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Contract The U. S. Governnment has a paid-up license in this invention and the -
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descnbed in U.S. Pat. No. 5,241,518 includes at least three spaced-apart sensors, with

each sensor incorporating three acoustic transducers arranged in a plane. The sensors
generate signals in response to the shockwave which are related to the azimuth and

20  elevation angle to the origin of the shockwave. Shock-wave-only measurements are
unable to determine the distance between the sensor(s) and the origin of the shockwave.

Distance information is typically obtained from the muzzle flash or muzzle blast.

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

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

30 Conventional systems employ microphones, which can be relatively closely



1 WD 2006/ 096208 PCT/ US2005/ 030126 spaced (e.g., 1 nmeter apart) or wdely
di spersed (e.g., nounted on a vehicle or carried by soldiers on a

battl efield and neasure nuzzl e and shockwave pressure Lhizdirectionally
at their r 0¢/9%6%8| ocati ons. However, unless the sensg?is)/ﬂgirbgy(gjp{ezsati vely
wi dely spaced and/or the trajectory lies within the antenna, the timng 5
preci sion needed to obtain accurate shockwave-only solutions is very high,
and special techniques are required. A large antenna size can be a major

di sadvant age, for exanple, in vehicle- nounted systens. In addition, systens
with an only marginal tine resolution can generate anbi guous solutions in
which the Tine-of-Arrival information of the 10 shockwave at a given set of
sensors i s ne iedent i I, Lol - Beldobfited SHS Elelopcat i ons.
Convent i onal g#’g%ﬂ?ﬁﬁi"’%?é&f’@@ %Pﬁ?@gl%&e&segxgggmgveea% (rer'u%@zﬂeé)pdet ections
so that a 4x4ariddbysoldians trea battlefidld)dartdoneasyre myzklamad slockwave gresushockwave
TOA. Small errors.i n.shﬁckégnd rruzgl e W dﬁéern‘i nat ifonthcan 8roduce

subst anti al ergrgrLirgeriqnglly grtnqinrespeciive logalions, Mowgyer. Mpless the seps Edfvent i onal

al gorithns asseBvely Gaded ated didlor Gle taaRRERl BésORhih (R datdnhgtthd fidjngct ory,

whi ch gives inaccurate range estimates for |ong-range shots being fired
from a di stfandsecsiomageded topbtaippacasatashioeiwaveoolysplutinasisvaiyiigly and here is a
need for rapi . L {thns capable of accurately estinmating a
di stant shoot gsk’xcrl%g%\éﬁ{qg %?%?Jiqgggc?'so a need to disanbiguate 20 shock-wave
only solutions faoy, the shoot. WeCct - 0N ere r. d to extract
nmuzzl e signals t%ﬁar eeaﬁeg}ég%gé%a&rb&efr%@g@é%%g %esﬁég’g%ﬁgéngﬁt{r}g ated to the
muzzl e bl ast. rounieysysteins.t eadditionndystems With anpyiBNhargihabtiidle essklaton &
deficiencies of the prior art by, in variqQus 25 enbqdinments, providing

met hods and syBSPEFATS ambliguout f—q#'&tqnﬁgnghlaﬁf*@?hms-ﬁg- g BARRUORRAYE shots, in
particul aryy WngRcKiHeE hea SivENRL S RhorSis Bty iBRIEabr ﬂ@&ﬁﬁ%&@ﬁnﬂxeﬁr{b
insufficient nunber of detection channels.” The disclosed nmefhods and systens
al so i nprove sibetantocajiwas.i on of shockwave-only shooter trajectory sol utions,
with

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

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

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

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

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

muzzle blast.

Summary of the Invention

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

improve disambiguation of shockwave-only shooter trajectory solutions, with



2 WD 2006/ 096208 PCT/ US2005/ 030126 additional inprovenents achi eved by
i ncl udi ng weak and/or unreliably detected nuzzle sound in the optim zation

process. Accor di ng t o one aspect of the invention, a nethod for
di sanbi guatY A% ¥Boj ectile trajectory from shockwave- S&T{PSEOFAINZS i ncl udes

the steps of neasuring at 5 least an initial portion of the shockwave-only
signals at five or nore spaced acoustic sensors form ng an antenna,
estimating a timng error distribution for the acoustic sensors,
determning fromthe nmeasured initial portion of the shockwave-only signals
Time-Differences-O-Arrival (TDOA) for sensor pairs with a tine resolution
that is greater than the estimated timng error distribution, and sel ecting

the 10 di sanbi guated projectile trajectory based a defined confidence |evel
for di sanbi guaaddBienalimprryementspehicvsd by including weakragd/or prreightndesectsd, o

acoustic sensorrﬁuzzlmﬁ%mﬂgo{)tqnégt%gﬁgcegs?pect of the invention, a method
c

for disanmbiguating a projectile trajectory from shockwave-only signals

i ncludes the st epSAc%F)rs i ?55113 Qﬂ)e@ttof ﬂlquﬁtntig‘xg élirﬁ'étﬁ&ﬁolr gﬁ%@%ﬂa@% gt he

shockwave-only signa i've or nore spac acou sensors form ng
an ant enna, detmgbjettile ngjettoonfrorh ahsvkevave-endy kighdls alcludes the stepsodf rhéwsuring at

shockwave-on]y signals.Tine-Di fferences-O-Arrival (TDOA) for sensor. pairs,
Pel R A e T PR o g T e R T M I T

projectile trajaehOfoymitperMRichfd) Sstiniddihg @ tRfifgetdrpdibuishgor taé a@aRey at i ons,
conputing residuals for solutions obtarned wth the chronosones fromthe

geneti c al gori tyensorpdetenniningdronpthg mpasitedsinitiab pertiomobthe shagkwavd-oHy havi ng a
smal | est residua QM i [Wolsl ' ratio
of the soluti onméflé\?slnﬁglef lgtteéerr%a wfg{d%@@{%ﬁ@g%ﬁ?@aﬂg I ga Jgﬁ%gre%c{h[xtgorn nat e
sol ution is grehhtds gichrnthan feedtirhated dmirg ener didetbution ahd gelédiiag theol ut i on

havi ng the snal | est . resi dual gs the di sanbi gyat ed %r 0j eﬁjt%iL trajectory.
Accor di ng t yedisanhigatsd Péglﬁ"é_ ?“EJFCt?Wé’aFerﬁ‘\Fe‘?#kf‘ confidence jeve for estimating
a 25 shooter raRghiRhibkhREoH 2018 e NBILE fR Mt THOA 5T th! R3hsticSBReKNave- only
signals as well as huzzle blast signals are neasured. An initial shooter

nasam ng an i it alc B TP o aRHE b B e RO R e &1 91T =
i nst ant aneous bprbjeetile trajectoiryt froralshonlywave-only signals includes the steps of measuring at
least an initial portion of the shockwave-only signals at five or more spaced acoustic
- 15  sensors forming an antenna, determining from the measured initial portion of the
shockwave-only signals Time-Differences-Of-Arrival (TDOA) for sensor pairs,
applying a genetic algorithm to an initial chromosome, that comprises projectile
trajectory assumptions, for a predefined number of generations, computing residuals
for solutions obtained with the chromosomes from the genetic algorithm, performing
20  agradient search on a solution having a smallest residual and on its ambiguous
alternate solution, and if a ratio of the solution having the smallest residual and its

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

solution having the smallest residual as the disambiguated projectile trajectory.

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

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



bullet trajectory is iteratively conputed to obtain an updated shooter
range. The 3 1 WD 2006/ 096208 PCT/ US2005/ 030126 nunber of nuzzl e bl ast

detection channels is usually |less than the nunber of shockwave detection
channel s. AYO3NCAYeMus enbodi ments may i ncl ude one or nBCEBRVSAPIG| | owi ng

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

t he convergence criterion may be selected so that the 10 difference between
t he successi velnumber effmuzréablag deteasivnshuwelsis ushalfielessthamthe gumberifage change
bet ween the sucge siveh* qete ni%Fd updat ed shooter ranges is smaller than
a predeternine& VAR T8 BB " “teal  sol utions, the conput ed bul | et

velocity is set tog al s be at .least the eed of sound.. The saqlutions are
checked” for cons i’ssd_ta‘l' éﬂ%@%&ffl@%ﬁ’ﬁf gay PWB‘%E BB%?%‘H“&?E g'leeff’l-[‘?‘?’alﬂé gealﬁges.

consi dered i nvaj tigheldifféredde-dTLbrfivl (TDOAPBRESH tAE HoRkWREEE-cHly sikhdlyald tangl e are
determ ned to be greater than a predeterm ned valuye. Even If the conputed

shoot er rande imuzgletdestignals end ameariiva) apglejare sompytad fos detegpiningthe nitd opt aj ned
by applying a i Lt Bm (G} : I el ul ati on of
the GAwith a %ﬁgﬁéﬂté?% %géér%am‘(er onfﬁng\?}?g{t}glbgpgan Leg’ﬁé?%‘ﬁpeag,%zo wher e
each i ndi vi dualshoster epgecsiirteadnsigered ©-beipefinahkliocoter rangk iftharslationshgs umed
shooter range, m ssed azimith (MA) d i ssed el evati.on (ME) of the

DUl et tr af oot depeen e Lo e fhodlep PR RS B rkce
generations, angidrRal Sepéanipl, tHeltBnvdrgity tftbiddrSmaybestdt b MaatHeon are
conputed. In each generation the solution with the smallest residual is

sel ect ed asl0 helifferanagibgtyesen it scessively determipnéipdeted shoptas ramesen it i on havi ng
the smal [est r g)sekcgk@%ee %}ﬁggﬂeg%é?ndth@?uc&%%rvk’lggg%ﬁg@%ggcfa?elrdnsﬁg&gterangeg?s

solution can b pertorm ng a generation a
predet er m ned rsratierthad a ptedetetminesvale. Gorvbtiirereal sohutions dhesdongpued bulletge,
wherein the velocity is set to always be at least the speed of sound. The solutions are checked
for consistency. For example, the updated shooter range is considered invalid if a
15  bullet trajectory angle and an arrival angle are determined to be greater than a

predetermined value.

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

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

25  solution having the smallest residual is selected as the updated shooter range. The
solution can be refined by performing for each 3-tupel in a generation a
predetermined number of iterations to compute a revised shooter range, wherein the
residuals for the individuals in each generation are computed with the revised

shooter range.



residuals for the individuals in each generation are conputed with the
revised shooter range. 4 WO 20061096208 PCTI US2005/030126 The GA incl udes
crossover and nutation operators. The crossover operato at | east
one of m s¥WRYPMBh and nissed el evation between two FFﬁﬁﬁgﬁﬂgﬁfg fromthe
popul ation in a generation, whereas the nutation operator conprises
field-mutation (replacing a value of the 3-tupel wth a randomy selected 5
val ue), increnmental nutation (inducing a small nmutation in all fields of the
3-tupel), and no nutation (leaving the individuals in a generation

unal tered). According to yet another aspect of the invention, a nethod for

di sanbiguating a projectile trajectory from shockwave signals and from a

limted nunmber of nuzzle blast signals includes neasuring shockwave-only

signals at five orThedpd 1RGludes grosepvaraddpytation operatass. TROLIOFPYRG OREIFPr e bl ast
signals on at npsh y. it ElpT .

shockwave-only si g%n eggtllik%g?%ie fef%ﬁgg@t gﬁrlﬁ{s%ggm%%%{:%ﬁgpmti on for
sensor pairs. Thdividtatsdibn thetpopulatiorcinageserptéon wherieasthe onutationoperdof i ned

nunber of generations enetic algorithmw i.nit.i.al i on.that

i ncl udes a pr ed‘é‘f"é?rfﬁeﬁgﬁlg' a @q’pgﬁcmgiavvigh’ﬁé’?g’,e%gggﬂ ‘%”Hg? {?Bgﬁrﬂy%%fé:’%?%sent ed
by a 4 15 tupel vaé)Cicienehtalimatatiol dhdicingz sialliautsttomah all fields\watheGrmpdl), ssed
azimuth and m ssed elevation, and, conputing residuals for the individuals
in each gener at Ao mpaHoR Heavingdhs mdhdualsie p geperrjion wakked)square fit of a
conbi nati on of TDOA shockwave and nuzzle blast signals. If a ratio of the
sol uti on havi ng t haceording tosyet aroshey aspectafdhg inkentignsn metbod fogdisembignating® ut i on

is greater than_a.nr i I . [ / st 2,
then the sol uti B’%J%gf\%ﬁ%écﬁ?g ﬁéﬁ‘a# cekg'{ag% 5‘%@3 r es%glbgféd%gmggrsﬁ%dé ed as

t he di sanbi guat bldstpignplsdtdlides treagueing shiockwavecanl ylsigoals at farealr nere spapelct of t he
i nvention, met hod. for extracting a signal. roma z wave in.the
presence of ?9;1 sm@m@s%?’&?éf“qnﬁg?%aéé’%gﬁlgﬁ;sr@ aérr{q%o} @Fﬁ%%s’l"@\qi ng a

wi dth Co”espon@ét&%iﬁiﬁggﬂr&ﬂ 1B sKRRWhVeEShY SEnals TireZDETE¢Es-OB AZ5val (BVOAFE a
sensor array and detecting the shockwave signal, Follow ng detection of the
shockwave si gnainfornatiomfasdensor paird Tanmsthof furtherrimchides pastormingdpr ner gy

recei ved

predefined number of generations a genetic algorithm with an initial population that
includes a predetermined number of individuals, each individual represented by a 4-
15  tupel which includes shooter azimuth, shooter elevation, missed azimuth and missed
elevation, and computing residuals for the individuals in each generation, with the
residuals including a least-square fit of a combination of TDOA shockwave and
muzzle blast signals. If a ratio of the solution having the smallest residual and its
ambiguous alternate solution is greater than a predefined value, for example a value
20 ofat least 2, then the solution having the smallest computed residual is designated as

the disambiguated projectile trajectory.

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

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

measured total energy is associated with the muzzle signal.

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



in the window is neasured as a function of advance tinme. The maxi mum of the
nmeasured total energy is associated with the nuzzle signal. To prevent
spurious signals frombeing interpreted as shockwave wa @@ 5 WD
2006/ 09620 964805/ 030126 projectile trajectory caﬁ8 ggﬁﬂﬁﬁﬁgted as
being false if the acoustic energy of the neasured shockwave wavef orm has

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

for exanple, less than approximately 70 s or greater than approxjmtely 300
s. In advant ag RIS BB REN £ Delgtinaldas bé'ﬂ&?ﬁ?‘ %%@W@@E&m Yeby
integrating t hﬁeﬁﬁﬁa@n&qkm@wvemﬁasmem%ra%ﬁe«ete%ﬁlfe@ Eﬁﬁdhmcpbaﬁre%araﬂl ng

portions in the 10 detected signal caused by sShockwave echoes.
Advant ageous| y, predsterpiugd feiqyensly band, der examplebsequenciestietveetniapprokimatgiy defiv

produci ng the Xi t al, ener and if.the si.gnal v e is greater
t han the rreasurgﬁa’?%ma#ﬁ n}é“‘wa f‘%}lyt?{éneé‘{ﬁtb%\wag egc%i(eptfa %é?r?'r‘f%'gwatio factor,
the peak signal elimhated @salbbixkﬁfals.éemdixﬁ@: fiteredt whelengnéahil eibdkwald@avelataz | e
signal. 15 Enbodi nments, of the invention, may .i ncl ude one or nmpre of the

fol l owing feathasdpositive valperisiess drangmiginaym figgor gisalst thap @ maxirepR 4me: nd/ or
th ti j j ' ' ari ati ons
e acoustic seps Q{a'?n\}ﬁé}ﬁess !ﬁﬁn%ﬁfg}@&ﬁx@até&W@?é@r gf@itéracﬁiéf%?rqr)ﬁxgﬂﬂefy' 309 p¥ari ati

and sensor | ocation vari ati ons t he” ant enna sens confi dence | evel

for di sambi guat | 0Ny d8RGRYS0Whnibolirifns e hdndil S8 abRTRI, SRS

antennas require greater -nmeasurenent accuracy ] sof uti ons
exi st, the di satibinpasuretenprgyj wet the evitdosy, pretfavably dsregeddag pedtiontsarsthd on a rati o
of the resigduals for, two anmbi guous solutions.,|n other advantageous

erbod ment 510 AP el FERHECUSERTE FHDAT A% BeREsoupl TEFUETBRIE can be
determ ned by dgsivgichitiedirSe SdowWstbducingihe RBLIHUR B} chidigy ardiPféVave as a
reference sensor, and setting a first latch of a timng circuit when the 25

anpl i tude of, fprak&igapiplalue it gsatenthan the megswredigtabenergieindhpwindavdydnl y si gnal

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

muzzle signal.

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



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
ot her sensqrs..r ing until the correspondi ng sensor e e
shockmve.%@oﬂa‘%@gof t he other sensors encounter the?@f@?ﬁo@%&%@&
initial portion of the shockwave-only signal, it sets a 6 WD 2006/ 096208
PCT/ U52005/ 030126 second latch for that sensor that stops the start counter
for that sensor. The TDOA values for the other sensors relative to the
reference sensor are then recorded. Further features and advantages of the
present invention will be apparent from the follow ng description of
preferred enbodinents and fromthe clains. 5 Brief Description of the

Dr awi ngs These seqoad dat¢hefor thahsensasshal sigpside et ggeerdpr thatsenspyehhe TROM 1 | be
nmore fully un I ' il ' AesSt bRk with
reference to t&gﬁg%)%ggg%h e&%&gé\nﬂﬁ%g@eﬂgtﬂm%:féﬁehéfighééoﬁt S agﬁe}elgétﬂgg(lﬂed with |ike
ref erence desi gnat.i ons .and whi.c A e to.scale. .10 Fl hows
schematically a chﬁ e-rgeea rf%%\élla%zlmé %thge EEEW?%E@IO%HY@?DSC@E%I%@ ﬁ%\m th an
antenna; FIG Zhesfollywingdbsmptionaf pryfefred enfutithenty amiefrcin thealdimy. Wi th 7

omi -directional acoustic sensors; FIG 3 shows schematically the anbiguity

i nherent i nssh@HerPegrBAby of the Drdvdhg@rt ory determ nation;, FIG 4 shows
schematically a probability density for tinme difference of arrival

neasurenments for ggt@LAN BihePfehtifes GHE YdattafesQf tHelfveHBBA wilPBEmold fily 5 shows
schematically the probabil g%/) of correctly disanbiguating between shooter

trajectories; 20dgstond by thidellowingivetrative desgriplipnawitiorefesense te theappapdedr ocess;
FIG 7 is a pr f . i i . COf .
(i sanbi guat i g PoniEe WhEh R Ele el higThARGE, MRRRERTh U
di scri m nat i ng neyajonsé torsosleshockwave signals; FIG 9 is a schematic diagram
of a shockwave Tine-of-Arrival (TOA) nodel;

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

with an antenna;

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

15 trajectory determination;

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

measurements for determining the curvature of the Mach cone;

FIG. 5 shows schematically the probability of correctly disambiguating

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

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

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

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



25 Fig. 10 shows a schematic process flow diagramfor range estimation; and
Fig. 11 shows a schematic process flow diagramof a genetic algorithmfor 7
WO 2006/ 096208 PCT/ US2005/ 030126 range estimation; Detail ed Description of
Certain il MREPYPVP8Erbodi ments As described above in sBEHBSHOSHIEE nvent i on
provi des, in various enbodinents, nmethods and systens for shooter range
estimation and di sanbiguation 5 of projectile trajectories. These systens
and nethod are particularly useful and advantageous, when an insufficient
nunber of paranmeters required for an accurate solution are detected or when
such paraneters cannot be detected reliably. Supersonic projectile
trajectories are estimted solely fromprojectile shockwave arrival tines
nmeasured by several closely spaced sensors distributed 10 throughout a

"smal | " measur ement volrangs eptihaioned to as antenna. A measurement volune is
considered small if the sensor spacing is 2 neters or |ess. Once the
projectile's trajlbeatadDgserp [Ceeitain Illystrated Hmbodinre the shooter is known

except for distance backal g t he traj ectoy. Thi s di stance can be found
i f the antenna al Asdesstibal above inssuamrary; diie invention pravides,mnxafiasbl ast sound.
However, the nuzzle blast js, not 15 always detectahle,. so at .an accurate
shockwave- onl ye‘E%cf"ﬁPF’Bﬁ “i’eéf’%%% £s Sffﬁrrgﬁoﬁtéf BP&f ‘F’f%ﬂ'dh?%%ndi‘s%ﬁ"@&%ﬁ?}?
Referring now gfprbjeétile frajebiofies Mekdw¥ems wid me@od regRARuREyCefiande an
expandi ng coni cal surface having _ its axis cqincident wiith the bull et

trajectory. Thedvanhgrorswavhenan insitficions nymbcs of parametens reqyiingd fonps g cone. To
obLai n the Shoglece 28l Gy Sl hAbarkU B RRER dd e sl 11 Val angl

the radius of curvature, an e gr adi ent the radius of
curvature of the Sweasodicygojectile takctongsfaacestimmatedisolelyefroml ptagectilened from
arrival tines ured at f.ive or re antenna sensaors. The.akrival angle of
The coni cal - suNPACEAGaRRTL T PREMRA B sPratney et Snsen filitet, 7 hes " v
possi bl e r g at ihysughoulaeSmal! medufeeheeblimeidfgted s as af€ngs A MéastlemerS bul | et

trajectory relative to the arrival angle at the antenna. The 'anbi guous’
angles will beolussisqopaidered sl U thicsensor spasimgus Jmelers erlesseec the FIG 3. The

radius of projectile’s trajectory is identified, the location of the shooter is known except for
distance back along the trajectory. This distance can be found if the antenna also
obtains the arrival time of the muzzle blast sound. However, the muzzle blast is not
15  always detectable, so that an accurate shockwave-only solution is essential for
determining the trajectory.

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

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

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

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

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



curvature of the conical surface at the antenna determ nes both distance and
direction to the trajectory. The gradient of the radius of curvature along
the path of the surface-generator determ nes which direction the bullet is
novi ng, the¥Y@BYPOBI8 2006/ 096208 PCT/ US2005/ 030126  r enB¢TH§20/830126nhi gui t v
between the two possible directions. Determ ning these three shockwave
properties accurately and correctly deci de between the two possible

"anbi guous' trajectory angles requires very precise nmeasurenents. For
exanpl e, randomerrors should be no greater than approximately 1 s to
decide correctly 5 between the two alternative shooter aspect angles. The
required accuracy can be estimated by considering the propagation

characteristic of .the shockwaye de . errin nwalsoto
e 5 an’ " arenias e Whe U serN et Giopopsill redioas belsEaha e  he
arrival tinesgte ﬁiack»a&%%spea%sqewrﬁa& aRd1O510AY Becidd B¥RedntROR I sbskble! et
trajectories can essentially be 10 expected to originate fromanywhere, the

antenna el enefambig@us' @rawetmmgl@dmam 9&0936 wawmwm EDI @kample.out ed at

| ocations C (C sur e one enent 22
| ocated 1t heedmBrirbpE noe ol S aPron RS s s gPre S oy
aperture i g prbets@eﬁg{étwadgaammho@ératsﬁatﬁfgndsval angle. The tinme instant
that the first sensor, designated as the reference sensor, detects the

advanci ng 15 conilH§Feqyifpd aclirack Cohe SE@“&%"Y&”%@%EWQ”@SMS detect the
advanci ng Con'cﬁ;ﬁrhcteﬁs‘ﬁﬁfo?ﬁfe sﬁ&ck%dﬁbé &fmtl"*l@aﬁ ﬂ%@%o@l%tﬂi 4962 spund

propagation distances in |rec 1on of the a ing conical Surface are
obt ai ned by nlahttenrmgalngﬂuée;s(ﬁhs@fsorslﬁlﬁ—7)talblmo dc&ﬁmneﬂmam\ta}'tmﬂaeof acal speed of
sound c, i.e ﬁlatl hﬂ% e‘§ o} asur.ement {ia@% t hen the
coni cal surfa@g"aﬂ&%‘gl PROAUTH ¥ H IP%GFIE?Oé'HB% géeﬁgﬁ’lpcﬁogeszﬁnﬁsfﬂl €r mi ned by
t he other 10N Jekpé&&ﬁ&@bﬁgnmtﬁbnm@wh&eagedmemseumts ogndicaat es of the N
points ideally determ ning g{ar aneters of .the_ shockwave cone. However,

as nenti oned &BW@%C@JSFYO‘?%UW@UF istrbytedat lacations ol Conbrlt @venn &Pherd or
coordinat es Gk o6t bnd ARl 229RRARPBTBIEE (., A gy e cone and

hence al so of the projectile's trajectory.
ti me-di f f er enceifain sensanapértye scpraem:@11@5pmé@deﬂtheanmlk&lg1@rﬂmmcjec| si ons

about the two 1r(1)sttan?{h\'\4 t?x ﬁrsqts)einggr(,) Hgsigtnra Eh% é/ference sensor, detects the advancing

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

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

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

The system advantageously incorporates features to ensure that it will not

mistake non-ballistic signals, such as vehicle noise, vibration, wind-noise and EMI,
for a shooter. For example, the sensor mast can be mounted to a vehicle (not shown)

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



angles will be described. The system advant ageously incorporates features to
ensure that it will not mstake non-ballistic signals, such as vehicle
i nd-noi se and EM, for a shooter. t he

ggin:g,r \r/riagiwa&goﬁ?@égm%unt ed to a vehicle (not shown) BOF%T@&@@%H C

sleeves in mating joints to prevent rattling. The sensors can be 9 WO
2006/ 096208 PCTI US2005/ 030126 attached to the ends of the spines with

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

i solate them from spine vibration. Sensor spines can be attached to a
common hub that contains anal og el ectronics, which can also be attached to
the sensor mast with elastonmeric shock nounts to isolate it frommast 5

vi brations. In addition,

the foll ow ng decisian algorithmcan he enployed to
filter out si giaphedinthe epdrat the i e rTrsiomens g urines) e w—%equegpy
shockwave- der i vedns{Qoa sbout”y Hz td 561t MePHorR s5inb YbPARL S SeARH spihesRan be
rel ative, and can be tuned externally. The listed values are provided only

for illustrati ctachid tiRefemmon hulnthat contais@nalgg elsctpmitsewbichoan alsabe mines i f a
detected si gnalattaa{elflg%@l@é%%o{ @Q{Q@thﬁf&éﬁo@’@%?hocIFﬁon@Es&S?s%?a}%g RQ’ro xﬂ%stls at step

802 and checks Th's I's a u nough even 0 count as

a shock, fors exdbmliens. does the peak signal val ue exceed a given

paraneteri zed t hreshql.d of ., . 500..1f this is.the case, .the process 800

ont i mues. wi th st o 2o dte BHliics isionalebrtils &5 be g bR fkouls T om

zero to the pealgniisqhalack Mdiignalfikd thicaH Butdidishddkvalé-aeiednignhle. Wi s peak

value is not preceded by another signal having a S|egn|f|cant magni t ude, for
7

exanpl e, 1/16 th¢ valers apepdrametemezed, il relative, and ¢andeituned gstemnably, Thebstest ocess
800 continues w .1f the tinme between shockwave m ni ma
and maxi ma has vaah{s%ﬁ%feﬁ)g?@%t%lO%Tf%?gg&é%fobé, for 20 exanple, 200-400 s. If
this is thelocase, RéfaripgacwssFRR®, apricess 866 detetntinestiépdaddedsignathecks if the

TRODILudes O g, e, SO0 o ek S DS PILLISS S05E e 0
with step 812 g icfiesighaliid a Id08 eREERTVER td®akt sraRSEIE Tor dxhMPlel fkes Feni Num
peak 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 us. If this is the case, the process 800 continues with step 810
and checks if the magnitudes of the minima and maxima peak signal amplitudes
close, e.g. within 35% of one another. If this is the case, the process 800 continues
with step 812 and checks if the pressure peak transient from the minimum peak
signal to zero is sharp, using essentially the same criteria as in step 806. If this is the
25  case, the process 800 continues with step 814 and checks if the times between the
maximum signal value and the zero-crossing and between the zero-crossing and the
minimum signal value are comparable, for example, within approximately 180 us.
If all steps produce an affirmative response, the pfocess 800 decides that the signal

can be a shockwave and the signal is processed, step 816. Conversely, if one of the

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

10



signal to zero is sharp, using essentially the sane criteria as in step 806.
If this is the 25 case, the process 800 continues with step 814 and checks

if the times between the maxi mum signal value and the zero-crossing and
bet ween t heé¥9&M§%2¥ssi ng and the i ni mum signal val ue PST&SEYVBNHn) e f or

exanple, within approximately 180 s. If all steps produce an affirmative
response, the process 800 decides that the signal can be a shockwave and
the signal is processed, step 816. Conversely, if one of the 30 6 decision
steps is answered in the negative, the detected signal does not originate
10 WO 2006/ 096208 PCT/ US2005/ 030126 from a shockwave, step 818. Referring
back to FIG 1, the projectile traj ectory is assuned to coincide with the x
axis. The Mac i , 6 = aresin(l/M, where Mis the Mach
nunber defi neg}r Z‘{s]ig% 8’(‘%?‘%]% e velocity V divided by the sound velocity c.
L refers 5 to thRefdmangodckto EIGd thsmgljenudn‘trajdmoramamacd Plveincald iwithof

curvature of the cqone at _the two.en he enna are and r2. The
end view in t Y& efﬁaMaCEﬂnslﬁé* gre qlY mwhﬁﬁ éﬁﬁ.}}f“‘é&ar‘:h

measured. Di S%ﬁﬂlﬁ@r‘heﬁﬁecﬁ&%ﬁé ¥xto§écdle'verocﬁ§3$’(@1ded-rﬁ}ﬂth@Mn@ vchity‘Sc dEfréf@x@d by
sin(g5) =L/ 2r,, sothat Tor snal ngl es 0 one obtains --

The time diff ¢o thacharadersatic dength ofithe/antenne. B méenfﬂh’éatp@mw cone @tﬁbe ant enna

U128 10 DL SRS SAN S8 USRI o IR, O =

nmeasur e of CUFsH@f!sﬂcﬁv G.Irvzft&’refl is measuréd. r’l()l@)mctéd 1s@qmtb d)y—‘ r{-b&s(@aﬂ&neenglé essi on,
With r2 substituted for r,. Accordln%%/ + sin(6) / 8r, 2c
Assuni ng unbi &sisdefined by sefit LéRrpse tha f%smalhg‘lﬂﬁﬁwe@éﬁmst%elf@dsurenent

15,1 0117 euRR e Rysl OF 6l ARERB ALt Sl KBRS DAY 1S

di fferent neans e sane sta I ca erm ne st andard
devi ati on 18, tbiseamgane cdmaism&newithvmusesmatmalh@dﬁ, \mScb’mds(rof d}/rue~ B¢’ ay

tly det @ature th di t f
reacur emont  vAPOGLL T ARTRL THeiishe SRR o e 2 ¢ KRB 1 G

4. 20 The sanph®nBRARYRRRRbreSRHE with thuted fot RO VWccBRlingl ggdids of
curvature a{n%englgg (radl us er) i's srﬁﬁwséruthan gt endll yUc?sz us@r

Therefore, al lsing@ps8rrement s
Assuming unbiased measurement errors, i.e., assuming that the measurement

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

20 The sample measurement made at end 2 is shown as X. The radius of curvature
at end 2 (radius rz) is smaller than at end 1 (radius ;). Therefore, all measurements
made at end one that have values larger than X will result in the correct decision that
curvature at end 1 is greater than at end 2. The probability that the correct decision

is made when the measurement at end 2 is equal to X is given by:

11



made at end one that have values larger than X will result in the correct
decision that curvature at end 1 is greater than at end 2. The probability
that the co LSsion is made when the measurenent equal to
X is given {Yr?%}i“i"g%kzooes/ 096208 PCT/ US2005/ 030126 P(r, @V‘g&ﬁ"éﬁ’b@‘pz (X)
Jp, (g)ds (s-dt with p2(x) = e 20° 2rra and p,(4)=e J 2~ta Integration

over x and making substitution of variables results in the foll ow ng
probability of making the correct decision: P(r, <r2)=1 2 - al

Je-""erf(u-a)du ,r dt, -dt2 - L'sin(O with a =.,r2-a J8r,2ca 5 Referring
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 agai nst the cl osest point of approach (CPA) r between the

proj ecti I e's trajectory and t apt sound velocity is assuned
to be c =340 ms. It is evi dea rﬁ? Z q%g Ig’:jgﬁgnt enna has significantly

expanded range for unanbi guous shockvvave 10" onl Ipl utions. For |arge CPA
val ues, the difference in curvat}gre at he I wo- of the antenna (r, and
r2) is too small to be distingt habP’éx SOLLBE probability for a correct

deci si on approaches 50 % or conpl ete anbi gui tx ccordingly, the
confidence | evel depends on tp{gﬁfsize g e It he-gHaneter or spatial extent,
of the antenna. 15 As nentio abki &)= d‘;§ arlsefromtlmng errors and
sensor coordi nate uncertai nty Sensor co nate uncertainty contributes

bias errors t ha{ntegra 10n ovelgx aﬁﬁ making substitution of variables results in the following

probability of making the correct decision:

P(r,<n)= 2\/_ Ie erf(u—a)du

) -dt, I’sin(@)
with L=
\/‘ 20 V2 8r’co
5 Referring now to FIG. 5, the probability of a correct decision, or confidence

level for disambiguation, is plotted for two exemplary antenna sizes, L=1mand L =
2m, against the closest point of approach (CPA) r between the projectile’s trajectory
and the antenna 20. The sound velocity is assumed to be ¢ = 340 m/s. It is evident
that a larger antenna has significantly expanded range for unambiguous shockwave-
10  only solutions. For large CPA values, the difference in curvature at the two ends of
the antenna (r; and r3) is too small to be distinguishable, so the probability for a
correct decision approaches 50 %, or complete ambiguity. Accordingly, the
confidence level depends on the size, i.e. the diameter or spatial extent, of the

antenna.

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

sensor coordinate errors appear as random time difference errors.

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

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

12



vari abl e function of shockwave arrival angle. However, for random arrival
angl es, sensor coordinate errors appear as randomtine difference errors.

Timng err r | so both fromgain and signal strepghhisYRkhiiicons from
20 channel q%(?)zcﬁ}é{%goe . Times of arrival are obtained when sensor outputs

rise to a 12 WO 2006/ 096208 PCT/ US2005/ 030126 preset threshold val ue Va.
The timng error dt caused by a gain variation dg depends upon the tine
rate of voltage increase for the channel, with dt = gg dv dt Timng errors
al so occur when the signal strength varies over the aperture. For an
aperture of length L and a cylindrical sound source at distance r, the

maxi mum 5 signal |evel variation across the aperture is equal to po (L /

2r), where pois the s d ssure .at the, apertuyre center. The tim ng
error equation Pé?f&btg"‘ég‘gaiv@é‘gggsﬁheftﬁ?‘“g R dt P%ﬁ@ﬁ&f aé?‘?‘d?‘r,‘a%nt‘% qeneéﬁls
expression L replacing the relative gain variation dg . 'j;@e Brog anpl i tude
errors are not ypandhsringstrpiyekiagerigcresse fonfag chappalswithidy= - maxi mum

across the entire aperture to zero at the center. At ranges geater than 10
10 m for a |l maperture, the maxi mrum anplitude factor is |ess than 0.05,

which is less thafirififerfd?@RBEbcctnvRen/RE kighd] Qfferp@l PRk 8Ver@he &bedureS Fof hat
effects due to anplitude errors can be ignored. Conversely, as described

above, at rangem apeue phigngthioind aylindroahwunhsturescr distange usha maximam  enough
s eopcl, b UAAS L Bk Pl B R T

very inmportant. est mat s ca y sensor
uncertai nty w tpgressive at the aperpire oentérh dhe tilnéngremgn equates alafvetappties mtsoforthist or s

are statistically independent and wuniformy distributed between 0 and 1 mm

and that the erge ofanak amiAhe eﬁregsiqﬁtﬁcgéglmngitmﬁqoégm vafidin StBangRe d
devi ati on of equivalent uniformy disinibuted randomtinme diffgrence errors

will be equal to 10 3 340 = 0.85 , m. The standard dev% atjon of 12 20
bi noni al l'y di stﬁpél?{décf”Péﬁ?d%mtﬁ‘Fﬁ?msmgisﬁﬁoﬁr P‘Hr"é‘_’yf‘BP CHNHEIRA sanpl i ng at
éslvi'_izrrat LZ fg“ﬁ;mmmgm%%’@s thEieAlifd%pErtirOfoszefl 8 thecelit.NAY Bp &t drofist tBinS 0
10 m, for a 1 m aperture, the maximum amplitude factor is less than 0.05, which is less
than the channel gain variation parameter of 0.2, so that effects due to amplitude
errors can be ignored. Conversely, as described above, at ranges less than about 10
m the Mach cone radius is small enough with respect to the aperture length of 1 m

that measurement errors are not very important.

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

independent, the standard deviation of equivalent uniformly distributed random time

difference errors will be equal to 3-&-1)%1_5 =0.85 us . The standard deviation of
20  binomially distributed random time sampling errors for a system sampling at 1 MHz

is equal to 0.25 us. Timing errors due to gain variations are estimated to be

approximately 0.75 ps 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



approximately 0.75 gs for an exenplary systemw th a channel bandw dth of
about 18 kHz, corresponding to a voltage rate of about 0.02 Wts. The

enpl oyed acoustic sensors for each array were chosen to have sensitivities
within 1,5%9B006(86208f ore, 25 channel relative gain variRETBFE054B¢126
approximately uniformy distributed between 0.84 and 1.19, so that the
standard deviation of relative gain is approximately equal 13 WO

2006/ 096208 PCT/ US2005/ 030126 to 1.19 -0.84 = 0.10. The threshold voltage
is Vo =0.15V, resulting in a standard deviation of timng errors of about
0.75 is. Total neasurenent timng errors are estimated by assum ng.t hat
channel gain variations, sanpling variations, and sensor |ocation
variations are a 93 Eistically 5 i ndependent. Then, the tinmng error
standard devi atd A, BBt Thatheshald volthg8 2V = UA3 M) r&duRingdn 4 stasdard t i S
difficult and expenN$?ve to achieve such precision with analog to digital
conversi on, because hi.gh.sanpling.rat foll owed by interpolation are
needed. Two d ?Vfaé’t"@r?lfgﬁ'ﬁ"%%ﬁ)c"§°%f’%a(g atel y neasuring the

Ti me- Di f f er ence- ofrpf hbasdterdehDiMing edBrsdiCestiffate@ B9 dsdumihdatitaghdgad system
I n one enbodi nent, the exenplary systemuses an analog tinme difference of
arrival (TDOA) variatiens, samplingyanatians, aaf genser logptien ypridiean aw|2ll savsticallycks are
triggered en. S i . &q%j ] j | at the
reference mgeng@B%maﬁﬁbﬁﬂﬁggﬁﬁg#Pﬁéﬁ a oggﬁg%€?l§{%%%E%%ﬁ%ﬁg?&first
encounters thev%qgagwqge*oggz@§>p cussed above, a 1 Mz clock rate is
sufficient to elimnaté the i nportance of tine-sanple errors in practice.
The system oper at RSs difficalt 288 @kS@isine theachie@d $tich Predfdiont wih SRldRab dipitabf
threshold levels, with the digital |ogic performng the follow n

functions: 1. PONVEESiOn, Pegawss hi %@PIIO&@FFSMBW@HQMMFTPQPSH%PTCM%QE‘H% at the

reference 20 SRR GitdAL driabShratl) SRl file Ind TifmeiBcHARYBr A eEDAAS hr eshol d

value. 2. The first latc sets start counters for each channel, ich are
i ncrenent eli0 byreemployediint thatliselasdd systeok cycle. The processor is alerted. 3.

The counter in”eagh channgl, LU, MBELrt BecR Ol e SPON M FRER o ouNt or

arrival (TDOA) circuit using 1 MHz clocks in each channel. The clocks are

triggered when the sensor signal exceed a threshold signal level at the reference
sensor, which was defined above as the sensor that first encounters the shockwave.
15  Asdiscussed above, a | MHz clock rate is sufficient to eliminate the importance of
time-sample errors in practice. The system operates in an analog mode, relying on
the detection of threshold levels, with the digital logic performing the following
functions:
1. A first latch is set when the channel signal amplitude at the reference
20 sensor that first encounters the shockwave crosses a threshold value.
2. The first latch sets start counters for each channel, which are incremented
by one count at each clock cycle. The processor is alerted.
3. The counter in each channel runs until the corresponding sensor encounters
the shockwave. This sets a second latch in the channel, which stops the
25 count in that channel. If no second latch is set, the corresponding counter
runs to an upper limit value.
4. The final number of counts in each counter is recorded in a digital TDOA

register.
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t he shockwave. This sets a second latch in the channel, which stops the 25
count 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

i s recor dedWOR/MFYB8t al TDOA register. 14 WD 2006/ 096 20CT/PRIMNISPIB05/ 030126
5. The processor reads the TDOA regi ster. 6. The processor resets the
counters for receiving the next shockwave. |[|n another enbodi nent, the
correlation for each channel with every other 5 channel is conputed, for a
time segnent centered on the tinme of the hardware TDOA detection. The
correlation of two functions, denoted Corr(g, h), is defined by Cbrr(g,h):
Jg(r+t)h(r)dr The correlation is a function oft, which is called a "lag." It

therefore lies int time dommi hasthefollovvlng property: 10

Corr (g, h) <* G(f)E?(‘-Pﬁ’e\ﬁﬁ%%ss@rg’%gsﬁbgﬁyﬁmﬂs?unct| ons of the tine. 1) is

t he Fourier transd orTheQrod@do) reseta bt colliitprsifer redegvibpihieinext shockwaher m of h(t).
The total power in a signal is: Total Power= Jlh(r)l2dz= JIH(f)lZzZdf 15 The
time-of -arrival signal has a finite Iength so that the integration (or
sumation for discrete data) need only erformed over a finite tine
interval cent er dulaegthgrsmbpdigent, ﬁh?‘i?ffc’éﬁ‘i"l &apachtchmebwgbﬁvwomﬁ@ data in one

or both channe t el ﬁaﬂﬁ, ration of
the two si gﬂaléshﬁnn% %Bl:gg‘%uéé ft:5P£Iﬁﬁlln(l%é(v§"rl I ?19? Pégggér{‘tﬂe Iortqﬂ%eh a(Iil%lowi ng
di scussi on, i MfRQAaletctién. Thatomalaion of mfunommsadeaotaéébrr(g;m) isdefpled byt vy,

al t hough the actual data are digitized and discrete values. Those skilled

inthe art will easily bewable to replace the integrals by a summati on.
Referring now t o Garg, B)=i|g(z+pPhGiéss 60 the shockwave signal tine data g;
(t), gi(t) are acquired +n each channel i, j, steps 601, 602, and recorded

as a function of . o o
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()H(-S)
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 = [|n(z)" dz = [|H(/)" df

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

is known in the art.

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

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

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

gj(t) are acquired in each channel i, j, steps 601, 602, and recorded as a function of

15



15 WO 2006/ 096208 PCTI US2005/ 030126 tinme. In steps 603, 604, the total
signal power in a channel i is conputed for subsequent normalization of the
correlation as Total Power in channel i = flgi (1)12 dr signal 4radon The
Fourier traWo2896M96208f) of the shockwave signal tine datRCHY§2005/438126¢ onput ed
5 for channel i and the conjugate G (-f) is forned, step 605. Likew se, the
Fourier transform f) of the shockwave signal tinme data g,(t) is conputed
for all the other <channels j, step 606. Thereafter, the cross-correlation
G (-f)f) is formed for each channel pair (i, j), step 608, which is a
function fli(t) of the "lag" t. The TDOA for each channel pair is the tine
tmag where f(t) has its maxi numval ue, step 610. The 10 correl ation between
the channel s timendn ;tepseﬁ@3bﬁ)4d&1feit¢telckigmlm\edtin/abhmnélli igcofriputed@orr (gi , gj) _
(Power Channel 2: (Power.  Ch Pr§ he residual for channel i is conputed
by computing £4hs Wﬁtrf’%?]ﬂ@"f’%? CCULHAWA % over all sensors j: Re sidual (i)
= nmean( (1-Corr(gi , gj )) jSI 15 as indicated in step 612. The TDOAs and

correlations for t ann jtht t (i.e. smallest) overall

residual are thef® F%%'(‘:’f’éﬁ e bg&(gggfutl on, step 614. As menti oned
above, the channel data are typi caﬁ"’l”"’“”’%”érrpl ed at discrete time intervals
with a predefine npl)ing rate le, 41,6 sanpl es/ sec.

Thi s corresponds%ﬁ%l‘a%nﬁf ﬁgwwgéoﬁé? ﬁyg\%s&p{ %@egﬁégﬁﬁ)wmtﬁ dution for
the 20 recgi V?&cﬁwz@ﬁ}andTmoﬁgfgael@pm@f&ﬁ@@% Iaog L&ed/i’d%ethWbﬁhé time
resolution that is nBr oved a factor of 8 by taking 333333

sanpl es/ sec. @arséormg)( afﬂ@@hom sigial ém@ﬁe@s;(ﬁfls @gmnum fO( ﬂibﬂn)()ﬂlsét ween the
sensors have n er
azi muth and ef%yg{als ele’ 6% ?ﬁc’%ﬁmt {]8§r a] ag% Q%@ 3 eYEr m ne 9& The
shoot er posit 'bltimmelipaﬁ'.(l,ﬁ)bae;dﬁm, ahich i94 function f;j(t) of the “lag” t. The TDOA for
each channel pair is the time ty.x Where f{t) has its maximum value, step 610. The

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

peak value f, ()
\/(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()_(1-Corr(g,, g ))
J=i
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 us, 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

16



16 WO 20061096208 PCTI US2005/ 030126 the shooter fromt
be determned if the nmuzzle blast signal is known in a
Cartesi an coordi nate system centered at the center of t
Cyo, C=0) =VP36F%28§1" the time of arrival TOA of the

sensor 5 (G, C , C) (see FIG 2) is given by: tshol
M -i sin(s)) with cos V,(X0 -C )+W(X0 -Cy )+V, (X0 -Cz
represents the supersonic bullet velocity Mc =V = W2

bei ng the speed of sound and Mthe Mach nunber. 13 repr
angl e' between shooter position and bullet trajectory,

azinmuth and el evation angl es. Adirect hit would corre

Mach angl e 0 def i = 0 i oped ab
FIG. 5 for o ghoHRoIRBaTHe B EN i AP L aet

anot her shoot ergBRsiih h@fitigd bul et trajectory for whic
shockwave at a given set of sensors is nearly identical.

he sensor array can
ddition. In a

he arr 0,
R RIS S R
x =10 + Mc (cos(a)+
) (i)=LM Y=
+Yy+Y,Z , V' with c
esents the "mss 10
whi ch i ncludes both
spond to (3= 0. The
vs and ipdicated in
golpst Sigmstis | s
h the 15 TOA of the
The two ambi guous

solutions are in fxﬁlstahéﬁmeo%ﬁdmaté s&n@ceatepealmﬂe%@m@p&ﬁhe a&zl}elw?@lswave i s

assumed to propagate across the se sor array as a pl ane

wave. fe TDOA

resolution is rﬁ)g.sze)rFOWQﬁ D)), thetme parrivel T@Aoﬁthmsboc&cvvavm agn‘(ﬁﬂlémwe t hen

d. The essenti al

the two riy~d nscnbe di sanbi guat e
anbiguity 01?5 dd§h§ ‘#/bége gﬁ{sui)‘ll %(utions is indicated in FIG 3.

Assum ng sufficiently acc;’rﬁte TOA neasurengnts, the tr
shooter position qnd buI.L a‘éds@y)as\jmylgﬁ(w e obt ai ned

shooter/traj ectory "Eonbi nMd'on t'’hat m ni mzés the root -
residual 17 WO 2006/ 096208 PCT/ US2005/ 030126

ViX,-C )+V \X,—-C, )+V X, -C
with cos(ﬂ)= *( 0 x)+ y(uo‘/[ y)+ z( 0 Z).
c

14

X

ue solution for
by conputing the
mean- squar e ( RMB)

V =|¥, | represents the supersonic bullet velocity Mc =V = ,/Vf +V}+V?,

v,

z

with ¢ being the speed of sound and M the Mach number. 8 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 -j%[— =sin(®).

As mentioned above and indicated in FIG. 3, for a given shooter position and

bullet trajectory, there is another shooter position and bullet trajectory for which the

15 TOA of the shockwave at a given set of sensors is nearly identical. The two

ambiguous solutions are in fact identical if in a simplified mod

assumed to propagate across the sensor array as a plane wave.

el, the shockwave is
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
20  shockwave-only TDOA solutions is indicated in FIG. 3.

ambiguity of

Assuming sufficiently accurate TOA measurements, the true solution for

shooter position and bullet trajectory can be obtained by computing the

shooter/trajectory combination that minimizes the root-mean-square (RMS) residual

17



of neasured and conputed shockwave TDOA' s: z Q@ ~n=mn ~(r~mtm-, ~ wherein
the sumis taken over all sensors. One approach for solving this problemis
the LI Levenberg-Marquardt 5 al gorithm described in detail in US patent

5, 930, 202. WB23906/09638si cal poi nt-by-point algorithns useCa/UsetsnITLE Sti C
procedure for approaching the optimmsolution, starting froma random
guess solution and specifying a search direction based on a pre-specified
transition rule, such as direct nethods using an objective function and
constrai nt values and gradi ent-based nethods using first and second order 10
derivatives. However, these nethods have di sadvantages, for exanple, that an
opti mal solution depends on the selected initial solution and that the

al gorithmmy get "stuck"™ at a sub-optinmal solution, such as a | ocal

m ni nrum or whey, t hwa shas a flat valley, so that
further iteraﬁggﬁéagrﬁﬁaﬁgp&yﬁg%%ve t éf9§§§glt. 15 It has been found that a
gl obal m ni num of the shooter direction jectile trajectory can
be conputed nore quickly and norarkghmahlQ:Gugawggguated by using an

evol utionary genetic algorithm (GA). GAsYm m c natural evolutionary
principles and apply these to search and optim zation procedures. A
schematic fl ow diwhgfedihekum i3akémsovehaihsensors.FI G 7. Instead of starting with
20 a single guess for a solution, a GA process 70 begins its search by
initializing a HedpproRd el 1Viap M problemlis MBL] Ievedberg Madfidrdiet s a
generation counter to zero indicating the initial solution set, step 72.

Once a r andomalgssithma dessribest ingistailtin B patest 5,930 2 Mot glassiqal PAINEPYIBAIBY i n t he

context of th 0l r ang ﬁ]ﬁg .1t ness
(relative mer ?‘g%bgﬁwalb%%giagd%gegﬂ[ 0 eggﬁe@égﬁr?@r{?&@ﬁ%pmggm esgi}lilélﬁéss 25 can
be represent edtdnyng firem Buardodeguesskiohitian cand Apetj fiyinig et sereln dmeatiah bededbrd sol uti on

and_the measu ed S0l Yt L0080 A00H 295208 G VPSRl A8 2Bon G T

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

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

result.

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

principles and apply these to search and optimization procedures.

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

the measured solution.
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Y Intuitively, an algorithmhaving a small value of ATmin is better. For
exanpl e, when applying the GA to di sambiguate the solution for the shooter
direction and ojectile trajectory, the exenplary GA uses as a chronosone
an 5 initi a‘WOﬂg%@P@E’? on of 200 4-s, with each 4- contai r?QTGJS@Wé/O?‘BFq owi ng
val ues: [ Azi mut hShooter, Elevati onsh. . t, AzZlmuthM...d, ElevationMs,ed).

[ Azi mut hshoot a, El evati onshoot u] are defined by the angl e (e+/3), whi I e

[ AzimuthM,,w, ElevationM,,ed) are defined by the angle 0 (see FIG 3).
Since nuzzle blast is not used with the aforedescri bed shockwave-only
approach, a 10 nom nal range between the sensor array and the shooter of 100
nmeter is assuned. The initial population is created by random sel ecti on of
the 4-s spanning a neaningful and reasonabl e range of values (all val ues
are in degrees): Azinut hshoote -{rgm‘[( 3160} El evati onshooter = {-10,

... , 30}, 15 AzimuthM"w = {- ““ar‘fﬁ” El evationM,,ed = J-20,...
, 20}. It is checked in step 75 |f a i mum nunmber of iterations for the

GA, Wwhi ch be set at 25 has b If th
nunber of F?Qrate.fiﬁ@ﬁgsmbé ARl = 5P VB SER B BEME st step 80, and
th | t b t ed h t t
76 checks i { - pr oo O PRATLS SHeE APRIANE 416 0 b SiSnpi gLl B pelitionor Teehodh Lot
can be, for exafjRkfon ﬁ;d%%}?éﬁl@é ,euaﬁed,e%iexﬂw\?m&ufeﬁ@a@m&fa&om@aﬂ atio of

the residuals of two anbi guous sol uti ons fitness criteria are
satisfied, the lprt@bmlamn of Y¥sA-stwith eaph gcontsirtieg the Sellowingiwalugsopul ation i s
created 25 through crossover, step 77, and nutation, step 78, and the
gener ation count et Azanuti@u W EROIBNER62 BIMPUMLE FIOBL083dE | ncrement ed by
one, step 79. In each generation, the "best"” individual is allowd to
survi ve unmut at ed,[AzinheiRas, Eleeatioogecd)@reidefined Wutht anglatR)dgkite by t heir
fitness, also s an'u\llt M,ssed,ulglevatxonM.ssed?are defined by the angle 8 (see FIG. 3). Since

muzzle blast is not used with the aforedescribed shockwave-only approach, a

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

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

meaningful and reasonable range of values (all values are in degrees):
Azimuthgporer = {0, ... , 360},
Elevationspoter = {-10, ..., 30},
15 Azimuthpmissea = {-20, ..., 20}, and
Elevationmissea = {-20, ... , 20}.

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

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

criteria have been satisfied.

Fitness criteria can be, for example, a computed missed azimuth of <15° and/or
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

19



to create the next 100 individuals frompairs of these survivors with the 5
crossover/mutation operators listed in Table 1. The foll ow ng exenpl ary
crossover and nutation operators were used to denonstrate the process 70:
Oper at or NaWe 20008P@0%Hr Probability Description Type AziREHUR2O5O3HYyer
Crossover 0.5 Exchange shooter/trajectory azinmuth between two chronosones
M ssed- Crossover Crossover 0.5 Exchange m ssed azinuth/el evati on between two
chronmosones Field-Mitation Miutation 0.3 Replace a given field (with a
probability of 0.25 per field) with a randomy selected new value within
range I ncrenental -Mitation Miutation 0.4 Introduce small nutations in all
fields of a chronbsonme (wWwthin -<21 for shooter information; within 50.5
for mssed information Flip-Mitation Miutation 0.1 Change the solution into
t he ambi guous incrementerhbyeorsostep ¥9n No- Mut ati on Mutation 0.2 Chronpsone
remains intact Table I 10 D sanbiguation is achieved and/ or inproved by
perforni ng a gradneach gsmexatodm, the “besticinthiviiualsie kilnvwedrio awtiveamutitedespondi ng

al ternate sol ut,i on. For h .anpi guous | utions, the residuals and the
Fat o6 of the Wiscrdiatoe 2L RSBt Sqsed B e Rk hPELC RSt At <
<15, representy BkatethORRt 100 AENidREE floln pdS of Hebcsubfivérd&itheld dual s is 15 >2,
then the solution with the lower residual is selected. O herw se, no actual

sel ection i% rpERREOVex(AWtatinn operpigrs listedvip TRblEAe | ower residual is |abeled the

"primary" solution, while the other solution is |abeled an "alternate"
sol ution. 20 The following exemplary crossover and mutation operators were used to

demonstrate the process 70:

Operator Name | Operator | Probability Description
Type
Azimuth-Crossover Crossover | 0.5 Exchange shooter/trajectory azimuth
between two chromosomes
Missed-Crossover Crossover | 0.5 Exchange missed azimuth/elevation
between two chromosomes
Field-Mutation Mutation 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 mutations in all fields
of a chromosome (within <2° for
shooter information; within <0.5° for
missed information

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

10

Disambiguation is achieved and/or improved by performing a gradient search on
the best solution and the corresponding alternate solution. For both ambiguous
solutions, the residuals and the ratios of the residuals are computed. If the computed
missed azimuth is <15°, representing “close” shots and if the ratio of the residuals is

15 >2, then the solution with the lower residual is selected. Otherwise, no actual
selection is made, and the solution with the lower residual is labeled the “primary”

solution, while the other solution is labeled an “alternate” solution.
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WO 20061096208 PCT/ US2005/ 030126 W th shockwave-only detection, the GA

al gorithm produced a solution on a | GHz conputer running the Linux
operating systemin 0.15 seconds on a broad range of sinulated shots. 97%
of the sinuWAX28/09p8s were within 15 of nissed azi nut h, PCEHUSEOEHPES t he
sinmul ated shots were within 5 of mssed azinmuth. Using the 5 aforedescribed
di sanbi guation algorithm close shots, i.e. shots having a m ssed azinmuth
of <15, were disanbi guated 95% of the tinme. The di sanbi guation algorithm
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 evation being 10 easier to disanbi guate. The aforedescri bed solutions for
the projectile trdVithshsckwaeds-enlgdetactivagthaGAradgérithaigireduceda sabtionmed B bl ast .

However, it has _been found that even a weak nuzzl e ignal or .a zzl e
signal receivedG ﬁP9mBWeW‘H€f@§“HWFa“B$ Sl‘ﬁ‘%ﬁb?‘ﬁiegﬂn &N afieadpngce ousi y

used to inpr 0Veo%ﬁrﬂﬁ’l‘ﬁte@%ﬁ&é.@%&ﬂtﬂé‘siﬁaﬂﬂte_qisﬁé\m&l@ﬂhﬁ@5° 3misted az@EROWS
schematically a diagramof a Tinme of Arrival (TOA) node which is

descri bed in moams 868 of the simulsgedshotswerewittia 51 of misedazionthndisisg than be used
to estimate the trajectory of .th | i a the | i on
relative to gt ht Ogeg%lsggb#aé%aé?qlélﬁﬁogél%b$&’ Lnlggeeﬁ'i\gfss#%5@&%9%%'{%9@%?% stic

nmodel taking i nizmuth@felst, wees diginibigiasediossd oftheatirae.t The disantsiguatibat i ng to the
projectile's flight path, such as 2Q the air_ densit Lchis related to
tenperature); tﬂémﬁB’é‘iptr?%e qrEsgt reﬁat,s fgsyporg distant %br%%loé)fﬂm '?’ﬁé‘m&ziT th and

el evation angl egc@facy OdifdnitigualbR ?sleﬂpe&éaaa V%&?Ha?ed‘(ﬂ' tRE ten¥orQfray O] ﬁct ile

(or equival ent Mach ‘nunber); and the speec sound (which varres wt

t enper at ur e/ ai ranfghspresumedajistributipnof plgts, wathishotgbanang a law ¢lgvation eibge t o
accurately al cul ate,.the.ti at which the shockwave and nuzzl e bl ast reach
a particul al’d:po?aﬁier{ozdégaimﬁméjﬁ%ge. As depicted in the diagramof FIG 9, the

shooter is |ocated.at .point .P.(Px.. Pz) .r ti.ve to an.origjn. (0, 0, 0),
the various sensor ea?f‘gre‘%leéﬁﬁqeg%O@{IN?JPE% p%’ﬂec?ILeatfa@%W,w eg?o%,“n%n‘ﬁ“é%E bul | et
trajectory is siéwfiodsf @iBdlebliastg Howeter! i Basiee® fouind ithiat Vi addeak muzzle

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

advantageously used to improve range determination and disambiguation.

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

20 the air density (which is related to temperature); the position p (Px, Py, P,) of a
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,
P2) relative to an origin (0, 0, 0), the various sensors are located at points S i (Sx;s

Syi» Sz), and the bullet trajectory is shown as emanating from the shooter in the
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WD 2006 /0 9 6 20 8 PCT/ US2005/ 030126 direction of A . The vector fromthe
shooter to the j h sensor is b, the closest point of approach (CPA) of the
bullet to the i h sensor is |l RI =1ID1 sin(g), and the path followed from
the poi nt WY&2806036208 hockwave is radiated fromthe traj REWVWSR05H30RE | h
sensor is j (the index j of the sensors has been omtted). The Mach angl e of
the 5 bullet is O =sin-"(I/M, M=V /co. Mis the Mach nunber of the
projectile, Vis the supersonic velocity of the projectile, and co is the
(pressure- and tenperature- dependent) speed of sound.

The' m ss-angl e' between trajectory and the j h sensor is a. The trajectory
is characterized by its azimuth angl e neasured counter-clockw se fromthe
x-axis in the XidtJIhdPes aMe PbtdrifonPing Wido? o ARG SendBAS UF Afle HIBYRY sbifktr om 10
the x-y plane. The equations that define the shockwave arrival time t/ and
unit vector alfhiRodchICPRNSOhe Bhilket ¥ tht §Eiené? imirmltip[:eiﬂ(e?,samgﬁ@mri cal
quantities. A The tine of arrival is equal to the ti It takes for the
projectile to trayeld fdhethePofit WRER the'shbcibvPav MeraBiated iroWEihe 1ARBIAEY fothd adi at ed
toward the j h sensor, plus the tine it takes the shockwave to travel the
di stance | Sl f®penkdrds Sadheinden) ¢fahdsendoss fids de¢n dmiBed)l Thedvischrangle of theo A S D
tJ=to+ V +I I=to+llsin(i+0), Co Co wherein tois atinme reference (firing
time) and c@ i $ulldtes gpsad (Mg aad./c TH is iHe Mach mgh®elofithe profeotile/iicthe ed i n
FIG 9. It can be safely assuned that the velocity V of the projectile

renmi ns const asepersicoigacity offthepsgiecsils and wdphe dpigspurco aphEMPEREBe- spaci ng, so

that there is ijnsi g . ' . i 0 jectile
. t dnd T sl BRWRAR Aﬂgﬁﬁ b
radiates to t hél@}gélng%lei g’%’?&éfeér?soc?s : ig V%\g\%gge ovetrp1 F%Eg’?;r I s%gr}grésts& W
proj ectil es ar ¢. Khetmjettorsischarddenized by its azimuth angll ie¢amed cotlitter-cl@RWIAD
2006/ 096208 PCT/ U52005/ 030126 . .
om the Xx-axis 1n the x-y plane and by its elevation angle measured upward from
10  thex-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 2 it takes for the projectile to travel the

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

it takes the shockwave to travel the distance |§| from the radiation point to the j"

15 sensor, E—l .
Co

A
t, =1, +l—l+l-s—,=to +)£Isin(ﬁ+9),
V 0 Co

wherein t; is a time reference (firing time) and cj is the speed of sound. The
Mach angle O 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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air resistance can be expressed by a drag coefficient Cb which depends on
the bullet shape and bullet caliber. A mathematical ballistics nodel

derived fro i principles can predict the arriv j f a
shockwave a{pogzﬁﬁoagﬂ ral point in space as a function gécﬁh%?s?osgléf of

paranmeters describing the projectile (e.g., by its drag 5 coefficient Ch),
its initial velocity, and the density of the surrounding air are known in
advance. The paraneters required for an exact calculation are typically not
known in a realistic setting, such as a battlefield. However, range
estimation can be significant inproved by an iterative process shown in
formof a process flow diagram 200 in 10 FIG 10, which takes into account

decel eration of the projectile ve]oci al t trajectpry., Th rocess
200 begi ns. at LiTERBHs HE B eRESFLIY LRGeS e TSP b heiel couna
modi fied for ombsd £ buBERANE: U AGhatBérhatiREIRRARILEs fhedt4 BerWed)frontPhysicaom nal drag
coefficient averaged over anticipated weapons Vo = initial velocity of the

projectile, wisHcblessan prgdist thgamveline afy shorlgwaveat anyoperabpniat ivspaee o/ ¢ =

initial Mch ekt ' ' ' j Of.. t di stance
Do i s comput egg in scttlgiﬁo%gl 15%} %gﬁ{ﬁétérﬁg%gﬁ@g%ﬁﬁpﬁ%_@{ﬂlé (kg%”:%g-(g#- arrival
(TDOA) r". Sanceoafficeent Cy)aits initipl eelacityeindebandensitypefthanadrommding @irscindwat t he
sensor array and,by assuming an initial, constant 20 speed V and Mach
number M acco‘P&FY%‘c?'o the equation r"" C DD 1-cos(a) Wth these

assunptions, the ojectile's s d at a distance a fromthe shooter
position P can be%%ﬂi‘i’ﬁ’?’é@'si'ﬁqtg’t%gg°r?@€x?‘itB#F'flf*\té’“ef"t‘jﬁﬁi’?"@ YBOLKNBWRIR® 1 C, aV

23 VID 2006/ 096208 Pkl ABRHRAe1dS okBik, e delifBtiot@niieQghftcahee t r avel s

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

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

15 weapons
Mp = Vy/c = initial Mach number of projectile

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

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

Tm: : CO

D, = —"—7—
° l—cos(a)

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

position P can be computed in step 206 from the equation

v, =M0[1-

a ]
A
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beconmes, step 208, a T. _ a- Vo yo Cb The angle Ais related to the Mach
nunber M by the equation 5 sin(O=1 M wherein the Mach nunber M is
initially set to M. It should be noted that the instantaneous bull et

vel ocity i sWOSP06{08620he speed of sound (i.e., M = 1) if REFEUS28GH3ULed bul | et
vel ocity becones | ess than the speed of sound. The revised distance a = 1Al
in step 210 then beconmes 1 10 a = DO . cos(/6). 1- tan(8) Il M2-1JI The
angles a, a,"and O are related by the equation (a + 0 + 0) = 90. The
process 200 then | oops back to step 206 by inserting the conputed val ue for
the distance a in the equations for Ma and T. above, yielding an updated
Mach nunmber M and an updated bullet travel tinme Ta, respectively, for the
travel ed distance a. 15 The neasured TDOA ra, a and the conput ed updat ed

val ues for T. and satiat thettingdthe pidfudtileqrasels tesiistanet @ alopd alietrdjéutoryal ue D for

t he shooter range: D=cO @% +Ta)+s This process is repeated until either a
maxi mum nunber BFOMEeSER P%hs has been reached or the range val ues D
converge, as determned in step 212. 20 The process 200 al so checks in step
214, if the reviseg rang& value D = ID for the distance between the
shooter and the serisor aprgy,is a "reasonable” value, in 24 WO 2006/ 096208
PCT/ US2005/ 030126 th&h—ggse the process 200 term nates at step 216. For
exanpl e, the value for

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

5 sin(®) = —

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

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

distance a = lil in step 210 then becomes

+COS - tan(ﬂ)
10 a =D, -cos(B)- [1 m]

The angles @, (8,and O are related by the equation (¢ + 8 + ©) = 90°. The
process 200 then loops back to step 206 by inserting the computed value for the
distance a in the equations for M, and T, above, yielding an updated Mach number
M, and an updated bullet travel time T,, respectively, for the traveled distance a.

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

used to successively update the value D for the shooter range:
D=c, (7, +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 = lﬁ' for

the distance between the shooter and the sensor array is a “reasonable” value, in
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be considered valid if the distance a traveled by the projectile and the

di stance s = a sin(k) between the sensor and the point where the sound wave
is radiated sin(a) fromthe projectile to the sensor are valid nunber

val ues, i.eWO2006{09620WNAN. A NAN is 5 a special floating BSIV¥20054BQ126
representing the result of a nunerical operation which cannot return a

val i d nunber value and is typically used to prevent errors from propagating
through a calculation. In addition, aand (3 should both be |less than a
predeterm ned threshold value, indicating that the projectile was indeed
fired toward the sensor array. 10 As nentioned above, the nunber pair (r.,
a) isinitially used to conpute the shooter range Do in zero "

approxi mation, neglecting change in the projectile's speed along the
trajectory. |fwh cmeéhapﬁoo@ssag%mwa@@et%?clﬁi E@de’@ﬁwg%ﬂt?d@bwrf@t €& urn a

consi st ent 960%%& id%wair{@ﬁa £ biftandY Ele@ﬁ%}ﬁ;ﬁ@;atggh%ﬁl%ﬂta@?ﬁ sol uti on

is discarded. ve(;}r) an exact solution obt ai na it is a
goal to find val uessid he shooter r e D and the m ssed azi quth and

el evation angl &5 ¢ g 35 é"rt@e"r’b %f@&rtﬁaﬁ%r%“tﬁg@fe tET’ Sg‘é‘ay"%iséﬁ&}]éteﬁireasur ed
shock TDOA and a neasured nuzzle TDOA. As already nentioned, the shock-only

TDQOA' s bet ween fiohethy projeetik t6 Bitsensdr iRvalidnumibsd tvalied, Ual hesNAN. reNAdbky
neasured. The shooter. azi muth and shooter elevation, 20 but not the shooter
range, can Pe aspsiahflagingmonivelie reprsenting theresubef aqumricy] oppBlRmYyRishsensor

array coor di nagggof %&usr% ggﬂlﬁ%tgéﬁea H%}E% ﬁ? i W&?ﬁcaﬂ? IR plait eBR fHPA U

bet ween the detecte _ _ | e sound " can al so be neasured,
wher eby t he nupmipegatiog tidoughya cadauldtion.d bt additiod, dgndsf shoulibotlebslossstharid it i s

determ ned in st 214 that, the iterative. .prqQcess 0. doe turn a 25
Tl fa rocul t | DrraReted (Rsndfl Salyh ShRbANE B BE RGRAUT B Rl el BV e by
i nvoking an ewlsdhdopmady genetic algorithm (GA) 300. GA's -mimc natural
evolutionary principles and apply these to search and optim zation

proceduresjgA GA h@qieaﬁoﬂeuabo\&?&eeahmwﬂmm@gd@mn uedd t8ebmpitese i nst ead
of just one solution. Once a random 25 WO 2006/ 096208 PCT/ US2005/ 030126
shooter range Dy in zero ™ approximation, neglecting change in the projectile’s speed
along the trajectory. If the iterative process 200 described above does not return a
consistent geometry supporting the number pair (7., ), then the solution is

discarded.

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

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

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

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

search with a random set of solutions, instead of just one solution. Once a random
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popul ation of solutions is created, each is evaluated in the context of the
nonl i near programm ng problemand a fitness (relative nerit) is assigned to

each solution. In one enbodinent, the fitness can be represented by the
Eucl i dean dWO:24%98628¢ ween a cal cul ated sol ution and t RCHERAWBU 2ol ut i on,

for exanple, by zi -r' \ Shock,caic Shock.nmeas r ! 5 zun ="'"'" N +abs[i |
M™ 1 rJ nl /Il a + Ma~ a-llntuitively, an al gorithm producing a smaller
value of ATm,, is better. A schematic flow diagram of the GA process 300 is

shown in FIG 11. The process 300 uses the tinme-difference-of-arrival
(TDOA) r. and the arrival angle a mneasured previously for process 200, step
302. An exenplary nunber of 3-tupes 10 having the val ues (RANGE, MA, ME) is
defined as an initial PO pul ati on, step 304, wherein GI%lsthe shoot er
range D = | DI BIRHORA ;ql@ongls qmte{dseqchés sialiated in theicapiext of thenapingas ¢ he

m ssed el evati byl | et

m ssed the tarlgggr I'n a mJth and @kﬁgﬁe}aggéglgﬁageﬁggg ttg%ﬂ{ko?dgﬁphgl
illustrate exaonsenbiodimens,thefiness cowbe represanteidry the Englidemhdistantet betwegropul at i on

in step 15 304 is d by.random s i 0 3 tupel spanning a
meani ngf ul d°a“%éag%‘gsr?g‘§1°8“¥$%é"%?ﬁ“’e§f°‘é‘§°"IEQA "é‘%”ﬂ %1 ="(1000, ... , 3000)
[meter], AZI mut hM ued ={-20__ —203 [degrees] and El evationMwd =
{-20, ... , 20} [degreepy. ,20 The,conp tation foIIovvs a simlar process as
outlined above for the Chetherty - S’e‘h?‘v sol u Ntially) for generation
Gen = 0, st&p 306A74he éb{grfc ,m:mpa.;al i s conput ed
for each 3-tupel with t'he previ usly det er ter |rruth and

el evation,” and an assumed RANGE for the particular 3 tupel . Assum ng an
initial Mach nuntatuitiddly, ahalgesthiroproducindy a smallgr value) of At,f is bder.posi tion 25
fromwhere the shock sound is radiated, is conputed with the MA and ME

val ues 26 A schematic flow diagram of the GA process 300 is shown in FIG. 11. The

process 300 uses the time-difference-of-arrival (TDOA) 7ms 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 = Iﬁl shown in FIG. 9, MA is the missed
azimuth, and ME is the missed elevation. The MA and ME values indicate by how
much the bullet missed the target in azimuth and elevation space. The target in the
illustrate example is assumed to be the sensor array. The initial population in step

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

reasonable range of values:
Rangesnooter = {1000, ..., 3000} [meter],
Azimuthpissed = {-20, ..., 20} (degrees], and
Elevationmissed = {-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 (P, Py, P,) is computed for each 3-tupel with the previously determined shooter
azimuth and elevation, and an assumed RANGE for the particular 3-tupel.

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

25  from where the shock sound is radiated, is computed with the MA and ME values
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WO 2006/ 096208 PCT/ US2005/ 030126 for each 3-tupel, step 308. The di stances
b =SJ - P between the shooter and each sensor | that detects a shockwave
are al so conputed. For each 3-tupel, the angle Ris conputed fromthe

equati on co¥0j280609R08p . 5 = wherein the synbol "." indiREERHI2E ] ar
product between kl*-SI 5 the two vectors. Updated values for the distance
a, the travel time T. of the projectile over the distance a, and the Mach
nunber M are conputed by inserting the conputed value for 0 and the
initially assuned values for M = M and a into the above equations for M,
Ta, a, and D, step 312. This process is iterated several tines for each of
the 3-tupels, for exanple 3 tines, as determned in step 312, whereafter 10

the residual MM, defined abgve, whjch ingludes.the nmuzzle signal, is
conput ed for éabwch3t%|S,teps%oép'fﬁial.stap‘fes@=cia€c&@awqqn§h@§°§%a f€¢R raxi mum

nunber of iterations for . the . for exanple iterations, have been
reached. |f the&®PERK Wﬂ'r#eﬁ??ﬁ?eﬁgﬁ?}quvf’érreﬂﬁoc?ﬁg‘pﬁég' been reached, then the
process 300 stops_at step 320, returning the 3-tupel with the 15 snall est

resi dual . Ot her wi 38T each3-tBpelcibe angle iscomppted froniBGeAHAN at i on t hrough a
crossover and nutatiogn(gpeflati on, step 318, and the generation counter is
increnented by eR@ = 22 where@ah b sygcivd et inditated the scdl@roducnbitwesdual i s

al l owed to survive uMpyPat®d, whereas the top 100 individuals, as judged by
their fitness, also survive, but are used 20 to create the next 100

i ndi vi dual s 5f r ahe {vai vestood. Wptased valwes fov theglistarch af the traved sisevRrof thet at | on

operators listed in.Table 2 .bel ow T |l owi n xenpl ar rossover and
nut ati on oper atpé?Jga“%?‘éerg]?e(HSt%e ad%'rﬁ‘gﬁ%W&Q 'é“'?lheg ”Z‘r rrgoggp Y 1BSETRES
2006/ 096208 PClhdisutiiiifeddOdiedor g aiPtha rftialyasRinfed SaRieOfor RI,0ORp lahd 4 Shto the

Description Type M ssed Azimuth- Crossover 0.5 Exchange m ssed azi nuth
bet ween two above equations for M,, T,, a, and D, step 312. This process is iterated several times

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

each 3-tupel, step 314.

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

el evati on between
Exchange range between two Crossover chronosones
Wo/8208i el d (with a probability of 0.25 pePCT/U8100§03i26h a

0.3 Repl ace
random y
| nt roduce snal
for shooter
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Crossover two chronosones M ssed-
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meter for shooter range; within +£0.1°
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

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

only solutions.

or more shockwave channels, which 1s a significant improvement over shockwave-

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
det

ections.

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

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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28 WO 2006/ 096208 PCT/ US2005/ 030126 |If the muzzle blast signals are
detected on 4 or nore sensor channels, then the aforedescribed shock-nuzzle
al gorithns can be used to unamnbi guously deternmine the shooter |ocation,
regardl ess WP 0¥*Rkber of shock channels. |f the nuzzIRCTNVRE03Y2¢Nnal s are
detected in fewer than 4 sensors, but shockwave signals are detected in 55
or nore shockwave channels, then the aforenenti oned GA can be used with a
nodi fied cost function or residual, whereby whatever nuzzle signals are
available are "m xed" into the optim zation function to disanbi guate the

shockwave-only l,ution dlor refine the estimation of. the shooter range.
ovever 111 ewer R AT Sted Eprs el eF o of B Ahhed srarhEi BRE G

channel s are dgfofdbasibed §Hdbk-Afuzalk algorithths@ambdasedtd invanilaghotslyldetetmiatt enpt i ng
to localize the shooter. The nuzzl e signal rrafysbnot be reliably detected on

al | channel s, theshepierlocptiomregandiessof themumbeaf shockshanngls. i the neuzaledéast i s t oo
|l ow to detect J T Genddig i j r-ngble in
t he raw si gnal %@%@@ﬁg‘%{”ﬁ‘gm%’eﬁ%?gﬁ? to ’?g??tg)?g‘fbg%vaﬁ éﬁgg%%{lijés%??% lg?’vi ng

unr el i abl e D0 resteishatkeayve clfnnds thenghd aforentehtored deA van/lee wsad with ast r onger

t han the nuzzl e Ql.ast d can arr.i.v arlier than the nmuzz|e bl , causing
the systemto F’QBQ%&)?OS%E‘&"@% OrSrﬁSEW?’a@‘emﬂt@%evW?Hz eﬂﬁ'}éﬁ ate gyailable i g
only detected g “gHeR”aheMEIptimiiatien Agsiichialdisambighhte thedhoskwavalonn can be
defined as Oz - _ ar' -aT'_+ (OZ{ri - OTj f) , . mn npnle, cal c nmunle, nmeor SAcck,
tal ¢ Skock. mengolptiqn apdior eqfine thecestimptiqn efdheshoeter rapge. tlowever.if fgwer than 3 ymed
over the reduc BSheis ANIS I t, and |
i s sunmed over&tqﬁiewsensg?s d%’?@gﬂ%ﬂg§$%c§w§ﬂ%%yéﬁﬁa€§&f?§%f%§ﬁ{/&&%&§ensors).
25 As denpoht r ednchit dotivatétbwshoutpitensptibe s@ ocilizd tixhoeter.t he nmuzzl e bl ast si gnal

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

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

confidence.

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

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

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

detect shock as muzzle.

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

20  situation can be defined as

, . 2 . : V]
= i — ! J — /
A rmin - \/ z (A rmuzzle,calc A rmuzzle,meas ) + Z (A z.s‘lh:n:k.calr: A TSIlock.meas ) ’
i

J
wherein the first term for the muzzle blast is summed over the reduced number

of sensors (<4) that detect the muzzle blast, and j is summed over the sensors

detecting the shockwave (typically all sensors).

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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provi des inportant information about the shooter azinuth and hence the
projectile's 29 WO 20061096208 PCTI US20051030126 trajectory as conpared to
a shockwave-only solution, so that the conputed trajectory solution aligns
nmore cl oseMP 09036288 e of the ambi guous sol utions, i.e.,PaRuUS0eSebi guati ng
the solutions. Wthout at |east sonme reliable nuzzle signals, a significant
nunber of 5 anbi guous shockwave-only sol utions nmay be generated in
particular at |ong shooter distances, which are | ess desirable than a
smal | er nunber of unanbi guous, but |less precise solutions. In the event of
potentially unreliable nmuzzle detection, an attenpt can still initially be
made to detect nuzzle signals, e.g., to find a nuzzle blast signhature in a
10 noisy signal, and to conpute the resulting TDOA's. The nuzzl e detection
wi || be deemtdjettoryhas cogipamitea BHoclthmlﬁsogutwnssoaﬁm tho corsputed ajentdrlyi ci ent
nunber of sensor aZiflth suf f.i ci cro corr.el atian. betweeﬂ t he channel s,
and if thereSP8UY MOrLt1Ps pas o thepmbiguqus seluianS ke mizzle si gnal
and t he corragg&g@hmmgﬁﬁa\gmmspn each channel (offset by a nunber of bins
to account for filter delays). 15 Oherwi se, at |east the muzzle si gnal s
that show i nsuf wlsﬂoﬁmt 1é‘agnrsroﬁiea&ma% Bhle s@%ﬁﬁeﬂjslgﬁﬁdmitﬂﬁmﬁéﬂdfow ng "coarse
nmuzzl e detection' c is invoke eaks in the shock energy

fol | owi ngSa mwou %a@cwwewlya@awgnmay b¢ msateﬂsn@@klcweh@é@ng shooter eby
excluding th . [ | d take
the nuzzl e wg\{iaea?’? es%%\bg@g&%ﬁﬁrab%&%{eﬁgs@ﬂg?@g‘é@égc de ]#Fnes 6‘“ %ﬁdovv'

havi ng t he ceoracsspantieonsg durati on. Search for nuzzle energy peaks by noving
this wi ndow across substantially all detector channels follow ng the

det ect ed shockwaittie egdfit pPporhtialiy unrelisblé muteddationt mdittemgnah stilbhi ch have
been identified as shock echoes. Integrate t e energébﬂver t he W ndow,

i e., seek t Hutighyhermdese detoes myzglesignals. €8.go] néam&z ast pgnatyigan @ of nbi, ,
represeny§ an,gRAsighd, £d S&hEMe - r&ultm%ﬁ‘if@/}(’spfrhE Bfizzle detection will be

deemed to be reliable if muzzle signals are found on a sufficient number of sensor

with sufficient cross-correlation between the channels, and if there is a sufficiently
strong correlation between the muzzle signal and the corresponding raw band on

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

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

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

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

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

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

i.e., seek the maximum of:

25 f(z ZZ(mb,’LJ)

n=0 j=0

wherein the square of mb/,; represents a measure of energy, e.g., energy of the
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30 WD 2006/ 096208 PCT/ US2005/ 030126 nuzzle bl ast, nmeasured by the nth
sensor. (i+j) indicates the detection channel, with i denoting a discrete
time interval between the tine the shockwave was detected and the beginning
of the wi ndWR 208¢1496308r epr esents a tine interval neasur edPETOSR00BORbart  of
the window. 5 To discrimnate agai nst noi se, the peak energy in the w ndow
produci ng the maxi num of function f"a(i) is checked to determne if the
energy peak at that nmaxinmnumis greater than the energy across the w ndow by
a given ratio factor. If this is the case, then the signal in the windowis
identified as a nuzzle detection, and cross-correlation is perforned on all
channels in the nuzzle blast band nb to 10 determ ne nuzzle TDOA's. The

detected nuzzle bl ast signal can tRen be used .to determne {he shopter
range and/ or dnaledilast Rpesyrpdby sk Rerser- Qf’ér\%ﬂ‘?at%§§h?j€‘§%‘}tﬁoﬁéém‘é‘ﬁlo¥7’étﬁ‘I n

summary, the Q@ﬁ&mgggﬁsscﬁafé Eiﬁlemg@&al%weﬂw fine (i skdthcWafdaddedi@fbd and

unanbi guously provi ooter direction and bullet trajectory based on

shockwave- 15 tmbeginmirgsefiteerwindew, Midg aerivésguta b time intarvabmeasuraddramithgstits hoot er
range can be e tti mated if even a weak nuzzle bl ast waveformis al so
detected. The °§>}§°tvé‘ ™ relatively insensitive to fal se shooter indications
in response to vehicle vibration and, noi.se, nor w nd,noise .fipecrackers or
near by shogti ng ﬁjlz? dbﬁcpgﬁtﬁl%%?ﬁaméa%%}sef fhs REak rerey i the,windoy PP%E‘HB%P‘S be

nmenti oned t hatmdxiifum T Fgidtiees, o) iifcheta 16 detetaviny i thd gRedypealpsythar ms two test
on the initial wavefornms for determning if the signal can indeed be
attributed to m#FpRmMAsEsaterthan the epgray agsess theavindew By agiwnggtiq fictar.f equency

band between LAt : ' pak, ' : irical
t hreshol d valt@ggtﬁ%ﬁ’l tﬁ Lﬁlﬁ;g&?ﬂ‘ﬁggﬁ&%&\gﬁ%é@g&gxceegielzé%éé%ﬁl@?’haeggi gnal
f orm be consi desss-domelat?dn iapesompd onethchanakble okthe veizzIBbdtastolngd méithe ti ne span
of the detected injtial (tive pressure peak nust be greater than

y s Ra0oAY

appr oxi mati| TTRC Iz an approxi mately 300 s. These criteria
provi de inmunity S firecrackers

and non-t hreat eniT% dé‘gﬁF‘?@gﬁ%{agﬁ%@ ubtselg gluge%lrfg étﬁﬁgjgg&casf‘ﬂ er

range and/or disambiguate the shockwave signal, as described above.
In summary, the described system can accurately, quickly and often
unambiguously provide shooter direction and bullet trajectory based on shockwave-
15  only measurements. Disambiguation can be improved and shooter range can be

estimated if even a weak muzzle blast waveform is also detected. The system is
relatively insensitive to false shooter indications in response to vehicle vibration and
noise, nor wind noise, firecrackers or nearby shooting in directions away from the

system.

20 It should be mentioned that the system detecting the shockwave signals
performs two test on the initial waveforms for determining if the signal can indeed
be attributed to shockwaves. First, the measured total energy in a fr;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 us and less than approximately
300 ps. These criteria provide immunity of the system from impulsive noise, such

as firecrackers and non-threatening gunfire. If these tests are not passed, the
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31 WD 2006/ 096208 PCTI US2005/ 030126 detected waveformis not considered a
shockwave, and no shooter solution is attenpted. Wile the invention has
been di sclosed in connection with the preferred enbodi nents shown and
descri bed i AVeIz0&DI6208vari ous nodi fications and 5 i nprovepenius2dobeiesgn my be
made thereto without departing fromthe spirit and scope of the invention.
By way of exanple, although the illustrative enbodinents are depicted as
havi ng acoustic sensors, such as m crophones, this need not be the case.

| nstead, other types of pressure-sensitive nechanical or electrical sensors
may be used. Moreover, the values given in Tables | and 2 for the various
operators are 10 intended to be exanples only, and other values nay be

sel ect ed depending on the actual conditions in the field. Accordingly, the
spirit and scogetecttd iMaecfpme isart considered hishorkivavd, andao bhavtdreclution ig by t he
followngclalms VWat is clainmed is: 32 Cainms: 1. A nethod for

di sambi guati ng geprt ?ectl |l e trajectory from shockwave-only si gnal S,

conprising: 5 nea at Iea an initi portion of the s vvave-only
signals at five OMH@G ioNention a%%ﬂgtsf’l@s"géﬂ Ct(%w'i%ﬁhefp&’r an antenna

(20) ; determ riBedikfeBls showihdd WestRE i &fail, VarddudImddfidations £id t he
shockwave-only signals Tine- Differences-Of- Arrival (TDOA) for sensor

pai rs; char act émpegempnis thegon i pe mpde toyetawithons deparing fsem thepit and i ni ti al
chr onosore, Wh' e o? ﬁlqu\%%tl g %g h?ex p?é glfl‘ffﬁ%l}( th%%ﬁ ﬂleoé}ﬁbo Mnté

predefined nunb enera |on re5| s -eac eing a

measure of the afeadeptcted&s it@ving acombtic :eﬁms; smohes stitrophones; th1© heai roetle thiet h t he
chronmosones fromthe g rlthn1 canput i a rat o of the solution
havi ng the smalff¥s E“SF'@E E‘E{I‘Y%ﬁ% BWSS&FPD*?C@HBYFS‘“ q’%@%‘:ﬁr Elecisal nigrs WY  and

be used. Moreover, the values given in Tables 1 and 2 for the various operators are
10  intended to be examples only, and other values may be selected depending on the
actual conditions in the field. Accordingly, the spirit and scope of the present

invention is to be limited only by the following claims.

What is claimed is:
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if the ratio is greater than a predefined value (76), designating (80) the
solution having the snmallest conputed residual as the di sanbi guated
projectile trajectory. 2. The nmethod of claim1, further conprising 20
comput i igiftEw sol utions by performing a gradient search on the sol ution
obtained fromthe genetic algorithmhaving a smallest residual and on an
anbi guous alternate solution; conputing the ratio on the new solutions; and
i f the iaAmetlicl for dizambiguhting a ppojectde iraegtovnfrom shaekvaveaonlygignals, new
solution haying the smallest conputed residual as the disanbi guated

proj ect FIBPISRF-ect ory. 25 3. The nethod of. claim| or 2, wherein the

preder | &g%u}égggflae?%s #h%@f@éﬁoh%f%?eﬁﬁﬂ&%e%ﬂ%ﬁ%?aﬂ-at five Zf'ﬁjogfg)ag g one of

t he pr.ec n the chronobsone ¢ I Ses a avi ng

el enent scousticeshsets (2298} foemingoarparitem®i(20) ng of shooter azi muth, shooter

el evation, 30 missed azinuth apd _m ssed el evatiop. 5. The nethod of one of
the predeemmiping/(69Eomihemepsr H}lﬁﬂlrﬁj’“&“b%fre:?h? FIE’CEWQB?'P{‘ migranpinses

appl yi ngy . ' 3). operators. 33 6. The nethod of
claim 5?’%%‘?%?'@{' ﬁggarjég?g?/e fogtggl?gg{gg@%orrpri ses crossover azinmuth and

Cr ossovelarabterisedibazi nut h operators. 5 7. The nethod of claim6, wherein the
crossover _azi mut h operat or ﬁ_gﬁhanges,sihooter and trajectory azimth between

t wol @ hr aPRiERE£20) agzenstie algarifhsy to,an mitial chepmegemee WhichHacludesRreirstiler ssed

azi mut h mppé | I.ssed el evation between two
chr orrpsg-%eeg’p’ll%ggsé%net 0 agﬁg&tg@%?%ﬂﬁ%@‘t he nut ati on operat or
conpr i sesmputilgd74)metidualoneachibeinpeameisiire ofthatélative rherit ofwéspettive sohuitibngo

nmut ation, 10, The nethod of claim9, wherein the field-nutation operator

r epl ace8btingd vathdbe rRromaspees fr@wwseae%ﬁm%:sel ected value. 11.. The

met hod j : i A [ | .smal |
mat at 1 oge e riio W BieSoulcifa ity o Rl QR AF BnBicton; BAS T
whet®i nsolitorgland | nut ati on operator conprises changes in all :

if the ratio is greater than a predefined value (76), designating (80) the solution having the

smallest computed residual as the disambiguated projectile trajectory.

2. The method of claim 1, further comprising _

20  computing new solutions by performing a gradient search on the solution obtained from the
genetic algorithm having a smallest residual and on an ambiguous alternate solution; |
computing the ratio on the new solutions; and
if the ratio is greater than a predefined value, designating the new Solution_ having the
smallest computed residual as the disambiguated projectile trajectory.

25

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

4. The method of one of the preceding claims, wherein the chromosome comprises a 4-tuple

having elements selected from the group consisting of shooter azimuth, shooter elevation,
30  missed azimuth and missed elevation.

5. The method of one of the préceding claims, wherein applying a genetic algoﬁthm |

comprises applying crossover (77) and mutation (78) operators.
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fields of a chronmosone of |ess than approximately +-2 in shooter azinuth and
el evation, and |ess than approximately +-0.5 for m ssed azimuth and

el evation. 13. The nethod of claim9, wherein the flip-nutation operator
conprises changing the 25 solution having a snmallest residual into said
anbi guous alternate solution. 14. The method of claim9, wherein the

et hodbol MURETEY Of FEwh PR EaF i e HRe o SRPT ORISR o s i 1 T
Differ %§§%ngjs§édézfxﬁhd{6|a@%rsf or a sensor pair conprises performng a

cross-correlation (608) between 34 Shockwave signals detected at ;the sensor
pairs and selecting (614) the TDOA that produces the snmallest conputed

j dugl.. 16. . Th 1 hod of f th ' lai s, furth
[ % ey Tae pewed S Rea, wRem e BinsStee BUFRA APTaios B Taber e hg i e
sol uti 8jeBtory DEMIGVhetRtdti W@ thidbsindshe smal ler  conputed residual as a

primary “projectile trajectory and the solution or the new solution having
the larger conputed residual as an alternate projectile trajectory. 17. A

temf di sanbj ti jectile traject f hogk -only
Yo Ty e 3Rk A4 b ol G e e PR RS ok
form ngianh ﬁlgtﬁﬁ% *g&hoﬁggmﬁugld%fﬁésdﬁst an initial portion of the

shockwave- on sl gha nmeans fo etermning (60) fromthe measured initial
potdi on of the shockwave-only signals Tinme-Differences-O- Arrival (TDQOA)

for, se r pairs; .15 characterised by: genetic al gori.t 70) operable on an
initi ap"sﬁl"ﬁ'gﬁ’i‘ﬁ‘giﬂg? a\mscwg?fﬁa 85%“"?#‘%}] tpgcor{lplgieégpg{-nﬁ%% tions, for a
pr edef ifepghdheaTRRitatin, 48 RkaH6ANSId AeAREtodl conmputing residuals (74), each
being a neasure of the relative nerits of respective solutions obtained

with the chronpbsones fromthe genetic algorithm 20 neans for conputing a

ti . . . . I .
2t er nd 8P BB bt ARt hteh e BB iBioh BB reREe BRI B, o
pregief ivithc rafdontly cdlegted valuedesi gnating (80) the sol ution having the

smal | est conputed residual as the di santiguated projectile trajectory.

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

" mutations in all fields of a chromosome.

20 "12. The method of claim 11 , wherein the small mutation operator comprises changes in all
fields of a chromosome of less than approximately +-2° in shooter azimuth and elevation, and

less than approximatély +-0.5° for missed azimuth and elevation.

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

25  solution having a smallest residual into said ambiguous alternate solution.

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

chromosome unaltered.

30 15. The method of one of the preceding claims, wherein determining a Time- Difference-Of-

Arrival (TDOA) for a sensor pair comprises performing a cross-correlation (608) between
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Shockwave signals detected at the sensor pairs and selecting (614) the TDOA that produces

the smallest computed residual.

16. The method of one of the preceding claims, further comprising if the ratio is smaller than
the predefined value, designating the solution or the new solution having the smaller
computed residual as a primary projectile trajectory and the solution or the new solution

having the larger computed residual as an alternate projectile trajectory.

17. A system for disambiguating a projectile trajectory from shockwave-only signals,
comprising:

five or more spaced acoustic sensors (22-28) forming an antenna (20) for measuring at least
an initial portion of the shockwave-only signals;

means for determining (60) from the measured initial portion of the shockwave-only signals
Time-Differences-Of- Arrival (TDOA) for sensor pairs;

characterised by: .

genetic algorithm (70) operable on an initial chromosome, which includes projectile
trajectory assumptions, for a predefined number of generations;

means for computing residuals (74), each being a measure of the relative merits of respective
solutions obtained with the chromosomes from the genetic algorithm;

means for computing a ratio of the solution having the smallest residual and an ambiguous
alternate solution; and

means, responsive to the ratio bein'g greater than a predefined value (76), for designating (80)

the solution having the smallest computed residual as the disambiguated projectile uajéctory.
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