe’dth%mmn eddlthnaal p;re.le@#lﬁ @mectmrca@e 6 shows
a schematic dj agp, édﬁ,bﬁi%g&'ﬁé 31‘&91%9&8&? ;reg!mgas ed'sﬁo@cw%@ﬁﬁéﬁarm

flow of a geneti cfm*lgorl t used to correct I guatin et ween
shoot er tr aj ect ohdseppsifivealug i§ igssthgaraonisimnt urue\prfmatalltl@malmnxum time,
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schemati c process gram o netic algorit
the measured energy over the window, preferably disregarding portions in the

10 detected signal caused by shockwave echoes. Advantageously, the peak signal value
can be determined in the window producing the maximum total energy and if the
peak signal value is greater than the measured total energy in the window by a
predefined ratio factor, the peak signal value can be identified as being related to the

muzzle signal.

15 Embodiments of the invention may include one or more of the following
features. The timing error distribution of the antenna and/or the acoustic sensors can
be related to gain variations, sampling variations and sensor location variations of
the antenna sensors. The confidence level for disambignation 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



WO 2006/ 096208PCT/ US2005/ 030126 range estinmation; Detail ed
Description of Certain Illustrated Enbodi ments As descri bed
above in summary, the invention provides, in various enbodi nents,

nmet hods and systens for shooter range estinmation and di sanbi guation 5
of projectile trajectories. These systens and nethod are particularly
useful and APRXMPFUEEBUS, when an insufficient number O?CBﬁ$@Wﬂ¥@W§
required for an accurate solution are detected or when such
paranmeters cannot be detected reliably. Supersonic projectile
trajectories are estinmated solely fromprojectile shockwave arri val

ti mes neasured by several closely spaced sensors distributed 10

t hroughout a "small" neasurenent volune referred to as antenna. A
measur enent volunme is consjdered small if the sensor spacing is 2
meters or |ess. seapdlachdordhasisenser thal stops the start saypntpr fog thatrepions TReIDPAe
llocation of they3iQGhehe bhekRMNOR rBNHRRS the Mferthct kalRGrdRekreddrafiy t he
trajectory. This distance can be found if the antenna al so obtains

the arrival tine ofurdtaefeahres ki dvafiiges FURhredsRIRNRtion WilleHPFatdr® frbinast

is not 15al ways detectable, so that_ an accurate shockwave-only
solution is essdmtipligwingdeserintiop af prefsged srebofimenisepd from the claimgt o 1 j ng

now to FIG 1, the_shockwave surface is considered to be an expandi ng
coni cal surfécewgé@&ﬂﬁ%i dent with the bullet

trajectory. The sh ﬁkmave urface i%? | so re}@rred toagipthe %&EP
tre’s,

Tl
cone. To obtain th&eSH deatuzes apd pdyantages of 1B nventoa &I pomate

the arrival anghfderdidt vyark fofloWihg AluEALe dReriptiol with ecfedicitéihe gpREdaNt
of the radius of curvature_ of the expandi n'g_ coni cal surface are to be
i

det er mi ned fr omiEHinEseln ViiiGheedemppis afplahgled vithilise reforenics fesignations gad which
sensors. The ar rjayabt wngk&iedf the conical surface-generator that
first reaches the antenna determ nes two possible relative angl es

(often call q@d ' anbFrQUShowd @h@satically alchfs-dhial elewlof AMREH Eink ift@baating/ €
to the arrival angle at t.ﬂ&nantenna. The ' anbi guous' angles w Il be

described in nore detai MBI % h reference to FIG 3. The radius
of curvature of the conical surface at the_antenna deterni nes both
di stance and directi®& S °Y%séﬂ?"Faé‘f§E’taBr°§?mPf%Sﬁ‘F%[d‘FéH"“{SH] o diregtipnsl
of curvature along the paéditi@fensdng surface-generator determ nes which

direction the bullet is novi ng, thereby . .
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 aprocess flow of a genetic algorithm used to correctly

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

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



removing the "anmbiguity' between the two possible directions.
Determ ni ng these three shoci cwave properties accurately and
correctly decide between the two possi bl e 'anbiguous' trajectory
angl es requires very precise neasurenents. For exanple, randomerrors
shoul d be no greater than approximately 1 ps to decide correctly 5
bet ween t he WR&00&M%62H8nat i ve shooter aspect angl es. POAAISRO0%(030126 d
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 sensors (N=7) able to
determne the arrival tinmes of an advanci ng coni cal shockwave. Since
incomng bullet trajectories can essentially be 10 expected to
originate from anywhere, the antenna elenments 23 to 28 can

advant ageously be uni form isgrLbuted at locations C (Cj, Q O
over a spheri cal surfacgyg%ﬁgﬂmlﬁ% el ement 22 located in the center

at (&0 , Cyo, Cz%etaiiseﬂﬁ 3ot m rf[ﬂllﬁsﬁgéﬁfim? 3 te%e is presented

i ndependent of th X at the first
sensor, designated r I gﬁ&q%g anci ng 15
coni cal surface i SAgg?]stg{?%él agé‘%tl‘,r?, . ’qgfﬁ%%?nﬂgéﬁgg@gé g‘iagg‘%ls t he
advanci ng coni cahbsliméms; enetiiodsardsspsienssfior shootesrangeresfieationsnd disanibiygation

urTace ar e abt SRS CRERig TRRs SelchR Shfhelo bR RRRNARL0 68", 7

the | ocal speedadvantageons] when an msyfficent numbdrtof pargmdters réquirdidbeanaceursio
measur enent errors, then.t coni cal, surface passi t.h t he
ref erence sensoF°lFt§°%° %tescg‘%ﬁéfve%ﬁuﬁ%%ﬁ ycq?rﬁ(éﬁg‘?tﬁ?g ?%M%H%I isor s,
wi th the three- di nBmsrsonialprajetitedrajratoeiss aé estimatellsglely fitom projeatild y

determning all paraneters,of the shockwav one. However, ..

ment i oned above FIE)O(EFV%VFS"“?V&] ﬁ‘ﬁ%s 'g?aﬂr?/lglf’y ﬁe?’eﬁé °Eﬂ§§¥ ﬁ?aé?fﬁ%{’ssorgachsgﬁéué%s or
coor di nat es 10an threghbit al*“smell’Yisaeureraend aslame tefersed toas anteans Homkaarementone
and hence also of, the prajectile'.s.trajectory. In the follow ng, the
e G T T or omoe Vol i QphSEt el il i et Shrdinind Pethion bt e le

deci si ons about pidj@tileWrafdctoey 18iideatifdihihg lheitiontof Bie@hdoddrYs ladwh escepd fbd  be
descri bed. The system ad ant.ageouiiﬁg j ncor por at es J‘g_??tures 0
ensure that it WisfapceRsek ploag the Bafeoyy ANE fistapce tppad if th aptenna also

vehi cl e noi se, ‘biametheQRivaliii€lofnBe Hezz asEddund. fIdweves IR A RE]e bR&Ss not
exanpl e, the sensor npast can be nounted t(??va ve]gi cl.e, (not shovplzl_ 30
with el ast orfér | @Wyedieriable, s thatian gequpptehackwgvesply solption s essenttg! forrhe
sensors can be da&ﬁlﬁﬁihgqlet@je&ﬁa@_ends of the spines with elastoneric
couplings, having | owfrequency. resonances at about 1 Hz to isolate

t hem from spi ne vi BesEgRowda 5161, G phoskewavg gurfase isiconadred 10 86 8P cormon

hub that contai ré)'épaﬁﬁiﬂk echil ﬁﬁfa&&iﬂvﬁ@dts‘m& EdindiceRt \aitﬁ@le Bﬁle@ﬁ&j@&cﬁ}ﬁd’rﬁ@
the sensor nast with el astoneric shock nounts to isolate it from nast

5vi brati ons. shqckwaneduEfaesns alsateferred odathsdiagheonsi dm ohlaipdhe thaskwaser be
enpl oyed to il - S t i i £al

found in shozc(:) kmig\%(é’-sglg&?@ggggsaérg}’negrhg’.th%é?ﬁ%t] hﬁ%geggﬁfg%gﬁh@ etﬂr)elyzed,
i.e., relative, spatidl gradiets of tha radins e evsyatae pithe pipandingsqonigahsatfapegrede be

provided only f QEteHihé&gﬁJn@BlinQQ'times measured at five or more antenna sensors.

The arrival angle of the conical surface-generator that first reaches the antenna

determines two possibie relative angles (often called 'ambiguons’ 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



10Referring nowto FIG 8, a process 800 determines if a detected
signal originates froma shockwave. The process 800 starts at step
802 and checks in step 804 if the signal is a | oud enough event to
count as a shock, for exanple, does the peak signal val ue exceed a

gi ven paraneterlzed t hreshold of, e.g., 500. If this is the case, the
process 800 WOWIFHIEWE with step 806 and checks if ther ECTUSHOYEAAS
transient 15 fromzero to the peak signal value, making sure that the
transient to this peak value is not preceded by another signal having
a significant nmagnitude, for exanple, 1/16 of the peak signal val ue.
If this is the case, the process 800 continues with step 808 and
checks if the tinme between shockwave m nima and maxi ma has a
sufficiently large value, for 20 exanple, 200 - 400 s. If this is the

case, the pr chf‘%ﬁwﬁﬁ%&%ﬁ ﬁglwﬁe%éﬂhhé%%ém ‘ﬁﬂgh&ﬁe%é"hh %ose

nagnltudes of e mnl ma peak nal anplitudes c
e.g. W thin 35%refshoskevasspropestics alcturatﬁwgnd @n'qutbr d@@zﬁ@betwp@tb(?@@@@wé@o

h,
ggg;: pggsmwmt w@ﬂ&g@ %J‘gangl?%{i% 53 dnfes &J?,e rg&se%ﬁea@ﬁe.ma% fidr pffy he

10 s 5h usi ng essentl a
sane criteria amdom esbmsh@mﬁbe id gredhcr@anspnrbremﬂslydasep dedide qortetlyss 800

continues wi_th, ste 14 a mes between the maxi num
si gnal val ué all?atwlgﬁ’etgi'evf"o H@%’E sﬁmaotgrnaapeo W}@%n the zero-crossing and
t he m ni num'si gnarrhe/ﬁhuieedakmmgrﬁmbmhmated By conxidsringehe popdgation

The procese. BoshiaicoRhs e RENE P R ER o Re R BRI 2t

signal is proceased 2osﬁ@me8mensﬁarmevmleyo ddtdrméreahodrrivd1 6ind06f deci si on
steps is answered in the négﬁglve i he detec&&d S|%paj does no

originate fro vangipg eqnicah hockwavey Sigqesncopinghullet fEpigstories ¢45 ‘ﬁ"‘@i’aslfbet he
projectile for aleﬁp‘cbféﬂ}b ¢r$glmwmdnme@omamt&aa ¥embnts beto08ash s The

def i nod ag t he WvERERHe peRuER Jeobutdn hetions Cibe. Go i e PR .

L refers 5 to tiagaceidiodic@lcnfehi 22 banginthe tentdn at (DR} eoﬂaCthetHaaaﬂH of
curvature of the cone at the two ends_of the antenna 20 are r| and

12. The end vi SHEH ShOr pReFprgpresegied ndepepdet ofrthe TR¥HENEBWI Rt ur e

r, is measured msgnfstth@trlﬁ@ﬁﬂt éeﬁso? Qiéﬁ ated aSlthe référ@!fc@ §£rﬁ3r, défgkﬁ‘s 809dvandhd S
defined by sin(0) =L/ 2rl, so at for snal tg one obtains

0 L/ 2 rt. Ifhe covipabsurface isrdspried wéaswethéwse@?@rs\ﬂ&teetr efb@wwmwé
points on the %E&?%Q%uﬁééﬁﬁéa@ﬁrgl@de%t%@&fﬂ wea%aﬁds&ahgaﬁhn &i‘d(aﬁ&@ﬁxﬁﬂ\é th

radius ri is equa
(8.r1-c). The tdirn@oupfmelﬂ@m@nmirw aga abtedned by natlnnlmngeach of the

Lsin(13) is gi hgr2e t rorl.
Accog di %g| Y, gd;ﬁg,{l, QIHB@S lo?él)gfn/%agﬁbg’éd MAgsSm n.SPQZb?ﬁég%%gehg

measur enent er rrma@remené erroraébﬁmrthm@ntcwaﬁmfacn passing thonghniba 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



15 tinme differences dt, and dt2 are randomy distributed val ues
havi ng different nmeans dt, and dt2 but the same statistically

determ ned standard deviation a, the nean neasurenent val ues at the
two ends of the array correctly determ ne the |ocal curvature there.
Exenmpl ary distributions of neasurenent values for the tine

di f f er enceswit2006406208lt 2 are shown in FIG 4. 20The sanpfEUsBEdIeEeNt
made at end 2 is shown as X. The radius of curvature at end 2 (radius
r2) is smaller than at end 1 (radius ri). Therefore, all neasurenents
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
measurenent at end 2 is equal to X is given by: P(r; <v2ix)= P2 (X

A (4:1,2 , with p2(x)=-, 2ffi -arca
I ntegration oveﬁﬂ%mﬁﬂﬁ“ﬁﬁﬁpﬁ§“§%5§$$Fﬁ?%%ﬁmB?“Vﬁﬁm%ﬁ?@%“F%éﬂTE ugngy

the follow ng probiaRkdsiat 3ot 1 AR i8dlatt BRmMGERA Hile vitRaon! S&asoPs(pines Gan'be)
=-1- 1,eif(u- a)du 2 24g dt -dtL3 sin(0) witha =1 r- -
Ni 2cr 1. 128ri ccr attached to a common hub that contains analog electronics, which can also be
attached to the sensor mast with elastomeric shock mounts to isolate it from mast
5  vibrations.

In addition, the following decision algorithm can be employed to filter out
signals that Jack the signatures typically found in shockwave-derived signals. All
the values are parameterized, i.e., relative, and can be tuned externally. The listed
values are provided only for illustration.

10 Referring now to FIG. 8, a process 800 determines if a detected signal
originates from a shockwave. The process 800 starts at step 802 and checks in step
804 if the signal is a loud enough event to count as a shock, for example, does the
peak signal value exceed a given parameterized threshold of, e.g., 500. If this is the
case, the process 800 continues with step 806 and checks if there is a sharp transient

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

If this is the case, the process 800 continues with step 808 and checks if the
time between shockwave minima and maxima has a sufficiently large value, for

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

25  case, the process 800 continues with step 814 and checks if the times between the
maximum signal value and the zero-crossing and between the zero-crossing and the
minimum signal value are comparable, for example, within approximately 180 ys.

If all steps produce an affirmative response, the pi’ocess 800 decides that the signal
can be a shockwave and the signal is processed, step 816. Conversely, if one of the

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

10



5Referring nowto FIG 5, the probability of a correct decision, or
confidence | evel for disanbiguation, is plotted for two exenplary
antenna sizes, L = Imand L = 2m against the closest point of
approach (CPA) r between the projectile's traj ectory and the antenna
20. The sound velocity is assuned to be c 340 m's. It is evident
that a | ar g&Y0 ME®ANB has significantly expanded r ange PEHPS52005/030126
unanbi guous shockwave- 10 only solutions. For |arge CPA val ues, the
difference in curvature at the two ends of the antenna (rl1 and r2) is
too small to be distinguishable, so the probability for a correct
deci si on approaches 50 % or conplete anbiguity. Accordingly, the
confidence | evel depends on the size, i.e. the dianeter or spatial
extent, of the antenna. 15As nentioned above, errors arise from
timng errors aﬂﬁlasshmvc;stepﬂlmate uncertainty. Sensor coordi nate

uncertainty contr tes. bi rosth e _a highl rlable
function of shoci Q?ﬁlﬁ%gfé -AngF 8 \f&\?@?mryfls % 'llré?%iot SPRAdY it

angl es, sensor t}féq%ciil TS Madhlahgle §s ARG 6 aSrdsia(tddywhirsaM b thé Maance
errors. Timng errors arise also bhot h{)%mﬁ%gm and signal
strength vari aPWBs deiimsaeotye erpssHle velpeitichdixided by e stad yelogiy . Jolletesy o

obt ai ned whgn w&armatehmetlsngm §f8hd Mitehna. PriRsafi df BEreRielof méabnitat .
The timng error dt caused by a gain variation dg tﬁe ends u on, t he

Lime rate of voveegsot e uensa 20 i i e Tu ThA G Viewin half gfh ggicgre

dvdt. Tim emmﬁrhwcar@h&q. Q%m%@st&ﬁ%@d% &iako SLrAAGLS). YRS i
over the aperture. an ag)erture of length L and a cylindrical

sound source a@l@lﬁﬂfmembbesm@) T e 2ra %o hahpsumalimagley eous obipinsidat LA T
across the ape \m@;

pressure at threllh g[ugl? ? Eﬁegeggegﬁ?&&egﬁﬁ“ﬁh{m%&em rr ro‘l;:ﬂézp %a‘%l?g%gﬁﬁ§&%g
applies al 96 fdarsecttﬂngﬁlelsomyqieurﬁce with cadjusw is hquahte dtax-pﬂidafssﬂr on-dy/e~n ¢’
repl aci ng the Iatl g r itud

are not random rcmr{“g ggﬁac?)rﬁrhea[g}'%&%{r]@&um or'gr}ﬂ%m%%t}l%ﬁlv rrtg %‘%n{éa
across the ent igiven hythe sameexpressiar, witht, Stub&ltuteirfbeﬁ Agwordighy ek =g¢teaL%r
than 10 10 m f%ﬁﬁ 1:maperture, the maxinum anplitude factor is

| ess than 0.05 (,8 9 s less than the channel gain variation
paramet er of 0.2, Asanfifiguinbisddenéasurciuent borg i), adsurding érat the segsurenizet

i d. | d d b 10
LEINE i I e T A T T
length of 1 m tdhahd e bstukicsama ktatidticallydetetrRineditand i eviaioare, titmean

\hSF ﬁalt Ihzt e eStrrllcgsq}reen?enI \(f)arluetsI t”tlu? %voeénﬁé’ (gfs theca?'rléltfr ggrre%ﬁy ge?enrrsn?nre enlocarlt ainty

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 r) is smaller than at end 1 (radius ry). Therefore, all measurements
made at end one that have values larger than X will resuit 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



assunption that the magnitudes of the error vectors are statistically
i ndependent and uniformy distributed between 0 and 1 mm and that
the error angles are statistically independent, the standard

devi ation of equivalent uniformy distributed randomtine difference
errors will be equal to 10-3,- -0.85 w. The standard devi ati on of
340 'v./12 JWOROHBIRMEI |y distributed randomtime sanpl iB&d/UERM0HP38126 or
a systemsanpling at 1 MHz is equal to 0.25 ps. Timng errors due to
gain variations are estimated to be approximately 0.75 is for an
exenplary systemw th a channel bandw dth of about 18 kHz,
corresponding to a voltage rate of about 0.02 V/p.s. The enpl oyed
acoustic sensors for each array were chosen to have sensitivities
within 1,5 dB. Therefore, 25 channel relative gain variations are
approximately uniformy distributed betweeg 0.84 and 1.19, so that
the standard deviation of rel ap'lv&zg@iﬁpzi(@j'pggjdgxi mately equal to
1.19 - 0.84 = 0.10. The threshold voltage iits Vo = 0.15 V, resulting
in a standard deviation of timng errors of abguiy0.75 ps.

Total measurenent timing errorggare ©Behi by* assum ng t hat
channel gain variations, sanpling variati r and sensor | ocation
variations are all statistically 5 indepen?enﬂpﬁ?hen, the timng
error standard deviation can bmdestwnﬁpegrase10¢852 +0. 752 +0. 252
-1. 1. It is difficult and expensive tNgZfichi eve such precision

wi th anal og to digital conversion, because high sanpling rates

fol | owed by i nt dnisetation st 5 ped Madegsybstriugien af Yariaplesreswts ircthe fodlowing
accuratel y measyf.Lig:; 312X D] ~of -Arrival (TDOA) 10are
enpl oyed in the‘%{:ﬁé&h@%ﬁdgﬁg@ﬂ%ﬁ@&‘ﬁ&ﬁﬁoﬁne enbodi nment, the

exenpl ary system uses an anal og tine iifferenqe of arrival (TDQOA)
circuit using 1 Mz clocks in pachrya JIheq@&eﬁkm are triggered
when the sensor signal exceed a thresBol2zsiugnal | evel at the
reference sensor, which was defined abgyegas thgy@gnsor that first
encounters the shockwave. 15 A8iti sAR a1 MHz clock rate
is sufficient to elimnate the inportan 9 of %bgganple errors in
practice. The system operates in an anal og mode, relying on the

det ection of I hresHARTIREYRY @ FIG; 3, fnenrebabifity; of gicomres decisingy 915PRGdeRCe: he

fol I owi ng functi@Rs for disambiguation, is flokdd 181 two ¥k &hiplhr§ aitBna¥2e$) L="En and L=
channel signal anplitude at the reference 20sensor that first |
encount ers t he shb@EReiaseciases paintof appreash (rRANdtyeen the projgstikestejectory

latch sets start, Qouhehsa 30 THe 3Gihd SEBERA! assiM D bBE € 340 fYL TR bREenPY
one count at each clock cycle. The procéssor 1s alerted. 3

The counter in ethetre lereenmaisnnahas signifieantly expandsd rangs fs vaamijeusunghopkwave-
encounters 4, only solutions. For large CPA values, the difference in curvature at the two ends of

the antenna (r) and 13) is too small to be distingunishable, 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



t he shockwave. This sets a second latch in the channel, which stops
the 25count in that channel. If no second latch is set, the
correspondi ng counter runs to an upper limt value. 4. The final
nunber of counts in each counter is recorded in a digital TDOA

regi ster. WD 2006/ 096208PCT/ US2005/ 030126 5. The processor reads the
TDOA regi stwn.20d8/096BbB2 pr ocessor resets the counters foFCHERMSPINY t he
next shoci cwave. I n anot her enbodi nent, the correlation for
each channel with every other 5 channel is conputed, for a tine
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)E jg(r +t)h(r)dr The correlation is a function oft,
which is called a "lag." It therefore lies in the tinme donain, and
has the follow ng property: 10Corr(g, h) fYH(-f) when g and h

are real funct i piesst reshold valper¥o. T fiinggrrp CF‘EE‘?‘PBE}? g"’c“im’ﬂ?ﬂf‘?ﬁ@ends
g(t), and H(f) is the Fourier transformof h(t). The to ,ygal power in a
si gnal is: Tot alipoRdiectim¢ yate(af valPagd increagfpy thy dpnpH, wWigiT#e ~~ —5
time-of-arrival signal has a finite length, so that the |nyégrat|on
(or summation for discrete data) need only be perfornmed over a finite
time interval centehtifk &Fdssh dchﬁ- wﬂeﬁﬁw@f@ﬂrstréng&i variehéevel thegpdrtueel Fohe

data in one or both chanpel nde addj so t hat
the duration ofa%ﬁﬁﬂwﬁﬂ?EPgﬁ Wﬁ@ﬁﬁ QF@X%H§ aﬁ ﬁ% D00 n
the follow ng dblgmse%lamnaﬂdataemﬂheapa&memqumw@pmfm@pwh@apo iathe setmed

for
pressure at the aperture center. The timing error equation above applies also for this

type of error, with the expression —2L— replacing the relative gain variation Egg— . The
¥

amplitude errors are not random among sensors, but vary uniformly from a
maximum across the entire aperture to zero at the center. At ranges greater than 10
10 m, fora | m aperture, the maximum amplitude factor is less than 0,05, which is less
than the channe] 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 O and 1 mm, and that the error angles are statistically

independent, the standard deviation of equivalent uniformly distributed random time

difference errors will be equal to L =0.85 us. The standard deviation of
340912
20  binomially distributed random time sampling errors for a system sampling at 1 MHz
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



simplicity, although the actual data are digitized and discrete
val ues. Those skilled in the art will easily be able to replace the

I ntegrals by a summati on. Referring nowto FIG 6, in a process 60
t he shoci cwave signal tinme data M), gl(t) are acquired in each
channel i, j, steps 601, 602, and recorded as a function of tine. In

st eps 603, oO¥QA2006/2880t al signal power in a channel i PETASHYSOBHGT or
subsequent nornmalization of the correlation as Total Power in channel
i eflg;, w2 dr Signal duration The Fourier transform GL(f) of the
shoci cwave signal time data g(t) is conputed 5 for channel i and the
conjugate G -f) is formed, step 605. Likew se, the Fourier transform
G (f) of the shocicwave signal time data gi(t) is conputed for all
the ot her channels j, step 606. Thereafter, the cross-correlation

f)&O f i h ch | 608, whi h'
2 funttton 11 (1 Gome =04 Ceatgfr%ﬁ@ﬂfﬁ%'@raseﬁﬁ?foééﬁ?} FHiieE ingtanderd

the time tr, where 1t) has Its maxi num val ue, step 610. The 10
correl ation betd&eﬁnoﬁch&mﬁh@mé5fsbommdsjps.can be defined as Corr(g 1,9
j). peak value ff_ (l

Total measurement timing errors are estimated by assuming that channel gain
variations, sampling variations, and sensor location variations are all statistically

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

V0.85% +0.752 4025 = 1.1 s,

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

10 are employed in the disclosed system.

In one embodiment, the exemplary system uses an analog time difference of
arrival (TDDA) 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, 2 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 [atch is set wheu 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 2 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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V(Power Channel i)* (Power Channel j) The residual for” channet
i Is conputed by conputing the nean value for a sensor i over all
sensors j: Re sidual (i)= nmean(E(1-Corr(gi,g j)) 15as 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"”

sol ution, stE)208§W6208  As npentioned above, the channePCHESH0H30126
typically sanpled at discrete tine intervals with a predefined
sanpling rate of, for exanple, 41, 666.66 sanples/sec. This
corresponds to a bin width of 24 ps, reflecting the tine resolution
for the 20 received signal. The correlation processing is done with a
time resolution that is inproved by a factor of 8 to 3 ps by taking
333333 sanpl es/ sec. Once the various tinme differences of arrival

(TDOA) between the W@&Sgamgdsbm@g&@smrned from shockwave-only
signals, the shoot er_azimuth and elevation and.the bullet trajectory

can be det erm nedd- TFS REpRSEsORIESEi S gquatsrs for receivingthepext shockwaye: ¢ he
shooter fromthe sensor array can be determned if the muzzle bl ast
signal is known in addition. In a Cartesian coordi nate system

centered at the cgRh&her@hbbdifiem! iha¥orrelatiBn for €408 chinniel widvery oftier O,
0)), the tine of arrival TOA of the shockwave at a givyen sensor

5(C.i, CA, #&yjyhapagdis gomguted,fos atirgs sﬂslﬁerwentw%m%b@y ofthghardyag cos) 0
1114r 2Ti  si n( 1ghhAMete¥tidd. trhe ERReRlion oftRE fanclions; dendfed Lorrg, B)is efinbd v¢2)

Corr(g,h)= Tg(r +Dh(r)dr

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

time domain, and has the following property:
10 Corr(g,h} = G(NHH(-1)

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)l2 dr = ﬂH nN'dr

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 g(t),
gj(t) are acquired in each channel i, j, steps 601, 602, and recorded as a function of
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oyzo LM [V, V = VW represents the supersonic bullet velocity Mc =V
=1V,2+ V, + V. wth c being the speed of sound and M the Mach nunber.
| S represents the 'miss 10 angle' between shooter position and bull et
trajectory, which includes both azinmuth and el evation angles. A
direct hit would correspond to fl = 0. The Mach angle EY is defined
by -1 = si n(\0§200r098208nent i oned above and indicated in PCTUSB05/H36126 g
gi ven shooter position and bullet trajectory, there is another
shooter position and bullet trajectory for which the 15 TOA of the
shoci cwave at a given set of sensors is nearly identical. The two
anbi guous.solutions are in fact identical if in a sinplified nodel,
t he shoci cwave is assuned to propagate across the sensor array as a
pl ane wave. |f the TDOA resol ution is high enough . to resol t he
curvature of t%e-sIﬁé@P%%@%ﬂﬁéﬁgtS@dt e’rfééf’ﬁ“’g"‘?ldésr?ﬂ“@ﬁtf‘y | uti ons
can be di sanbigg%@g,ma;hﬁuﬁas@aﬁha@;ﬁmb@w ty of 20 shoci cwave-only
TDOA solutions is indicated in FIG 3. Assum ng sufficiently
accurate TOA neasurements, the true solutjon for shooter position and
bul | et traj ect or yTadPower inlobainaldéE by ﬂg@m}ufn ng the shooter/trajectory
conmbi nation that mnimzes the roockwaean-square (RMS) residual of
nmeasur ed and conput ed shoci cwave TDOA s: =minfrog, -r N2ann) 1

The Fourier transform Gi(f) of the shockwave signal time data gi{t) is computed

5  forchannel i and the conjugate G;(—f) is formed, step 605. Likewise, the Fourier
transform Gj(f) of the shockwave signal time data g(t) is computed for zll the other
channels j, step 606. Thereafter, the cross-correlation Gi(—f)-G;(f) is formed for each
channel pair (i, j), step 608, which is a function £;;(t) of the *“lag” t. The TDOA for
each channel pair is the time ty,, where f(t) has its maximum value, step 610. The

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

peak value f (1)
«J(Power Channel i)+ (Power Channel j)

Corr(g;,8;)=

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

sensor i over all sensors j:

Re sidual(i) = mean(z (1-Corr(g;,g;))
Jel
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 arrival (TDOA) between the sensors have
been determined from shockwave-only signals, the shooter azimuth and elevation

and the bullet trajectory can be determined. The shooter position, i.e. the distance of
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wherein the sumis taken over all sensors. One approach for solving
this problemis the LI Levenberg-Mrquardt 5al gorithm described in
detail in US patent 5,930,202. Mst cl assical point-by-point

al gorithns use a determnistic procedure for approaching the optinmm
solution, starting froma random guess solution and specifying a
search di reB’ﬂ’@W’“g@%d on a pre-specified transition rtf%’ g“ﬁ’gﬂmés
di rect nmethods using an objective function and constraint val ues and
gradi ent - based net hods using first and second order 10 derivatives.
However, these nmethods have di sadvantages, for exanple, that an
optimal solution depends on the selected initial solution and that
the algorithmmay get "stuck"” at a sub-optimal solution, such as a

| ocal m nimum or where the cost function surface has a flat vall ey,

so that furt hef%{gfs otk .l’r&mhé’!.e{;éorMch&Ye‘?mInQ@ifrﬂf‘éHﬁizlebléih dieafis been

found that a global m ninumof the“shooter direction and the

proj ectil e trajloowoiyadditionbe conputed nore quickly and nore reliably
di sanbi guated by using an evol utionary genetic al gorithm (GA). GAs

m nic natural evollnriCariesiap cperdingie sysiasm egnteregiabihg cerﬁwéﬂlparr%a?-dkpand
optim zation prgc £5. tCaivhorb Al T in
FIG 7. Inst eade’ﬁ’f‘g’?g a@f ?':1?)3;}S V‘f’\rﬁ@ tq ﬁ?etzdg%j Sl ng@gﬁgﬁ?ﬁgﬁﬁ%@a%gﬁjﬁk@w a
GA process 79 b@yi g, Cp<ses FXG.Ahistgjvenit i al i zi ng a random popul ati on
of solutions, step 71, and sets a generation counter to zero

indicating the initial so@ii g;;,——tz_ 2. Once a random ‘
popul ati on of sol u{"i“bﬁé"TMc cpge@t)i . e?gﬁmﬁ eval uated in the context
of the nonlinear programm ng problem S{step ;EV and a fitness
(relative nerit) is assigpe¢ (xg-€ayhvsa] v v (Bf-ez)74. The fitness
25 can be represenvigd Cbs(%yh ' { 7 'c T between a

cal cul ated solution and the neasured sOlf'ution. Armn = nunTal c

rmeta¥Y Intuitively, \?\’h | gorithm having a small value of AT,,,to is
better. For exanpl e, n applying the GA to di sanbi guat

solution for the sHeg¥pl representi theapemsenicbrdlepveljcisy dcieV t=r£?e@ffor&’,, t he
exenpl ary GA uses as|g ¢hronosonme an Sinitial popul ation of 200 4-s,
wi th each 4- containi the foll ow ng val ues: [Azinmuthshoot,

El evat i onshoot etith Abbify tHaRpdee eflsould dM iterMah memblér. 3 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 © is

defined by -;Z =5in(®).

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 minjmizes the root-mean-square (RMS) residual
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[ Azi mut hshoot er, El evati onshooter] are defined by the angle
(43-1-(3), while TAzimuthm d, El evationm sga are defined by the angle
/3 (see FIG 3). Since nmuzzle blast is not used with the

af oredescri bed shockwave-only approach, a 10 nom nal range between
the sensor array and the shooter of 100 neter is assuned. The
initial popu\"ﬁ?%&’ﬂs"?"é‘ created by random sel ection of t RETAISZ0ERAINI ng
a neani ngful and reasonabl e range of values (all values are in
degrees): Azi nmut hshooter = {0, , 360), Elevationshooter = (10, ,
30), 15Azi nut hnteeee = {-20,,20), and El evati onhaseed = {-20,, 20}.

It is checked in step 75 if a maxi mum nunber of iterations for the
GA, which can be set, for exanple, at 25, has been reached. If the
maxi mrum nunber of iterations has been reached, the process 70 stops
at step 80, and the result can be 20either accepted or further

eval uat ed. Ot hetfiedairedand sopputehdieprays THPASet fitness criteria have

been sati sfi ed. Fitness criteria can be, for exanple, a conputed
m ssed azinuth of <5 and/or a rati0, efmihhd fesidual *s of two anbi guous
solutions. If the fitness criteria are sifrsfied ’the process 70

stops at step 80; otherw se, a new popul atlon I's created 25 through

crossover, step 7 &xheRRtthetinaisitaen ocdr elPsensors.and t he generati on counter
is increnented by one, step 79. I n each generation, the "best"

i ndi vidual is all @ﬂed ir@ac‘élféﬂéblﬁﬁ)gumylbalbﬁds thelle LeasmbérBMErQRrdt 00

i ndi vi dual s, _ as t.heir ess su but .are used
to create the SE ‘Bﬁdﬂ%ﬂ $‘=105208f &("ﬁ \ssical POIRGRYROING t 1

the 5crossover/jipgritirhAi3e QBEERMiRER Proced@E for AppkedehiRg the optimum solution,
starting from a random guess solution and specifying a search direction based on a
pre-specified transition rule, such as direct methods using an objective function and
constraint values and gradient-based methods using first and second order

10 derivatives. However, these methods have disadvantages, for example, that an

optimal solution depends on the selected initial solution and that the algorithm may
get “stuck” at a sub-optimal solution, such as a local minimum or where the cost
function surface has a flat valley, so that further iterations will not improve the

result.

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

principles and apply these to search and optimization procedures.

A schematic flow diagram of a GA is shown in FIG. 7. Instead of starting with
20  asingle guess for a solution, a GA process 70 begins its search by initializing a
ranidom 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 2 fitness (relative merit) is assigned to each solution, step 74. Th.e fitness
25  can be represented by the Euclidean distance Ay, between a calculated solution and

the measured solution.
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The follow ng exenplary crossover and nutation operators were used to
denonstrate the process 70: Operator Name Operator Type Probability
Descri ption Azi nut h- Crossover Crossover 0.5 Exchange
shooter/trajectory azimuth between two chronopsones M ssed- Crossover
Crossover 0.5 Exchange m ssed azi nut h/ el evati on between two

chr onosones we mbahoédng at i on Mutation 0.3 Repl ace a gi veRCT/US0eS00aE% h a
probability of 0.25 per field) with a randonmly sel ected new val ue

wi t hin range

/

A Tmin = min J Z (Tcnlc - Tmea.v )2

Intuitively, an algorithm having a small value of Aty is better.

For example, when applying the GA to disambiguate the solution for the shooter
direction and projectile trajectory, the exemplary GA uses as a chromosome an

5 initial population of 200 4-s, with each 4- containing the following values:
[Azimuthsnooter, Elevationgeoter, AZimuthuissea, Elevationmissed]-

[Azimuthshooter, Elevationgheoer] are defined by the angle (6+8), while
‘TAzimuthyisses, Elevationwisseq] are defined by the angle £ (see FIG. 3). Since
muzzle blast is not used with the aforedescribed shockwave-only approach, a

10  norminal 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):
Azimuthghooer = {0, ..., 360},
Elevationspooer = {-10, ..., 30},
15 Azimuthygigsea = {-20, ..., 20}, and
ElevaﬁonMisscd = {'20, cusy 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.

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

25  through crossover, step 77, and mutation, step 78, and the generation counter is
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| ncrenental -Mutation Mutation 0.4 Introduce small nutations in al

fields of a chronmosone (within 52 for shooter

information; within

50.5 for mssed information Flip-Mitation Miutation 0.1 Change the
solution into the anbi guous alternate solution No-Mitation Mitation

0.2 Chronbsone renai ns

i nt act

Table 1 10

Di sanbi guation is

achi eved antWmzoodiospmoeved by performing a gradi ent sear 8aT/A20031801Re St
solution and the corresponding alternate solution. For both anbi guous
solutions, the residuals and the ratios of the residuals are
conputed. lithe conputed mi ssed azinuth is <15, representing "cl ose”
shots and if the ratio of the residuals is 15 >2, then the sol ution
residual is selected. O herwi se, no actual selection

with the | owner

is made, and the solution with the | ower
"primary" solution, WhLIe t he
"al ternat e" sofngtemspted

y one, step

residual is |abeled the
9 her solution is | abel ed an

In each generation, the “best” individual is allowed to survive unmutated,

whereas the top 100 individuals, as judged by their fitness, also survive, but are used

to create the next 100 individuals from pairs of these survivors with the

crossover/mutation operators listed in Table 1.

The following exemplary crossover and mutation operators were used to

demonstrate the process 70:

10

15

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 04 Introduce small mutations in all fields
of a chromosome (within <2° for
shooter information; within <0.5° for
missed information

Flip-Mutation Mutation | 0.1 Change the solution into the ambiguous
altemate solution

No-Mutation Mutation (0.2 Chromosome remains infact

Table 1

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

>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 “altemate” solution.
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Wth shockwave-only detection, the GA al gorithm produced a sol ution
on a 1 GHz conputer running the Linux operating systemin 0.15
seconds on a broad range of sinulated shots. 97% of the simnulated
shots were within 15 of m ssed azinuth, and 86% of the sinulated
shots were within 5 of m ssed azimuth. Using the 5aforedescribed

di sanbi guat imwonzoasgperoBt hm cl ose shots, i.e. shots havi RgraswsEeris
azi nuth of <15, were disanbi guated 95% of the tinme. The

di sanbi guati on al gorithm produced correct results for nore distant
shots 70% of the tine. The accuracy of disanbiguation is expected to
vary based on the sensor array geonetry and the presuned distribution
of shots, with shots having a | ow el evati on bei ng 10easier to

di sanbi guate. The aforedescribed solutions for the projectile

trajectory were obtained wthout detection of nuzzle bl ast. However,
it has been found Whthisheskeavesonhiedatections fedSA plgerithm producahaspiuonoynhl

recei ved only o&@ﬁg;ggg%m}fﬁgmk opHANRRYerf A, BSeAMUEN GERL SN

used to inprove ra ion a Iguation. 15FIG 9
shows schemat i caf sipulntedishays. §AYeof the sifnulatedoshotamerewiihiy TO&F missefdzimuthi ch

e oot 0odst I allPiss e limlalba YR BERMinfh o} EBmidely ozl TAIROS] C2N

be used to esti A% rajectory of the projec oot er
di recti on rebat iafoecdeseribérbdissntdgmatidnodgorithom clogthshofE Ok, shothdiaving a bdssed! on

a ballistic nodel. taki dnt coun i au hy siCaJ: .o
characteristics*#8" qfnn<g5 & efchdzsglﬁl?l(ﬁuget%{ﬁ}%gfgﬂ?tFT%ﬁhepéstaWPlggﬁnc?ﬁ as 20
the air density algefiihadproduceddomeetaesutis foenprerdistant shpts 70Veof|tiedtinie. (e P
(Px, Ps,, PO of a shooter: .the.azi nmut d_el.evation angl es of e
Tl e szl o Ot AR 9F oamifs HPeraER s hion ft RO SR Feohlle
Mach nunber); anafd thbprespreitinfibwion nfishorhwidhshom havisg adotvielevation being
tenperature/air den?%.g&q .W{h this ballistic nodel, it is possible
to accuratel'y cSPIEIOLIEAMYIAE \o At which the shoci cwave and nuzzl e

bl ast reach a partjcul.ar  point 25in ce. . .. .depicted. in th

i agr am of | FIG 6, TSRO s T prolpoi T B [ Ootafpel ffpout
relative to an dstegion of huzile blgst, Howevey, dtrtiaObeen S diabevan & wedcateit at
points gj (Sxj, Syl, SO and the hul]et trajectory is_.shown as
et i g f rom SIRELORBUEAL S Frectved Gttt Hahoering SRt e o
the shooter to tab@niagEousiynseato ifprbve ratidedeiniifivh apddisdimbiguangnr oach
(CPA) of the bullet to the PI sensor is "El =15 Isin(/3), and the

path foll owad fronFithe shevsschenticallytaddiagednooiaime of ArtvatiT@iAdehddelpm t he
trajectorytoth%ithh o s
which is described in more detail in US patent 6,178,141, The TOA model can be

used to estimate the trajectory of the projectile and the shooter direction relative to

the sensor location. The TOA model is based on a ballistic mode] 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  inspace.

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

Sy;, S3), and the bullet trajectory is shown as emanating from the shooter in the
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j sensor is a (the index j of the sensors has been omtted). The Mach
angle of the 5 bullet is 0=sie (UM, 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) speed of sound.
The 'mi ss-angl e’ between trajectory and the j'h sensor is al The
trajectory VEOMREPEPBerized by its azinuth angl e neasuPEHUS2005/030126
counter-clockwi se fromthe x-axis in the x-y plane and by its

el evation angle neasured upward from 10 the x-y plane. The equations
t hat define the shockwave arrival tine ti and unit vector at ther
sensor are witten in terns of these geonetrical quantities. The tine
of arrival is equal to the tine -121 it takes for the projectile to
travel the V distance A | to the point were sqgund i s radiated toward

the jth sensor,difspiipn of b Thergector from theshegier Qs sehiares Potheclosest painte
di st i f th j i int tomthe |t 1 , 1A1151 t
oo L L PR TR, R e Wi R ERRD e

i d i h f. d. Th h | i .
| ndi tated i n PSRN s ol oRds e Bkl AR bt ity @ o
the proj ecti| e papRyts CRASHIRY of e R688rs Rastos RGN C Thé FARPRRISIY 1O

the sensor spacing, so that thére i1s 1nsignificant ‘| oss of spee

bet ween the §i nRgiel i@ =PI e ¥ agi 84 8 thelNach REmBirlof BleRljecHRNT RS the
However, over |onger distances projectiles are known to sHow down due

to air resistanwersopifevelogity of B8 pjestile.and sois B (Riggshres eldemperaturar ag
A et hormt 1 cal BT e o e R L3t B o,
predict the arrf.vEie trajesiorois charantrsigrdlanits aamutingnglsarrasuitd gontet-clpskwissace
?Z | 3' f “B;t : ?2 gé%xgtﬁc'x'-his%ﬁ'ihc‘?iy AR bFtSe1RT6 gl tHeab6d RivkPEh ! ©
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.

4

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

distance t;! ' 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, —.

Al |8 D
£, =1, +J—I+u=t,J +usin(ﬂ +6},
v ) Co
wherein tg is a time reference (firing time) and cp 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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5coefficient Cb), 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 setting,
such as a battlefield. However, range estimation can be significant

i nproved by an iterative process shown in formof a process flow

di agr am 200waroddeézb€s. 10, whi ch takes into account deeet/esadsiosrizaf
the projectile velocity along the trajectory. The process 200 begins
at step 202 with the foll owi ng assunptions: co = speed of sound

nodi fied for outside tenperature/ air pressure (‘340 mis) Cb =

nom nal drag coefficient avenged over antici pated weapons Vo =,
initial velocity of the projectile, when fired, averaged over
antici pated 15 weapons M Vo/c = initial thh nunber of projectile

A first estimate of the sheoter nce co ted |n 204
using the rreas*ii?"éﬁ“?‘?cﬁﬁa'ﬂl?"fq@‘@ieéﬁ#tyﬁ tag o ‘f“t F‘ﬂﬂg\gdeﬂe ﬁ%e
arrival angle aqapeeatnmemua&mk AREtheM&tThEvaliRticiinatiel debi@edSRdhs PysRAll ay
and by assumng,an_ initial, constant Zpas peed Vo and Mach nunber M,

according to t Prcies 541 Rypdist theastiyg) tme of a shoekvayy at any ggneral pejntda space

assunptions, 48 iRhdbe6t4 fuﬁ s8t O?Pﬁﬁﬂeté‘ﬁs dé’scﬂlhﬁ% 8 pedjeRtile(QE) byies dEAROOL er
position P can be conputed in s 206 fromthe equation M= Moila

) 2 so ¥ hagoeflistent § ﬁétstlealp’Plﬁ'P% £04 the dengiiotihe WEOWRMESGE 'MONRoNg
the trajectoryhaeppes, step 208, a
The parameters required for an exact calculation are typically not known in a
realistic setting, such as a battlefield. However, range estimation can be significant
improved by an iterative process shown in form of a process flow diagram 200 in
10 FIG. 10, which takes into account deceleration of the projectile velocity along the
trajectory. The process 200 begins at step 202 with the following assumptions:

cg = speed of sound modified for outside temperature/ air pressure { =340 m/s)
Cy = nomina!l drag coefficient averaged over anticipated weapons

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

15  weapons
My = V/c = initial Mach number of projectile
A first estimate of the shooter distance Dy is computed in step 204 using the
measured time-difference-of-arrival (TDOAY) 7, and an arrival angle o between

shock and muzzle sound at the sensor array and by assuming an initial, constant

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

7, Co

1= cosler)

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

position P can be computed in step 206 from the equation

2
a
M, =M,|1-
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a ch The angle e is related to the Mach nunber M by the equation
5sin(0) = ma wherein the Mach nunber M, is initially set to Mb. It
shoul d be noted that the instantaneous bullet velocity is set to the
speed of sound (i.e., M = 1) if the conputed bullet velocity becones
| ess than the speed of sound. The revised distance a = 121 in ste
210 then be¥SHA%es/0P6888 = Do cos(13) (1ltan(P) Vmaz Tﬁgwgﬂﬂﬁ@§“§$
g'and S are related by the equation (a + /3+ 8) = 90. The process 200
t hen | oops back to step 206 by inserting the conmputed val ue for the
distance a in the equations for M and T. above, yielding an updated
Mach nunber M and an updated bullet travel tinme T., respectively,
for the traveled distance a. 15 The nmeasured TDOA Too and the
conput ed updated values for T. and a are then used to successively
update the value D for the shooter. range: D.= cO-frou.+ To)+ s
Thi's process is rcpdt by t‘m\"t‘{‘]ﬁl Pr@F‘Et’ilFetFa"gls H’&%‘ fif AaRehe gf’]f’%t?rgr ations
has been reachegkcomed, ep 2@8)ge val ues D converge, as determned in
step 212. 20The process 200 al so checks in step 214, if the revised
range value D =for_the digtance between the shooter and the sensor
array is a "reasonEbe*‘EEEEE, in which case the process 200
termnates at step 21¢, - xanpl e, the value for D can be
considered valid if the diGtance a traveled by the projectile and the
di stance sin(8)

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

1
(0) =
5 sm()M

wherein the Mach number M, is initially set to Mg. 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 = lfil in step 210 then becomes

Ju} -1

The angles o, §,'and O are related by the equation (¢ + 8+ 8) =90°. The
process 200 then loops back to step 206 by inserting the computed value for the

10 a=D, -coa;(ﬂ)-[l—-—-téifl—].

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=g¢, -(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 = lﬁl for

the distanice between the shooter and the sensor array is a “reasonable” value, in
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s = a " between the sensor and the point where the sound wave is
radi ated sin(a) fromthe projectile to the sensor are valid nunber
values, i.e., not a NAN. A NAN is 5a special floating point val ue
representing the result of a nunerical operation which cannot return
a valid nunber value and is typically used to prevent errors from

pr opagat i ngwdwoesgbzos cal cul ation. In addition, a and sovusuoswadks be
| ess than a predeterm ned threshold value, indicating that the
projectile was indeed fired toward the sensor array. 10As nentioned
above, the nunber pair (roo, a) is initially used to conpute the
shooter range Do in zeroth approxi mati on, neglecting change in the
projectile's speed along the trajectory. If the iterative process 200
descri bed above does not return a consistent geonetry supporting the
nunber pair (rns, .a hen th olution is discarded., 15Even 1f_an
exact sorut i on wHigH o oot 206 St nin Al BRE D BriRGARER o
t he shooter rangeohlidrd valieifiiesh®thcad irfielel baei pedjestitd indnhatigines
(which are related to, 15) that nost closely match a nmeasured shock

TDOA and a neasyL g2z, gwdda@h sefior Md'tBATHInt WhBleitR R nd iR ishsiakd onl y
TDCOA' s between t he sm(m)ous sensors can in nost situations be reliably

nmeasured. The shooter azi.jnuth and shoot.er el evation, 20 n e
shoot er range, 1%“5‘?15’88%‘&# éﬁf’s?rr%?ﬁaﬁ‘ﬁ@“@ ¢ Pﬁnl'?’%&@'u‘gﬁﬁg“?he
known sensors ard @¥cisl ke Patng Salisepresetiilg th&esull df aulrerityd opessidiwalich hat
t he TDOA bet ween the detected shoci cwa%e and_the nuzzl e sound can

al so be nmeasur S@MUOKFRLYRByalY o Alue 28¢5 APically usrd o BEVRILEIEE Be by al |

the sensors. |forbdaghttg@Rb@ie daRdIatish. Th d¥it%hdc iddd stolil bbotheMsk Mén a
process 200 does not return a_ 25 valid.result, then t he

200
attenpts to corpsedctornined brrsrld vatue, iidicating that WW%&‘%W%‘\)B‘%‘%E’E i’r"ﬁﬂfd

genetic al gori tMeniabhrradP0. GA's mimc natural evol utionary
princi ples and apply these to search and optim zation procedures. A

GA begins i{e searghamibttdabddNEHOMMMRE pAf (750448 nRRAy ubed 36 EthuRfthd!St
one solution. Once a random popul ation of solutions is created, each
i s eval uated i reheoter Taesgtle® 2659 PREOXHEANPT.MERIPClSE chanaeH theppicls @ fregthd
a fitness (rel afinend®hilciory. F RIRIAIESoless BB@scRBEdUbLPLdoct RotQEHem a
enbodi ment, the fitnesS can be represented by the Euclidean distance
bet ween a cal cudoatigent getmatiySpPRerne dhraumberaair &k 9B then thdsolytion isex anpl e,
by 5 Shocksat eQfigekedreas Efrj-DJY nts. eal c)

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-onty TDOA'’s between the various sensors can in
most situations be reliably measured. The shooter azimuth and shooter elevation,

20  but not the shooter range, can be determined from the shock-only TDOA’s using the
known sensor array coordinates (S, Sy;, S5). It will be assumed that the TDOA 74
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 retum a
25  valid result, then the process 200 attempts to compute the shooter range by invoking
an evolutionary genetic algorithm (GA} 300. GA’s mimic natural evolutionary
principles and apply these to search and optimization procedures. A GA begins its

search with a random set of solutions, instead of just one solution. Once a random
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(NAL"Lr nms tnmeasi N + abs L MM Intuitively, an algorithm

producing a smaller value of &croft, is better. A schematic flow

di agram of the GA process 300 is showmn in FIG 11. The process 300

uses the time-difference-of-arrival (TDOA) Tots and the arrival angle

a nmeasured previously for process 200, step 302. An exenpl ary nunber

of 3-tupes MO MAYINYEt he val ues (RANGE, MA, ME) is def PREYSHESGH26

initial population, step 304, wherein RANCE is the shooter range D =

shown in FIG 9, MAis the m ssed azinmuth, and ME is the m ssed

el evation. The MA and ME val ues indicate by how much the bull et

m ssed the target in azinmuth and el evation space. The target in the

illustrate exanple is assuned to be the sensor array. The initial

popul ation in step 15 304 is created by random sel ecti on of the

3-t upel spannl

Ranges000K = PIBOIE 380 ARG ARER AT BE Bl h e Ranjnea

[ degr ees], and prigoymmiog problem @d@cﬁtnﬁss( Gelgive npg)) i yeignadde Fach 30t In

comput at i on f ol f, Yt ikl thetientis AP voftseted by e BuRBMFiRNce ifveen a
calculated solution and the measured solution, for example, by

N

. . 2
. J
Z(Télmd «ale TSkocl meas ) N T,r
_ 1 4= mcale |
5 ATmin - +abs Z T-"‘-‘vmm

N m\ M

Intuitively, an algorithm producing a smaller value of A1y, 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:
Rangestooter = {1000, ..., 3000} [meter],
Azimuthyisseq = {-20, ..., 20} [degrees], and
Elevationygeq = {-20, ... , 20} {degrees].

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

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

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

Assuming an initial Mach number My, the vector A (Ax, Ay, A7), 1.e. the position
25  from where the shock sound is radiated, is computed with the MA and ME values
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only solution. Initially, for generation Gen = 0, step 306, the
shooter position vector P (P', Pp POis conmputed for each 3-tupel
with the previously determ ned shooter azinuth and el evation, and an
assurmed RANGE for the particular 3-tupel. Assum ng an initial
Mach nunber yector A (Az, Ay, Az), i.e. the po om
where the swooéﬂgﬁnd is radiated, is conputed with thgbw&%%é%\g
val ues for each 3-tupel, step 308. The di stances b=g, -P between the
shooter and each sensor j that detects a shocicwave are al so
conput ed. For each 3-tupel, the angle /3 is conputed fromthe
equation 2.(13-) cos - )6wherein the synbol "6" indicates the scalar
product between 1Al P - 5 the two vectors. Updated values for the
distance a, the travel time T. of the projectile over the distance a,
and the Mach nufskeach Bitusd atep GORUTIRdlidmncdsnB ers, i-HY betveerctheghobedandahake
for /3 and the initially assuned val ues for M = M and a into the
above equat i onsseher j fiat defects aghockwavenywe gsagem@eed. Thi s process is
iterated several times for each of the 3-tupels, for exanple 3 tines,
as deternined in doepachBaupaiites angletfds congputer] dromethe envationf rt ni n def i ned
above, which incl udeﬁ.t e dyuzzl e signal, is conputed for each
3-tupel, step 33kp=1--L _$wﬁ$}eiﬁ|ﬂ&d;ﬁnﬁo]$‘5’6ﬁdﬁitﬁsﬂaés@laﬁﬁmﬂﬁﬂﬂmmwﬁi)er
of iterations for th —dlor exanple 25 iterations, have been
reached. If the maximum nunber of iterations has been reached, then
t he process 300thstwpesctors. Sipdated rejuesfonthe distenge anthe Baveliyoe Tudfthe t he 15
smal | est residu; S
popul ati on throﬂjgjr?c@ gf%\gt&seo@%?nggg(fﬂ i gﬁgﬁﬂgbegggtﬂ feﬁc%mﬂu@@ﬁ‘& %ﬁeénn and
t he generation theasmmrted w&luerfmr&mﬁnheadniblw a@medsraleps EQELFMoeaadhmto the
generation, the,"best" .i I‘VI AY; n
whereas the top T@f)equﬁtd?n\?l %‘\l?ér 0 %“%,Igétééﬁ 'Ith? e c"r":'ssfli‘; r{gts&s’%&g%ﬁgﬂes
survive, but arﬁru&hdfﬂﬁ%mp«ls&ate&mﬂﬂ@hmc&as]d&&mmddms&péﬂ&ﬁhemﬂﬁer
pairs of these survivars w,t A2 2P atorsll ted
"o Tab e 2 Gt ofte et anittheh v RS e Pl 9B Rt
operators were eska-tipel, d&{mm&trate the process 300:
2006/ 096208PCT/ US2005/ 030126

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, retumning the 3-tupel with the

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

incremented by one, step 322

In each generation, the “best” individual is allowed to survive unmutated,
whereas the top 100 individuals, as judged by their fitness, also survive, but are used
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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Qperator Nanme Operator Type Probability Description Mssed Azi nut h-
Crossover Crossover 0.5 Exchange m ssed azi nuth between two

chronbsomes M ssed- el evati on Crossover
el evati on between two chronpsones M ssed-

Crossover 0.5 Exchange m ssed
range Crossover Crossover

0.5 Exchange range between two chronosones Fiel d-Mitation

WO 2006/096208 PCT/US2005/030126
Operator Name | Operator | Probability Description
Type
Missed Azimuth- Crossover | 0.5 Exchange missed azimuth between two
Crossover chromosomes
Missed- elevation Crossover | 0.5 Exchange missed elevation between
Crossover two chromosomes
Missed- range Crossover | 0.5 Exchange range between two
Crossover chromosomes
Field-Mutation Mutation | 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 perfurbations in all
fields of a chromosome (within £2

meter for shooter range; within0.1°
for missed azimuth and elevation)

Table 2

The GA process 300 is executed with an initial population of 200 different 3-

tupels, with a refill rate of 50, for a total of 25 generations. The GA is run § times in

S parallel with different sets of initial 3-tupels, and the solution with the smallest

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

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

Recent experimental trials indicated a decrease of ambiguous shots from 95% to

8% on the same data set by using at least one muzzle signal channel in addition to 5

10 or more shockwave channels, which is a significant improvement over shockwave-

only solutions.

Calculations that do not take into consideration the deceleration of the projectile

along its path due to air resistance tend to overestimate range. For certain

geometries and sufficiently distant shots, this overestimation may exceed 20%. The

15 aforedescribed process 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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Mutation 0.3 Replace a given field (with a probability of 0.25 per
field) wth a randomy sel ected new val ue wthin range

I ncrenental -Mutation Mutation 0.4 Introduce small perturbations in
all fields of a chronmosone (within 2 nmeter for shooter range; within
0.10 for mssed azimuth and el evation) Table 2 The GA process 300 is
execut ed wi WD 2406/096408 i al popul ati on of 200 different IPCEUPEIPI0IY t h
arefill rate of 50, for a total of 25 generations. The GAis run 5
times in Sparallel with different sets of initial 3-tupels, and the
solution with the smallest residual is selected as the final solution
for the RANGE, m ssed azinmuth, and m ssed el evation of the shooter,

whi ch al |l ows conputation, of e} | BRI R hal s
i ndicated a decreglst%' d&?%?%%%&@ arsqnd&cgte? ﬁgﬁgg@&??g&%o on tE htg&ggma
data set by usiafogedascribebhsibclomezziamgdrithnss cgmbé used srmmainbignowstjdietermine t o 5

10 or nore shoci cwave .channel s, .. wWhi |.S i gnk fi '
over shockwave O] ]ﬁ?aﬁ?)’ﬁ &gafdlesﬁﬁgelﬂ“ﬂb?ﬁj?sfss E%é:b %%glt S'ngf{m{lgﬁzggﬁjn 1'6
consi der ati on tsizgfalsl e dbtested indewed thah Haersom] et tlioklowave oiggals 4rs dgedidd inlGe
to air resistance tend,to overestjmte range,. For..certain.gegnmetries
and suf £ 1 of dnt 0 mTeaRaeL Eue (P g olofhionsd At Sy ik FABE 2006
The 15 af or edesgddifieadof fiage@ror &I S hérktyswiicer huzale sighalg ereasdilabiat i on
for long-range a?eh%ixglgtirﬁg Ehle%gt?lhization function to disambiguate the shockwave-only
solution and/or refine the estimation of the shooter range. However, if fewer than 3
muzzle channels AND fewer than 5 shockwave channels are detected, then an alert

10  can be activated without attempting to localize the shooter.
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

= d i 2 2
Ar;ﬂfn - J Z (A Tr;tulee.m'lc - Armmk.mm) + z (Afgback.cafc - Atéﬂﬂck.ﬂleﬂ: ) *
i J

wherein the first term for the muzzle blast is swnmed 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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As descri bed above, anbi guous shock-wave only sol utions can
frequently be di sanbi guated by conparing the residuals fromtwo
different trajectories and selecting the trajectory with the smaller
resi dual . If the nmuzzle blast signals are detected on 4 or nore
sensor channel s, then the aforedescribed shock-nuzzle algorithns can
be used to UHAMIEHEs] y determi ne the shooter | ocati o®CTASYAYBIEES
of the nunber of shock channels. If the nuzzle blast signals are
detected in fewer than 4 sensors, but shoci cwave signals are detected
in 55 or nore shoci cwave channels, then the aforenentioned GA can be
used with a nodified cost function or residual, whereby whatever
nmuzzl e signals are available are "m xed" into the optim zation
function to di sanmbi guate the shockwave-only solution and/or refine

th t t f th h
Channel 5 AND. RO RRferpa ot b B A B e Ao ton, o ehabe cobied FBHod
alert 10 can b@h@@hbNg’Hse;darwlbdewlﬂﬁdnbeﬂm&mﬁb]igﬁcmsbaﬁ@dnsm the shooter.

The nuzzle signal r %‘&1 be reliably detected on all channels,
because: |. 17&ﬁ¥@%%¥@? € plutinns. o one or nore channels is too | ow t O
detect with confidence. zz|l e ener

di scernable in th ‘WWQF@W“I@%@%ZIF Fl‘é“n;f ‘S gX"EIZﬁ“P late with

'noi se', giyi ngnpigonl sRRkavE IRty sORitibtaiagBe g&lerdﬁfﬂhﬁﬁﬁ'tlleﬂﬂ'rﬁt foi shooter
shoci cwave can be stron?Fr t han .t he nmuzzl e blasé and can arr

earlier than t$iganegsNhichgreless deﬁ’éhk?lﬂﬁg atSWé““s‘% ghof gn ‘%’QPSyLEFg?séct
shock as muzzl grecise solutions. Wth a nuzzl e blast signal only detected on
sone channels, the residual in this 20 situation can be defined as

&f. = E (AT m qﬁt&sseéﬁtloepotexﬁmnﬁ wGdBbR nilile tetbetioh) dnatbhipickn &le - s
T.(7,,,,k.",,,".)2 1iJ wherein the first termfor the nuzzl e bl ast

i s sumed overmttHHY bewmadedn deigrimizele pizaali 68+ 1o fndamyzzleblastyigeturg ing

nuzzl e bl agsy, AR sigin'aﬁ aﬁd’tﬁ%ﬂpﬁt’%r&hﬁn@?ﬁ@ﬂ"s’s 8 hREEE B&tedtidf will be
shoci cwave (tygacal sensors). denonstrated by the exanples

descri bed abovéeemehi bmzlquée ifmyzale %svghaxe fw@mdégfﬁcwpbwwﬁt of sensor
information abguf qiffGem RARL-SorRAblYitHe At BEHeR, a8t BERISFhGenty

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 muzzie 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:

25 10=33 (2,

wal) fa=l

wherein the square of mb;, ; represents a measure of energy, e.g., energy of the
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WO 2006/ 096208PCT/ US2005/ 030126 trajectory as conpared to a
shockwave-only solution, so that the conputed trajectory solution
aligns nore closely with one of the anbi guous solutions, i.e., thus
di sanbi guating the solutions. Wthout at |east sone reliable nmuzzle
signals, a significant nunber of 5 anbi guous shockwave-only sol utions
may be generﬂgéﬂ""ﬂ%z%articul ar at long shooter distanc@SI/USRIEPEIRGe

| ess desirable than a small er nunber of unanbi guous, but | ess precise
solutions. In the event of potentially unreliable nuzzle detection,

an attenpt can still initially be nade to detect nuzzle signals,
e.g., to find a nuzzle blast signature in a 10 noisy signal, and to
conpute the resulting TDOA' s. The nuzzle detection wll be deened to

be reliable if muzzle signals are found on a sufficient nunber of

sensor with suffibad Gk, Ré08ed BPhE 8 hiRMHPRANERA thd Riehaidatuel, vaikd | f
there is a sufficiently strong correlation between the nuzzle signal

and the correspowingrdiracie Hesenteral dsrenchatimehe shackyate Wy datest r of
bins to accoun hefbgéinﬁih% {éﬁﬁe HfeY Shd j fe&%éaérawn&qnte@m h&askd &Bﬁtﬁw&d e

signals that showinsutficient correlation are erased, and the

fol | owi ng ' coapfthe windowe detection' logic is invoked: - Look for
peaks in the shock energy follow ng a shock. Flag these peaks as

likely 'sho€k echbrediscriminle agsinsiaieise. oy prak eneh in eindaverrpiugingghe -
Deter m ne a mayj it dffBnckibn YOK) Gk dneded folMRcPHiR& IrSha\ BNy hoaklat AMET S€

the 20 sensor array and defi'ne a "w ndow' havi ng the correspondi ng
dur ation. Sear siximym iggrestcetham@e giergycastoss the WIRdow iy aivies rafioderdar Hcr oss

substantially a}iéisﬁl%fcﬁ‘«%tﬁ% ﬁa@@i?ié%h%@@lrﬁh%sﬁg%i a & ﬁ&&ﬁ%@%ﬂﬂve’

ski ppi ng sections in the detec si gna ] een | | ed
as shock echoestoss-qvmelgtion is petfiermed en gji/channsts in the nwizeld blast bandmd tseek t he

maxi mum of ioWaé—ﬁali:rEn()@ﬁeﬁ"DéA;sf so pro wherein the square of nblnn
represents a neasure of energy, e.g., energy of the

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 frajectory based on shockwave-
15  only measurements. Disambiguation can be improved and shooter range can be
estimated if even a weak mnzzle 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-;aquency 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  arising from a shockwave. Secondly, the time span of the detected initial positive
pressure peak must be greater than approximately 70 ps and less than approximately
300 ps. These criteria provide immunity of the system from impulsive noise, such

as firecrackers and non-threatening gunfire. If these tests are not passed, the
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WD 2006/ 096208PCT/ 1JS2005/ 030126 nuzzl e blast, measured by the e
sensor. (i+]) indicates the detection channel, wth i denoting a
discrete tinme interval between the tinme the shockwave was detected
and the begi nning of the window, and j represents a tine interval
measured fromthe start of the window. 5To discrimnate against

noi se, the MBI}y in t he wi ndow produci ng the nmaxPOIE05/030126
function f,","(z) is checked to determne if the energy peak at that
maxi numis greater than the energy across the window by a given ratio
factor. If this is the case, then the signal in the windowis
identified as a nuzzle detection, and cross-correlation is perfornmed
on all channels in the nuzzle blast band nib to 10 determ ne nuzzle
TDOA' s. The detected nmuzzle blast signal can then be used to
determ ne the [ si gnal ,
as described a ggcgéde&aveﬁm%g %Qgéng{deghﬁ%scrl be %%hfogér?n%éﬁ@%qs
accurately, quasdapredand of t en unanbi guously provi de shooter direction
and bullet trajectory based on shockwave- 15 only neasurenents.

Di sanmbi guati on caWhﬁetHeriqmemmdaaah@nsﬁsciOSeérin coangption with e peeferiadat ed i f

even a weak nuzz| e bl e¢ n stemis
relatively i nsé‘ﬁ‘b?‘?‘?l % “?zaafl esgrh eg aﬁca 'itl"g%gc%[lﬁ Sraé"\séponse to
vehi cl e vi bsat improeenetnizahsen nmyrbe\madeltmmtos.athom depamagﬁmnshﬂplmemfr by

shooting in directi fromth oned
That  the syst eneBPEBE e on. B et REatbt fiare de PRGe i bkl 0
the initial wauefdepiord holaviigtaesutiniecngrs, fuch Iaems:tcgma:hesptais negideebe the
attributed to shockwaves, First,. the neasured E‘"ti & enefrgg in a
frequency band “#&t HEEH - SIS ORTS A PrepSpro BTy MR IRNGE! el SETRRIS R
with an enpiri gabscihRsdRbdthe ahlues gn@ﬂ Iy Tablestl 2 2E&trt1a$¢aﬁb@|s opaiauﬁs iré
exceeded, can the si naI form der ed as 25 ?{H]“g fdr
shockwave. 8ec#Hiendgd OtWé?""l‘ql "t" ralucsarybes e‘ft ANESE TG ve
pressure peak Rigdl RIS A ME ﬁélhaﬁcamﬁgwﬂmbﬁitxnd?&opesom%réseﬁs t han
approxi mately 300 gs. These criteria provide imunity of the system

from i npul si ve IHERER is ?Lh?ﬂ’n%{@dwlb’@&ﬁ‘&é%@?”én%ﬂmﬁon t hr eat eni ng
gunfire. If these tests are not passed, the WO
2006/ 096208PCT/ US2005/ 030126 detected waveformis not considered a

shockwave, and no shooter solution is attenpted. Wil e the
i nvention has been disclosed in connection with the preferred
enbodi ments shown and described in detail, various nodifications and

5 inmprovenents thereon may be nmade thereto wi thout departing fromthe
spirit and scope of the invention. By way of exanple, although the
illustrative enbodi nents are depicted as having acoustic sensors,
such as m crophones, this need not be the case. Instead, other types
of pressure-sensitive nmechanical or electrical sensors may be used.
Mor eover, the values given in Tables 1 and 2 for the various
operators are
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10 intended to be exanples only, and other values may be sel ected
dependi ng on the actual conditions in the field. Accordingly, the
spirit and scope of the present invention is to be limted only by
the following clains. Wat is clained is: |I.A nmethod for estimating
a shooter range by detecting shock wave and nuzzl e bl ast, conpri sing:
measuri ng shockwave-only signals at a plurality of spaced acoustic
sensors fQRMihg.@gaft enna; neasuring a nuzzle blast signal at the
plurality of acoustic sensors; determ ning fromthe nmeasured shock
wave and nuzzle blast signals an initial estimate of the shooter

range; assumn idtial bulle el ocit d.a hullet dra
coeffici (Salht : a%g?ﬁq?oedpﬂ 8% %S\%Igf a@nggﬁﬁqﬁf?rﬁangsﬁ i ‘ﬁgef%'ﬁ %nglf)ﬂ@v%?ﬂqg@t’me
vel oci ty ddsqgrgmarikingl et trajectory to obtain an updated shooter
range. 2. The nmethod of claim1, wherein_iteratively conputing
conpri sed NS aavaae-&“@o%mw ﬁé’&"ﬁ'&ﬁﬁéﬁp%?da JOBFKTSCRIPES TormingpRe
met hod ofypghad:m 1, wherein determning the initial shooter range

i ncludes conmputing a tinme-difference-of-arrival (TDOA) between the
shockwav énegpirings guzaisblasigianplat thezptbralil dscoustigsrakers; and an arri val

angl e. : i reipn. | i vel (o] i
conpris e?eggﬁﬁhﬁ%&g%egﬁsaépgg ng}lcct}ackc\)ré\glJ',t%él rﬁ? gl i IZ%IE (r? ?atgtc%éng%'sl A d W%Les:t} %’3 Eietoef d
shoot er rthageomsraagé;i nal shooter range if a relationship between

successi vel y .det erm ned updated shooter ran satisfies the
conver ger?&sé]¥r5?5 ?‘bwt&l..%ull% .Ve$ﬁ‘éy anlEi'HFebﬁdra% F‘g‘gﬁ‘ﬂﬁ‘,‘t; WfLr ein the
rel at i onsaiapivbiglcwRBNtisdECRSEARINSs SRR K BLERMAkIHROIAb AL BRRObLA toBRYES

is a difference between the successively determ ned updated shoot er
ranges. anupdated shooter range.

2. The method of claim 1, wherein iteratively computing comprises performing a

predetermined number of iterations.

3. The method of claim 1, wherein determining the initial shooter range includes
computing a time-difference-of-arrival (TDOA) between the shockwave-only signals and

the muzzle blast signals, and an arrival angle.

4. The method of claim 1, wherein iteratively computing comprises defining a
convergence criterion and accepting the updated shooter range as a final shooter range if
a relationship between successively determined updated shooter ranges satisfies the

convergence criterion.
5. The method of claim 4, wherein the relationship between successively determined
updated shooter ranges is a difference between the successively determined updated

shooter ranges.

6. The method of claim 4, wherein the relationship between successively determined

updated shooter ranges is a percentage change between the successively determined
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6. The nethod of claim4, wherein the relationship between

successi vely determ ned updated shooter ranges is a percentage change
bet ween the successively determ ned updated shooter ranges. 7. The
met hod of claim 1, wherein the conputed bullet velocity is set to the
speed of sound if the conputed bullet velocity is |less than the speed
of sound. 8. The nmethod of claim11l, wherein the updated shooter

range is cARSHARJoRE rhdiwal id if a bullet trajectory angle and an
arrival angle are greater than a predeterm ned value. 9. The nethod

of claim8, further including, if the updated shooter range is

i lid, | yi i.c al it GA - defi ni i,nitial
popl at | oh of PRd RS HPE A eoPher it Seebr Reddo R shpdioror
i ndi vi duadosnd Ealecompditadi lllad vel®fty eslesitthseh iy speedof s@@d. Whi ch i ncl udes

an assumed shooter range, a mssed azinuth (MA) and a m ssed
el evation (ME) of the bullet trajectory; performng the GA for a

predefi ned nunbgimhodsnesiAtl AhereirCREBEdHsh6ERE AHAL & cbNiddEinvalid if
i ndi vidual s in each generation; and selecting In each generation the

sol ut i on aklchiga edierysnalelasd an pepbangle e grenter thadapradiateiminkd ghlue.
survives unnutated. 10. The nethod of claim9, and further including
the step of selecting, after the predefined nunber of generations
have beer.per fitemedhod dfelanl 8 firther haliding, ifide: waaiet elsdotéresigduainvalsd, t he

updat ed shopt er range. %é. !pg met hod of claim9, further conprising
for each “BPYUlrt 8GR G2 8N PY perform ng a predeterm ned number

of iteratdeBinfgla ifiQAYshalados 6¥ths &, AR EIati6RRSEng MPHRE&EMih&Enumber
residuals for the individuals in each generation are conputed with

t he revi s€dndyidenleca¢hpingidual ppresensediast mdinpst whichiinglgles o assampd
appl yin a 5 i ' rators
Fo the pobTStenfe TRNILRAS-ARR WRTaR! ORAUFHC AR SUETH 8P 1008 5
wher ei n dampdciirpg t he crossover operator includes exchangi ng at | east

one of m ssed azi h .and m,ssed el evati on between t i ndj vi dual s
rom t ho RREBON B BrOA {B0K R nBB4 S ey Be iy ighe
wher ei n tihgividuhigin @ikh @peyradicdt agpnpri ses field-nutation, increnental
nmutation, and no mutation. 15. The nethod of claim 14, wherein the
fi el d- mutsalerioie iB5asingeperation thesektign hayipgthgmmallest residual as the individual

which survives unmutated.

10. The method of claim 9, and further including the step of selecting, after the
predefined number of generations have been performed, the solution having the smallest

residual as the updated shooter range.

[1.  The method of claim 9, further comprising for each 3-tupel in a generation,
performing a predetermined number of iterations to compute a revised shooter range,
wherein the residuals for the individuals in each generation are computed with the revised

shooter range.

12. The method of claim 9, wherein applying the GA comprises applying crossover

and mutation operators to the population in a generation.
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the 3-tupel with a randomy selected value. 16. The nethod of claim
14, wherein the increnmental nutation operator induces a snall
mutation in all fields of the 3-tupel. 17. The nethod of claim 14,
wherein the no-nutation operator |eaves the individuals in a
generation unal tered.

13. The method of claim 12, 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.

14, The method of claim 12, wherein the mutation operator comprises field-mutation,

incremental mutation, and no mutation,

15.  The method of claim 14, wherein the field-mutation operator replaces a value of

the 3-tupel with a randomly selected value.

16. The method of claim 14, wherein the incremental mutation operator induces a

small mutation in all fields of the 3-tupel.

17. The method of claim 14, wherein the no-mutation operator leaves the individuals

in a generation unaltered.
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