SYSTEMS AND METHODS FOR DI SAMBI GUATI NG SHOOTER LOCATI ONS Gover nnent
Contract The U. S. Governnent has a paid-up license in this invention and the
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parameters associated with the shockwave generated by a projectile. One such system,
described in U.S. Pat. No. 5,241,518 includes at least three spaced-apart sensors, with
each sensor incorporating three acoustic transducers arranged in a plane. The sensors
generate signals in response to the shockwave which are related to the azimuth and

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

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

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

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

30 Conventional systems employ microphones, which can be relatively closely



30 Conventional systens enploy m crophones, which can be relatively closely
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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
insuffictent number of detection channels. The disclosed methods and systems also

improve disambiguation of shockwave-only shooter trajectory solutions, with



i nsufficient nunber of detection channels. The discl osed nethods and systens
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di sanbiguating a projectile trajectory from shockwave-only signals includes
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,
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of the sol uti onthehiFigEepteriandhe pytisated tuaing ezer distpbytiog, and sgle ‘éﬁﬁfge al ternate
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having the smal | est residual as the disanbi guated projectile trajectory.
Accordi ng to yetisambighationzangdeoia vefuetofie residualfor tha TDIQA af the eaydtid gensasst i mat i ng
a 25 shooter range by detecting shock wave and nuzzl e bl ast, shockwave-only
signal s as According to another aspect of the invention, a method for disambiguating a

projectile trajectory from shockwave-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 rahge. The



wel | as nmuzzle blast signals are neasured. An initial shooter range is
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shockwave detection channels. Advantageous enbodi nents may include one or
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smaller than a predetermined value. To obtain real solutions, the computed bullet

velocity is set to always be at least the speed of sound. The solutions are checked
for consistency. For example, the updated shooter range is considered invalid if a
15  bullet trajectory angle and an arrival angle are determined to be greater than a

predetermined value.

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

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

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

shooter range.



smal | est residual is selected as the individual which survives unnutat ed.
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projectile traj enI‘orthlon for sensor pairs. The method further includes performing for a
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  of at least 2, then the solution having the smallest computed residual is designated as

the disambiguated projectile trajectory.

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



Accordi ng to anot her aspect of the invention, a nethod for extracting a
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muzzle signal.

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

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

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

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

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

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



20 two anbi guous sol utions exist, the disanbiguated projectile trajectory is
sel ected based on a ratio of the residuals for two anbi guous solutions. In
ot her advant ageous enbodi nents, the Tine-Differences-O-Arrival (TDOA) for
sensor pai kg, Sibodksesdet er m ned by designating a sensor fthaftustdossioincount ers
the shockwave as a reference sensor, and setting a first latch of a timng
circuit when the 25 anplitude of, for exanple, the initial portion of the
shockwave-only signal at the reference sensor crosses a threshold val ue.
The first latch activates start counters for each of the other sensors,
with the counter in each of the other sensors running until the
correspondi ng sensor encounters the shockwave. When one of the other sensors
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description of preferred enbodi ments and fro he clains. 5'Brie
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invention will be nore fully wunderstood by the following illustrative
descri pti on 5wi tBriefdlescrimtion of thetDrewmgpended drawi ngs, in which el enents are

| abel ed with |ike reference designations and which may not be to scale. 10
FIG 1 shows scherfesecaklophea feanmessand @adtancaged ofitheinveadtioa Wil bl nooafally
exe ry

intersecting wth an ante . Fl 2 shows schematically a
sensor array vvi"c‘ﬂer?t%ﬁﬁ?' F}Eﬁnéfq’_@?:‘f"ingﬁlﬂmé%vfdlﬁicf’il’8°%g 6?@?“%1 t&?he\fpg
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determnation; FIG 4 shows schematically a probability density for tine

di fference of oP#YRaibe tqgealur ements for deternmining the curvature of the

Mach cone; ] ) ) ) )
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 aprocess flow of a genetic algorithm used to correctly

disambiguating between shooter trajectories;
FIG. 8 is aprocess flow for discriminating against non-shockwave signals;
FIG.9 is 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



FIG 5 shows schematically the probability of correctly disanbiguating

bet ween shooter trajectories; 20 FIG 6 shows a schematic diagramof a
correlation process; FIG 7 is a process flow of a genetic algorithm used
to correctl ' L guating between shooter trajectories; s a
process flo?}"vofzgwog%gri m nati ng agai nst non- shockwave S?ngﬁiz%smg?@ 9is a
schemati c di agram of a shockwave Tine-of-Arrival (TQA) nodel; 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 Illustrated Enbodi nents As descri bed above in summary, the invention
provi des, in various enbodinments, nethods and systens for shooter range
estimati on and di sanbiguation 5 of projectile trajectories. These systens
and method are particul ZPBGSHEBPOE and advant ageous, when an insuffi ci ent
nunber of parameters,rgui red fo ol.uti on are detected or when
such parameters calsHBed plescrplic 2 e SIURIESAi ¢ projectile
trajectories are estimated solely fromprojectile shockwave arrival tines
nmeasured by sever s Qqsmﬁ;ﬁb%‘ffdééW@éWSE‘FénV&PQQWPYBH‘@E%‘rELYPI’tOH‘F oughout a

"smal | " rreasuree?;ma . r . HF&% ; une is
consi dered snal |?l t‘ﬂg;lg%}l@gé ﬁgdpﬁgfﬁgfﬁgh%ﬂ&ng%s%@? ess?gglg‘eng%l ﬁtgdn
projectile' $ tredjpeyeatilestrajectoniksn Thésespsternhand methed aya paticelhdy vdebdtand i s known

except for distance back.along the trajectory. This distance can be found
I f the antenna aglv AE°BhY ¥hﬁ%a?ﬂ‘5u@FIFané#nq}CT %(e‘y%‘%m‘{g?{gfﬁ%‘z‘%‘f@‘%? g%cturag%und.
However, the msshition aleatetecied of Ghed Such puBiynsteciadaandtabldetectsd rdliably. an accurate

shockwave-only solution is essential for determ r‘il n% t he traﬂ'ﬁect ory.
Referring now to FJUBErsenic praectifrgEaisrifries atgeptmated solely fromppreiegtifeo pe an

expandi ng coni bRt AR aNEME WedshiRd BY sevef@ L136dIf §ftceddehbork BRtridtteli €t

trajectory. The
10  throughout a “small” measurement volume referred to as antenna. A measurement

volume is considered small if the sensor spacing is 2 meters or less. Once the
projectile’s trajectory is identified, the location of the shooter is known except for
distance back along the trajectory. This distance can be found if the antenna also
obtains the arrival time of the muzzle blast sound. However, the muzzle blast is not

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

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

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

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

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

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



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
expandi ng CQBizﬁ@sl/ow?ldﬁf ace are to be determned from ar rﬂé’ﬁtﬁszbds%ﬁtﬁﬁmas“r ed
at five or nore antenna sensors. The arrival angle of the conica
surface-generator that first reaches the antenna determ nes two possible
relative angles (often called 'anbi guous' angles) of the 25 bull et
trajectory relative to the arrival angle at the antenna. The' anbi guous
angles wll be described in nore detail below wth reference to FIG 3. The
radius of curvature of the conical surface at the antenna determ nes both
di stance and direction to the trajectory. The gradient of the radius of

curvature al on Bof b = ar... det T L&h
direction the I%W{Op‘gga%tsg}"rrgl\%lﬁ%fﬁgﬁgé é}gg‘g %9‘&%% %‘8%&8%@28{36%@?%8%5/ 030126
renovi ng the 'threbishiockivave prepevtienactiratetyand posaitlyldecide beteteemths twdpossibid ni ng
these three s,hog.kvvav;e ro&ert i es accurately.and correct Ié deci dE bet ween
the two possi bFBOIEVOHSFHERVIY anBies Jeaures SRS amsastisments: bor GFamplci e
measur enent s.  Epkonf¥38m sfould B@ﬁ@%@ét@f thef SppPdiihiely0e.d¥8 deéiBatdFechipan
approximately 1 s to decide corréctly 5 between the two alternative shooter
aspect angl%s. betweenrtheyo dttrmative shwoter aspactianglest i mat ed by consi dering the

propagation characteri.stic of the,shock e depi,cted, in FIG. 1. Referring
ow 50 Lo FI G Bl it teeftiey 4 bf AmARLT o SHEHInt Ropsedint e (o

determ ne t he giafdciédibtid dfitRS stotkwive depivra i FIG. ¢ 0 RefsihinGhove KB UEFIGSR e

incom ng bullet trajectories can essenti alolz%: be, 10 expected tqg originate

f rom anywher e, antenga ZR insiikles B sepsort V=73 2kl toxdstermipe theEnpldgesdry be

uni formy di stf4bys | Gk ARS Sinck fncoméng bufted trf&Bdried caPOREtafAY be SUT f ace,
with one el em%%vg%@coo?ﬁaﬁaeﬁﬁi n the ce?nt g?m?té (quoé,? Cyno, cho), soyt%at a

uni f or m selsorexppeied torarigimteirers anywhtré, thtsptendeelemerts 2hito 28 ¢anval angle. The
time instant that the first..sensor. ..designated t he reference, sensor,
detects the a é’ﬁ'&tf%eé’uilg bggﬂﬁfilgfqy g’ﬁ?‘f"ﬁ%@ aﬂg@%@H%?ZSXj,a ”’t(g’.) YAe' Sgp?s‘féclafsensor S
det ect the advsufatd)avitheelimens2 Jogdted intthesScehte a(ERh , CigiE)feonthitad as t;. The

sound propagation distances in the
propag unmiform sensor aperture is presented independent of the arrival angle. The time

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

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

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

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

The system advantageously incorporates features to ensure that it will not

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

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



direction of the advancing conical surface are obtained by multiplying each
of the time differences by the |ocal speed of sound c, i.e., d; = c(t;
-to). If there are no neasurenent errors, then the conical surface passi ng
t hough the ‘EB‘?’ ﬁ&?ﬁ‘ sensor is 20 also determ ned by thg %6)
sensors, R ree-di mensi onal coordinates of the po nts I deal
deterninlng all paraneters of the shockwave cone. However, as nentloned
above, errors in the arrival tinme neasurenents and sensor coordi nates can
result in erroneous paraneters for the shockwave cone and hence al so of the
projectile's trajectory. In the following, the tine-difference of arrival
preci sions 25 needed to nmake correct decisions about the two otherw se

anbi guous trajectory angles will be described. The systen1advantageous|y

t f eat t t hat | | t
i gnal 5. such et Gtk ebie sparsstin opdi sopples gy ey

shooter. For exgggHafceshahsboRe R0 RRte thah M spMenikratidm Skny&hPﬁb@caﬁrbet
shown) 30 with elastoneric sleeves in mating joints to prevent rattling. The

sensors can be at3ched toaGemoTeius tiRtrenimpoosiogstectenicy thightrag alsgbe he ends of
the SPines wi thyGLAKHBNR defisdt M maast&g Ul RIS 1 geimpaances at

about 1 Hz to iSO rom spine vi gensor spl nes can
attached to & cabraiondaub t hat cont al ns anal og eI ectron| cs, which can aI so be

attached to the sensar,. nas i c..shoc tsto soI te it from
mast 5 vibrations. ﬂ‘ dition; 'ﬁ‘f’#ﬂ “f‘% grqnaﬁ,go i 40 b g)(e&&?ﬁ:lt an be

enpl oyed to fil alsptﬁht ladkd tHE 8 atbﬁatypioanny@nﬁshgaaweeﬁnbmlgau wif ound in
shockwave-derived signals. A t he val ues are paraneterized,

relative, and cti vBlaesarnperameteaizerhLr.yrelative and sanshe tuged axdamallye Tﬁﬁé‘ﬁtﬁéled only
for iIIust_ratlopa e]sgrfﬁﬁ%?déd %}vy"& a {;(xﬁ 8, a process 800 determnes if a

detected signal " origina dm a s wave. The process 800 starts at step
802 and chetks in Refemngaﬁw uoTFIGhB: asprgnsd 800slerhineslif@nistegted sigeait to count as
a shock, for exa

paranet eri zed t 9 n@%‘ﬁéﬁ O’ﬁ?’ s{‘%&b"aeea@ﬁ? ‘frégﬁl 3 ue&F £ 56> Shathefil In step

804 if the signal is a loud enough event to count as a shock, for example, does the
peak signal value exceed a given parameterized threshold of, e.g., 500. If this is the
case, the process 800 continues with step 806 and checks if there is a sharp transient

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

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

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

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

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



case, the process 800 continues with step 806 and checks if there is a sharp
transient 15 fromzero to the peak signal value, nmaking sure that the
transient to this peak value is not preceded by another signal having a
significan ' , for exanple, 1/16 of the peak si If this
is the caséyggﬂ%h%ﬁggess 800 continues with step 808 anéQgﬂg%%ékl 26the tinme
bet ween shockwave m nima and maxi ma has a sufficiently |arge value, for 20
exanple, 200 - 400 As. If this is the case, the process 800 continues with
step 810 and checks if the magnitudes of the mninma and maxi ma peak signal
anplitudes close, e.g. wwthin 35%of one another. If this is the case, the
process 800 continues wth step 812 and checks if the pressure peak
transient fromthe m ninmum peak signal to zero is sharp, using essentially

the sanme crit g¥dnfa dlfockWwawd, stop 808. |If this is the 25 case, the process 800
continues with step 814 and checks if the tinmes hetween the, )}%H}Jm si gnal

val ue and the zerRsferpghackdo FHa lbé‘le\lvé‘élﬁcﬁﬁgali‘é?rd-‘%?sé'é@%@ ! M ni num
i | | , . =W t:hi 1 | 80 As. |If
signal val ue 35%’& nggplgn;e??icﬁ an%l(érels ggsp . WcﬁﬂﬂlNﬁWePé‘M@?h‘g Mach

all steps pro r mat nse, the process 800 decides that the
si gnal can bewmbshdafinedeetha prbj¢chite wiagitylV divided bycths seuhd velagjiy 8.1 6. refers

Conversely, if agne. of the, 30 deci sion s s Jd.s.answered 4 n the negative,
Che detect 3d dp Jitehamgeastc ?"£‘? P‘S’?‘ﬁé‘%‘%‘m“l 5@%068‘7“6%@%’%%}“&%‘2‘365/ 030126
from a shockwawgendd SithSanBennred afe'r) Bt 9 aTke éd Vidvicin the 1A 1RIfUTMhesibtutee
trajectory is assunmed to coincide with_ the x axis. The Mach angle is given

by, 0 = aresi shaysfow araptray issneasurednPistanes diseaualde A meorcas{o) nEhemngleect i | e
velocity V divj : u vel QG e 5 @gc acteristic
| ength of the (éll(r%{% g%ﬁ%.b%néaﬁagﬁiz r&)’fsggttkjatrt goég TR fg mﬁﬁq&tﬁgnec%b&lée%n% t]‘he 'two ends
of the ant ennarnQings differené¥fledsdre of bervatatt betvassn ithe polirets befhe ahehita airfatdie
pi cture shows how cuﬂr vature r, is me(gsur ed. Distanced is equal to =
r,cos(4). he bvsghng the conical syrface ithyradigip 2 qaual tp dp <04 /¢ =4r “Aha¢ ~figt” sl |
angl es 0 one qghtal 05 Rerjech Thetithe differtibe hkdBreifthRARACA rJBRIUL &ifD) fUr vat ure
bet ween the points on the antenna surface 10 bisecting the conical surface
wi th radius r,given bydbesamerxgressien, Atlyr, gubstitpted for rg) Agcordingly, dtgp dty + L

sin(B) / 8ry%c.

Assuming unbiased measurement errors, i.e., assuming that the measurement
15  time differences dt, and dt; are randomly distributed values having different means

dt, and dt; but the same statistically determined standard deviation ¢, the mean

measurement values at the two ends of the array correctly determine the local

curvature there. Exemplary distributions of measurement values for the time

differences dt; and dt; are shown in FIG. 4.

20 The sample measurement made at end 2 is shown as X. The radius of curvature

at end 2 (radius rp) is smaller than at end 1 (radius ry). 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



[ 2 c =1L2/ (8ric). The tine difference neasure of curvature at r2 =r, -
Lsin(0) is given by the sanme expression, with r2 substituted for r,
Accordingly, dt2 =dt, + L3 sin(O / 8r,2c. Assum ng unbi ased nmeasurenent
errors, | g that the neasurenent 15 tinme dif and dt2
are randoniy &ﬁgtgggﬂted val ues having di fferent neans ; f@ﬁﬁﬁﬁmq%;but t he
sane statistically determ ned standard deviation or, the nmean neasurenent
values at the two ends of the array correctly determne the local curvature
there. Exenplary distributions of nmeasurenment values for the tine
differences dt, and dt2 are shown in FIG 4. 20 The sanpl e neasurenent nade
at end 2 is showmn as X. The radius of curvature at end 2 (radius r2) is
smaller than at end 1 (radius r,). Therefore, all nmeasurenents nade at end
one that have values larger than X will result in the correct decision that
curvature at end 1 is greater p@aagakyegqxglh@bagprobabiI|ty t hat the
correct decision is made when the measurengnt at end 2 is equal to X is
given by: 11 WD 2006/ 096208 PCT/U82005/030126 2Ll <r2| x)=P2(x) f p,(0)de
1 r-dt f wth p2(x) = e 20 % M.20() = 1 e 202 2na

| ntegration over x and making s strthtrodiﬁ& variables results in the
followng probability of naking t he correct dqph ion: P(, <r2)=1 -1

iuht 22 dt, -dt2 L'sin(O wt _r8,2 2 eferring nowto FIG 5,

t he probability of a correct ecrsrdﬁ orJTeRn ?idence

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

probability of making the correct decision:

P(r <n)=<- J_ -me erf(u a)du
with  a= dt‘ -dt, - smz(e)
V2o «/_2_8rI 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= 1m and L =
2m, against the closest point of approach (CPA) r between the projectile’s trajectory
and the antenna 20. The sound velocity is assumed to be ¢ = 340 m/s. It is evident
that a larger antenna has significantly expanded range for unambiguous shockwave-
10  only solutions. For large CPA values, the difference in curvature at the two ends of
the antenna (r; and r,) is too small to be distinguishable, so the probability for a
correct decision approaches 50 %, or complete ambiguity. Accordingly, the
confidence level depends on the size, i.e. the diameter or spatial extent, of the

antenna.

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

sensor coordinate errors appear as random time difference errors.

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

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

12



| evel for disanbiguation, is plotted for two exenplary antenna sizes, L = 1m
and L = 2m against the closest point of approach (CPA) r between the
projectile's trajectory and the antenna 20. The sound velocity is assuned

to be ¢c = 34 t is evident that a |arger antennappagsijosifHoidscant!y
expanded rg‘ﬁ(gé&%@grmdgnanbi guous shockwave 10 only solutions. For |arge CPA

val ues, the difference in curvature at the two ends of the antenna (r, and
r2) is too small to be distinguishable, so the probability for a correct
deci si on approaches 50 % or conplete anbiguity. Accordingly, the
confidence | evel depends on the size, i.e. the dianeter or spatial extent,
of the antenna. 15 As nentioned above, errors arise fromtimng errors and
sensor coordinate uncertainty. Sensor coordinate uncertainty contributes

bias errors that ar i, ghl variahl e fungtion, of shockwave arrivgl angle.
Fovever . for T anterizenay dpd e B riug il osip P aBun G OIo0 G dpRSE: o
randomtime difference errors. Timng errors arise also %gtryofrom gai n and
si gnal st rengt porfiedimerats of veltageducreasa fidhe ehgnushamithe dt =

of arrival are
obt ai ned when sensor outputs rise to a 12 WO 2006/ 096208 %USZOOSlOBOlZG
preset threshold value Vo. The timng error dt caused by a gain variation dg

depends upon the ity drdrfalsd odtat WhEEthe Highf aéngtiPvarleh BvaiRHureWFbh dt = d
dv o dt Timng errors also occur when the signal strength varies over the

aperture. For aaspepue ehleagthil andriqukindricahsund epreerdy distanre & SigTaadBimce at
di stance r, hes/ié}igfr(l')e?él'&héarﬁ)'n%?dss {ht%\égértu‘{é"fs'gaﬁdl o oa(‘lij,r/g?)z E)Jl’ltgl% g%%%é Huid! S

equal to po (L ere po Is soun pressur aperture
center. The ti mresgurent the apertun¢ conteraFby 8mangioe squatiswatiaye applies also Yqrahisf
error, with the expression 2 repl aci rr]cgnt he relative gain variation dg . The

S anplitude ert?}ﬂi&‘eﬁbﬁ w1t thé X esdiod "IN ELpReihE MicSrelalivd gald kiridHioh f=r nirye from a
maxi mum acr 0SS e entire aperture trzero at the center. At ragges greater

e 10 10 M e b AR htont MR ATRY sl A 0) TS 1 ess than
maximum across the entire aperture to zero at the center. At ranges greater than 10
10 m, fora 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 —1—(2— =0.85 w5 . The standard deviation of
3400412
20  binomially distributed random time sampling errors for a system sampling at 1 MHz
is equal to 0.25 ps. Timing errors due to gain variations are estimated to be
approximately 0.75 us for an exemplary system with a channel bandwidth of about
18 kHz, corresponding to a voltage rate of about 0.02 V/us. The employed acoustic
sensors for each array were chosen to have sensitivities within + 1,5 dB. Therefore,
25  channel relative gain variations are approximately uniformly distributed between

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

13



t han the channel gain variation paraneter of 0.2, so that effects due to
anplitude errors can be ignored. Conversely, as described above, at ranges
| ess than about 10 mthe Mach cone radius is small enough with respect to
the aperture length of 1 m that neasurenment errors are not very inportant.
15 Real i sti%’oég(f‘sﬂ%?f’%s for timing errors caused by sensdiCHPR?& Oé‘?lg%)y with
the assunption that the magni tudes of the error vectors are statistically
i ndependent and wuniformy distributed between 0 and 1 mm and that the
error angles are statistically independent, the standard deviation of
equivalent uniformy distributed randomtime 10 difference errors will be
equal to 340 12= 0.85 1z. The standard deviation of 20 binomally
distributed randomtine sanpling errors for a systemsanpling at 1 MHz is
equal to 0.25 Itgy9Tpgyng errors due to gain variations are estimated to be
approxi mat el y ©.-5— = 1 Thetbrashald yoltags iscsYn wPHLA Va resuliimgen 2 pardivd dt h of
about 18 kHz, cor b%pondi ng to a voltage rate of about 0.02 V/Ms. The

enpl oyed acousf]g... : were chosen to have sensitivities
within 1,5 dBI.lév tlgrﬁgrgfr?%lfg é—g{rséﬁgaﬁﬁg 'J{e Sélti ve gain variations are

appr oxi mat el y uni Tetahiyasdresient tirming@nbstaecestimated 34 agsuchig that chamed pah t he

standard deviatipon of relative gain i,s approxi mately equa 13.

2006/ 096208 PCHAT389% 8T HE g2 Q?S’l%niéi’ﬁ,g’g‘ °§_‘°B." .‘YWﬁg'thrS@?ﬁfb‘l\Qﬁyvol tage is
Vo = 0.15 V5 rgaeldnied. Therd titadaedor siddhdideiatic canibgiebsmaed &y s of about
0.75 s. Total neasurenent timng errors are estimted by assum ng that
channel gain \(/@[gi5at..i()%s+0sgm1i,p‘g;.vari ations, and sensor |ocation
variations are all statistically 5 independent. Then, the timng error

st andar d devi at i ol icdiffidudt and expemsize taeshicOe 86h pteciztonnaitipgialoglo digit8l 1t i s

difficult and expensive to achi eve,.suc reci sion wth .anal o igital
conver si on, be‘é?i&gré'oﬁi %ﬁa Sﬁﬁ’ﬁql]\ KYPlas @Eesg%lf w(f\%é’ "E)t)e?rpf)ﬁflg? E)rglng?(#eghﬂﬁge
needed. Two diiffefheéitcudt forlacéattlyimastingaheTiyheDidfettnt &0f-ARgval (TDOA)

Time-Difference-of -Arrival (TDOA), 10 are enployed in the disclosed system
10 are employed in the disclosed system.

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

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

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

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

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

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

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

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

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

runs to an upper limit value.

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

register.
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I n one enbodi nent, the exenplary systemuses an analog tine difference of
arrival (TDOA) circuit using 1 MHz clocks in each channel. The cl ocks are
triggered when the sensor signal exceed a threshold signal |evel at the
reference sensor, which was defined above as the sensor that first

encount ers YREEH8@Bave. 15 As di scussed above, a 1 NMHPCIBRR05034126 i s

sufficient to elimnate the inportance of tinme-sanple errors in practice.
The system operates in an anal og node, relying on the detection of
threshold levels, with the digital |ogic performng the foll ow ng

functions: 1. Afirst latch is set when the channel signal anplitude 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 an Tﬂﬂ% . The processor is alerted. 3.

The counter in each'ﬁﬁgﬁne Fﬁ%@hﬁgt.| ﬁégcorrespondlng sensor encounters

t he shockwave. TH.s Retpsocessoensets theaburters fortrbeeivihgithe @kxt shbikwhavet ops t he 25

count in that channel. If no second latch is set, the correspondi ng counter
runs to an upper limt value. 4. The final number of counts in each counter
is recorded in a_digital ister. 14 WO 2 06/ 096208 PCINS2005/ 030126
5. The processor Iﬁ‘é’&lﬁ@’?ﬂé% e’@@iogf’lé?onf@’e*hé WELEYCTY BEEE s t he

counters far r&sx%lewsrwmbb@d %Ki uﬁn@esgfmv@enteréc{brﬂﬂehhﬁrof%mﬁw@@t the
correlation for each channel with every other 5 channel is conputed, for a

ti me segnent cBMDAdetection. tTheCermlOofOft%efWﬂaﬁ@MQOWd)ﬁqﬂfﬁﬂléG%11 med e
correlation of two functions, denoted Corr(g, h), is defined by Corr(g,h):
Jg(r+t)h(r)dr The correlation is a function oft, which is called a "lag." It
therefore lies i Cari& mxT g (THh{™ 7 and has the fol | owi ng property: 10
Corr(g,h)a f)H(-T) e

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(fYH(-S)

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

The total power in a signal is:
Total Power = [|i(z)|" dz = [\H(r) df

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

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

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

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

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

15



when g and h are real functions of the time. f) is the Fourier transform
of g(t), and H(f) is the Fourier transformof h(t). The total power in a
signal is: Total Power= Jlh(r)lzdr= JIH(f)lZdf -m-W15 The tine-of-arrival

si gnal has fini ength, so that the integration (or jon.for

di screte da‘?g)zhoﬁ}é'é‘ﬁogonl y be perfornmed over a finite ti ngqﬁrm%@?omcem ered
around the tine-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 follow ng discussion, integrals
of continuous functions are used for sinplicity, although the actual data
are digitized and discrete values. Those skilled in the art will easily be
able to replace the integrals b sunmmation. Referring now.to FIG 6, in a
process 60 thW@-hB@&%ﬁ@@g’s‘i%ﬂ@F¥qt§r?§"alét°éi"e§‘,"("t‘)h,am%?{St mppted frquired in each
channel i, j ,s;ﬁ)}{‘?%ént%ﬁnal@ggon@ﬂﬂe&ﬁﬁ@itﬁﬁ% as a function of 15 WO

2006/ 096208 PCT. 2005/ 030126 tinme. In steps 603, 604, the total signal
power in a channel i is conputed for subsequent normalization of the
correlation as Tgial pRsres chdangihannel g‘i(fglzju-g, (r)l2 d r Signal daralian The
Fourier transform f) of the shog e.Signal tinme data g;(t) is conputed
5 for channel i and the conjugate G (-f) is forned, step 605. Likew se, the
Fourier transf : , ' ' Eo( L&qconput ed
for all the ot hgl:ﬁgﬁg)r:l%@%ngfﬂpﬁ %@g@%&%gﬁg ttd]etléﬂ,?e ?ﬂ%%((:t?gssc%)nggir%g el ation
G (-f)-G (§) fschomeidnflthe capigate Ehafirieforped, stepic0S| LikewisepghéBeyrienhi ch is a

function f;,i(t) .of ~lag' t. The T f.or gach ch I ir.is the tine
t mex where f( gr}rks 0551 (rL'}?@ ofré& ?l?‘ﬂf?ﬁvs‘éei %@,apgﬁg Saté f{SS ls_’r‘??énpu%gr}gro?lf @F gfhﬁ)n bet ween
the channel s thaahéls j, s&pB0LETEREAMRE ThesrodsUotreMtion Gj(—f)-GIEAk fotmled €orfeagh ()
channel pair (i, j), step 608, which is a function fi;(t) of the “lag” t. The TDOA for
each channel pair is the time tyax Where f(t) has its maximum value, step 610. The

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

peak value [ .(2)

Corr(g;,g;)=
8:8)) \/(Power Channel i) * (Power Channel j)

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 ;))
Jjei
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
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(Power Channel 1) *(Power Channel j) The residual for channel i is conputed
by conmputing the nean value for a sensor i over all sensors j: Re sidual (i)
= mean( (1-Corr(g; , gj )) jsi 15 as indicated in step 612. The TDOAs and
correlatio r channel with the best (i.e. small |
resi dual arqu%@g/R;%e ected as the "best" sol ution, steppﬁﬁ?&&{@fﬁgmi oned
above, the channel data are typically sanpled at discrete tine intervals
with a predefined sanpling rate of, for exanple, 41, 666.66 sanpl es/sec.

This corresponds to a bin width of 24 |Its, reflecting the time resolution
for the 20 received signal. The correlation processing is done with a tine
resolution that is inproved by a factor of 8 to 3 s by taking 333333.

sanpl es/sec. Once the various tine differences of arrival (TDOA) between the
sensors have e ' = ' ot er
azimuth and el gl\iea%?‘f)g{r%} ﬁéﬁdﬂ%%é&g%ngfﬁ%@g&g‘r@ §¥fég%&bﬂ?1§glta£et? %‘%‘Q . The
shoot er posi ti &khowh ireadditiom. di st ance of 16 WD 2006/ 096208 PCT/ US2005/ 030126
the shooter fromthe sensor array can be determned if the nuzzle bl ast
signal is known ia@ddésidnamvordimtesysiamt ceaierad ac thercenteradfehesatedyeine. (@Dib.er ed at
the center of the array, i e. {(Co, G 0) = (0, 0, Q)), the tinme of
arrival TOA of QMé:ZQﬁo@kgvd»b tg‘%‘ae @f'ﬂ‘}gﬁﬁé@ﬁ@tm§1$Q°6V?V"dgia,gl‘i§9)s°‘ts%e FIG 2)
is given by ts(b%}et,(ttmge@qq@fz))ig Mg bpi N(/J))  VF(VX0-C, ) +W(X0

-Cy, ) +V. ( X0- Cz) wth cos(8) _ LI\E V'=V. represents the supersonic bullet
velocity M =V =V, ~2 +Wgz +v2 , ' -being the speed of sound and Mthe
Mach nunber. |3 reg;cpseontsﬁgt(mw)ﬁﬁ 2—lsin(ﬂﬁ

V,(X,-C)+7, (X, -C, )+V, (X, - Cz)

with cos(B)=

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

with ¢ being the speed of sound and M the Mach number. 3 represents the ‘miss
10  angle’ between shooter position and bullet trajectory, which includes both azimuth

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

defined by —Ml—— =sin(®).

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

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

shooter/trajectory combination that minimizes the root-mean-square (RMS) residual
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with ¢ 10 angl e’ between shooter position and bullet trajectory, which

i ncludes both azinmuth and elevation angles. A direct hit would correspond
to 0O = 0. The Mach angle 0 is defined by 1 = sin(()). M As nentioned above
and i ndi cat in Fl 3, for a given shooter position and bull et
trajectory, %3&6@9?2?8 anot her shooter position and bul | etP¢YEF2ReY30K6 £ of

whi ch the 15 TOA of the shockwave at a given set of sensors is nearly
identical. The two anbiguous solutions are in fact identical if in a
sinplified nodel, the shockwave is assumed to propagate across the sensor
array as a plane wave. If the TDOA resolution is high enough to resolve the
curvature of the shockwave, then the two nearly identical solutions can be
di sanbi guated. The essential anbiguity of 20 shockwave-only TDOA sol utions
isindicated in FIG 3. Assum ng sufficiently accurate TOA nmeasurenents, the
true sol uti on bfmeasstedanedcomppmged shonkveavd TRPA'st traj ectory can be obtai ned by
conputing the shooter/trajectory conbination that m nim zes the

root - nean-square (RMVS) residual 1 V\D_290 9620 11352005/ 030126 of
measured and conput ed shockwave S X Vol f’w=—rﬁ n E(rnk-Trmr} wherein
the sumis taken over all sensors. One appfoach for solving this problemis
the LI Levenberg- I\/gr qiuaé‘dt S. ailik%ori tg‘?? described in detail in US patent
5,930, 202. Most cVVAZENRE SURLISIKCR PYHSITEISO%t gorit hms use a determ nistic
procedure for approaching the optimm sol ution starti froma random
guess sol ution an@n%i?é’&‘?qcbif?fgwg" g}szé’l‘P ‘?Eéﬁ? {:JELB“a"é‘ eonarguar ?e_— speci fi ed
transition sul g,Sa MRt i® abtail Rl D9Pitet$1930,209 MRLEAAsME! doiibyigdand
constraint values and gradi ent-based nethods using first and second order 10
derivatives. Helgenthms ustedetcmminisbeipropesives fdf anpaeaghing dhesoptinoym soletiop) e, that an

starting from a random guess solution and specifying a search direction based on a

pre-specified transition rule, such as direct methods using an objective function and

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

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

optimal solution depends on the selected initial solution and that the algorithm may

get “stuck™ at a sub-optimal solution, such as a local minimum or where the cost

function surface has a flat valley, so that further iterations will not improve the

result.

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

principles and apply these to search and optimization procedures.

A schematic flow diagram of a GA is shown in FIG. 7. Instead of starting with
20  asingle guess for a solution, a GA process 70 begins its search by initializing a
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 A1y, between a calculated solution and

the measured solution.
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optimal solution depends on the selected initial solution and that the
algorithmnmay get "stuck" at a sub-optinmal solution, such as a | ocal
m ni rum or where the cost function surface has a flat valley, so that

further it%%@g@;ﬁzw Il not inprove the result. 15 It 'ifi‘i%/l%‘i&)@/.o&ﬁ%”d that a
[ e

gl obal mn shooter direction and the projectile trajectory can
be conmputed nore quickly and nore reliably disanbi guated by using an

evol utionary genetic algorithm (GA). GAs mim c natural evol utionary
principles and apply these to search and optim zation procedures. A
schematic flow diagramof a GAis shown in FIG 7. Instead of starting with
20 a single guess for a solution, a GA process 70 begins its search by
initializing a random popul ation of solutions, step 71, and sets a

generation counter to zero indicating i solution set, step 72.
Once a random popul ation of solw"gneﬂmidé (ereated) each is evaluated in the
context of the nonlinear programm ng pr em step 73, and a fitness
(relative nmerit) is assigned to each solution, step 74. The fitness 25 can

be represented by Ihthﬁivéwpéﬂagmmilﬁm @8mAll Walle BEAWG AP batezal cul at ed sol uti on
and the neasured solution. 18 WO 2006/ 096208 PCTI US2005/ 030126

Intuitively, an alpgeeidnpR, Whéhagpiging M GA YRdivantifuafe §1solutién R tHeRhoot&Or
exanpl e, when applying the GA to di sanbiguate the solution for the shooter
direction and pliicaen andeprojeetjle trajeptpry, theexemplagy @A ysesAs @ shemesome @hr onosone

AR TR e R

val ues: er, i’ons ssed, ElevationM ssed]

[ Azi mut hsho, r, El evationsh., are defineq, by the angle {O+$), while

[ Azi nut hM s, ed, El Z\%E’E‘i MWE%L%{P@S%? r“ﬁg‘éf‘qMSS?’héeleYa*‘ﬁ‘aﬁ@sstd (see FIG 3).
Since nuzzle blast, is not d wth the atoredescrihe ockwave- only
approach, a 10 no %“tg%ﬁ@’gﬁ%é?%ﬂ“t]ﬁ%ecggﬂgﬁy%FF%@eg%gé}tﬁ@%hooter of 100
neter is assuneghzimdthfi L Elel@lonfQpybidefifed by the ajlesl(sey FI@BYo8mnse! ection of
the 4-s spanning a_ nmeani ngful and reasonabl e range of val ues gall val ues
are in degrees)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):
Azimuthgpoorer = {0, ... , 360},
Elevationgneoter = {-10, ..., 30},
15 Azimuthyisses = {-20, ..., 20}, and
Elevationmissed = {-20, ..., 20}.

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

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

criteria have been satisfied.

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

25  through crossover, step 77, and mutation, step 78, and the generation counter is
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Azi muthsh.tn = {0, ... , 360), Elevationshooter = {-10, ... , 30), 15
AzimuthM, = {-20, ... , 20), and ElevationM,,d = {-20, ... , 20). It is
checked in step 75 if a maxi mum nunber of iterations for the GA, which can
be set, for_ex le . at 25, has been reached. If the maxj of
Iterations ‘ﬁ§§&g@§%0§ eached, the process 70 stops at st?%nggﬁg‘ﬁ%%e resul t
can be 20 either accepted or further evaluated. O herw se, step 76 checks if
preset fitness criteria have been satisfied. Fitness criteria can be, for
exanpl e, a conputed m ssed azinuth of <15 and/or a ratio of the residuals of
two ambi guous solutions. If the fitness criteria are satisfied, the process
70 stops at step 80; otherwi se, a new population is created 25 through
crossover, step 77, and nutation, step 78, and the generation counter is 19
WD 2006/ 096208 PCT/ Sd?gOS/ 0301;51 i ncrenented by one, step 79. In each
generation, tHECTOPEUEEOY A ¥#PRGAI is allowed to survive unnutated, whereas

the top 100 indivyiduals, as jydged by .their. fjitness, also survive, but are
used to create X?\Ea &xtery ’ﬁﬁdg?ﬁtdég"éﬁe“f‘{’éﬁb‘b‘éﬁf@ Swl‘ieﬁlé‘g‘é&a\s{edir vivors with
the 5 crossoveyydissad tgﬂl@@ﬂﬂﬁ/‘i&fa&, 4 jadRd blyTheltfithéss lalsolshevitd) bhioart Ggd
exenpl ary crossover and nutation oPerators were used to, denonstrate the

s

process 70: Ofecraisthargxt 1¢hmdividielsiragnpaits|of thesgrvivers tityihe Ty pe
Azi mut h- Cr@sso r ooterltrajectory azimuth between
two chr ormg)zrrec\éggs s@@gg@%‘%&@ér ogggﬂ\)/%?' 0.5 Exchange m ssed

azi Ut el eval | ofyy DSy LGl BIBRONER. ool Yukthd 9B MR o ©-3

Repl ace a given fié€l
demonstrate the process 70:

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

of 0.25 per field) with a randomly
selected new value within range
Incremental-Mutation | Mutation 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 “altemate™ solution.
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of 0.25 per field) with a randomy selected new value wthin range
Increnmental -Mutation Mutation 0.4 Introduce small nutations in all fields

of a chronmpbsone (within :52* for shooter information; within <0.5 for

m ssed information Flip-Mitation Mutation 0.1 Change the solution into the
ambi guous  EP2M6024288 sol ution No- Mutation Miutation 0.2 ETEREYSNHY % nai ns
intact Table I 10 Di sanbiguation is achieved and/or inproved by performng
a gradient search on the best solution and the correspondi ng alternate
solution. For both anbiguous solutions, the residuals and the ratios of the
residual s are conputed. If the conputed m ssed azinuth is <15, representing
"close" shots and if the ratio of the residuals is 15 >2, then the solution
with the lower residual is selected. O herwi se, no actual selection is
made, and the solution with the |lower residual is |abeled the "prinary"

sol ution, while tMithsheskwavstanly ésiedtion, theySAciRasithm gradapsdea wlutigsionailon. 20 WO
2006/ 096208 PCTLJS ) It ] '

al gorithm prod u%léfﬁ%%?@%%ﬁ'%ﬁg %%’Léﬁﬁx%&@@hﬁé%ﬁ%ﬁﬁ& lrn)br' %ﬁstr??(%jb 18 ﬂé‘ b Jl.éﬁlﬁgﬁe

oper ati ng syst esfisinulfted dtots 0T%ud sheximulated slands weregdthirof S°afmibssad ezimmkint s. 97%

of the sinulated shots. were within 15 of. m ssed azi nuth d 86% of the
si mul at ed shot s“"ﬂ/@g%’ %@W‘Wug&@fs pfs SeEedviyn ﬁi? .‘Sfféiiaﬁﬁmfth'eﬁgmﬁ edescri bed

di sanbi guat ison FhQassbhibed di afiP41BorithmEclogeAbtS, iRaMHoRthaRinglashRskd azi mut h
of <15, were disanbiguated 95% of the tine. The di sanbiguation algorithm

produced cor r ecazimah of €55°% wererdisambiguaied A% %ot ghedinpg ofhsrdisambiguatien The
o . > 3 o _ .
e

geonetry and th utron o aving a | ow
el evati on bei ngaccuracy of disambiguation is expected to vary based on the sensor array geometry

and the presumed distribution of shots, with shots having a low elevation being

10  easier to disambiguate.

The aforedescribed solutions for the projectile trajectory were obtained without
detection of muzzle blast. However, it has been found that even a weak muzzle
signal or a muzzle signal received only on a limited number of channels can be

advantageously used to improve range determination and disambiguation.

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

20  the air density (which is related to temperature); the position P (P, Py, P,)ofa
shooter; the azimuth and elevation angles of the rifle muzzle; the muzzle velocity of
the projectile (or equivalent Mach number); and the speed of sound (which varies
with temperature/air density). With this ballistic model, it is possible to accurately
calculate the time at which the shockwave and muzzle blast reach a particular point

25  in space.

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

Syi» Sz)), and the bullet trajectory is shown as emanating from the shooter in the
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10 easier to disanbiguate. The aforedescribed solutions for the projectile
trajectory were obtained wthout detection of nuzzle blast. However, it has
been found that even a weak nuzzle signal or a nmuzzle signal received only
onalimt r of channels can be advantageously used to inprove range
det er m nat i%gﬂr}g%gﬁf"ganbi guation. 15 FIG 9 shows schen'aetq%é‘éﬁtzflvmgﬁaﬁ agr am of
a Time of Arrival (TOA) nodel, which is described in nore detail in US
patent 6,178,141. The TOA nodel can be used to estimate the trajectory of
the projectile and the shooter direction relative to the sensor |ocation.
The TOA nodel is based on a ballistic nodel taking into account certain
physical characteristics relating to the projectile’s flight path, such as

20 the air density (which is related to terrperature) the position P (Ps,
P,,, P.) of a dsbtmiohef;4.t hke mtqmﬁttom tan@hoeteet&amcg)nsmaghe&dhe ¢lbsestrpodrite

nmuzzl e; the nuzzle velocit the projectile (or equivalent Mach nunber);
and the speed of appoensh (CIMy @mhwh\plle@@thw“‘mnmmpldﬂa @fémm adtkgnah . Wth
this ballistic nodel, it is possible to accurately <calculate the tine at

whi ch the shocKeitoweddroeh the peine wheraslie sheckotave igradiated dilory thp trajettory26 then space.
As depicted in the diagramof FIG 9, the shooter is |ocated at p0| nt P (Px,
Py, Pz) rel atﬂv%ﬁnﬁQS ind @rq igiex j(od thepensgys has heenomitted)s TheMashangle of thgcat ed at
points S, (Si, and the bullet trajectory i s shown as enmanating

from the shdot ékl11¢tr$ eﬁém)zilf\m Moo 100ddasthpdachgpmbey dseapraiccier bistthon of A
The vector fr o, Oéersﬁﬁﬁzh%gqc %@Oﬁafbﬁe&llehm%fp%?{he I(@r %uﬁ P.l?d &:}'n%%ﬁ%ﬁﬁe point of

approach (CPA) fsor rn(f), and
the path foll d\tmldémpmeedlef qommtThddmrs&ahgle bstwaek wajeetorysandahie ﬂ'tseﬁhof fsom t he

trajectory to h senso is S (the inde f the sens S. been

ont t tec) . The. Hogfge%r ft@ng'&c @;?%éﬁgogw@u@@%%%sygﬁﬁﬁ gzﬁ% Lhe
c¢h number o he k AxRGh theSs-y plak isWHkvago Argle/Aeddtited ap @

projectile, and co is the (preésuree- ar?'dl tenpera?%re- depeengenl:t) speed of

sound. The 10ni skexamglane. Bleg equations ket definsrthe sheckwave arivel §mediondupit 0. The
trajectory is charAGHRNaGHoPYe WriteR Tl (HAILEARGL GedRARYUN GHartiENt €F - ¢l ockw se

1A|

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

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

it takes the shockwave to travel the distance IE' from the radiation point to the j™

15  sensor, I—S—l
o

t. =t, +M+|ﬂ=t0 +Hsin(ﬂ +6),
d V ¢ C,
wherein tp is a time reference (firing time) and ¢y is the speed of sound. The
Mach angle © is also indicated in FIG. 9.

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

over longer distances projectiles are known to slow down due to air resistance. The
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fromthe x-axis in the x-y plane and by its el evation angle nmeasured upward
from1l0 the x-y plane. The equations that define the shockwave arrival tine
tl and unit vector at the j'h sensor are witten in terns of these
geonetrical _quantities. A The time of arrival is equal to the time Vit
takes for tWE2M6QPBL8i1e to travel the distance 1A 1 t PAHEWSIM 2%er e
sound is radiated toward the j'h sensor, plus the tine it takes the
shockwave to travel the distance ISI fromthe radiation point to the j h S
15 sensor, -. Co A S1 Dtil=to+-+ =to+ll sin(f+0), V co co whereintois a
time reference (firing time) and co is the speed of sound. The Mach angle O
is also indicated in FIG 9. It can be safely assuned that the velocity V of
the projectile remains constant 20 over a distance corresponding to the

sensor spacing, so that there is insignificant |oss. of speed between the
times the proEdes§iRnoF &8 & ePrassedi by ‘8?3 ‘F°€?€°ﬁ nt géﬁ’z‘&ﬁhs‘{ep‘i"@\ﬁé%}fe?’““é er

| onger di st anggseRh@bEdt ichlfir. 2A Sndtiydicil Balis@ riCHMNd&HiRd fenfdhysit&lsi st ance.
The 22 WD 2006/096208 PCT/ US2005/ 030126 air resistance can be expressed by

a drag coef fi @rigpiplespanpredint the paivaktinhof diogkyave ot anyiggperakpainttiusnaee cal i ber .

A mat henati cal LSt ﬁpﬁq qEEi ' 1e Rd NGT:R can
predict the art ?\?\%‘}c'n?x}s ;f)rggo gﬂéfl?oc m%e\?gd%{:@ng%zhﬁgéﬁle %(%nrb? lfgrﬁﬁ a}pace as a
function ofs a cbeffficieal,)its ipaiabvatdoity sanrdaledankitynef thdairpundiag bir be khowq. , by its
drag 5 coefficgi e(gt Cb), its initial velocity, and the density of the

surroundi ng ai'? 238 nown in advance. The paraneters required for an exact
cal cul ation are tigi cal ly not knog{n ina realjstic settin such as a

battlefield. HoweVBfParpmpigs requined arag gxact paleplatign arg typicalhy notknown ina

realistic setting, such as a battlefield. However, range estimation can be significant
improved by an iterative process shown in form of a process flow diagram 200 in
10  FIG. 10, which takes into account deceleration of the projectile velocity along the

trajectory. The process 200 begins at step 202 with the following assumptions:
¢ = 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
Mo = Vi/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) 7y and an arrival angle o between
shock and muzzle sound at the sensor array and by assuming an initial, constant

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

Tps * €
D. = ms__ 0
° 1= 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

2
a
M,=M,1-
a o( Cb\ﬁ;o_]
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i nproved by an iterative process shown in formof a process flow diagram 200
in 10 FIG 10, which takes into account deceleration of the projectile
vel ocity along the traj ectory The process 200 begins at step 202 with the

foll owi ng assunpti ons: = speed of sound nodified for outS| de te erature/
air pr essur‘@o(za@%‘”ﬂ? s) Cb = noni nal drag coefficient g‘rp

antici pated weapons Vo = initial velocity of the proj ectl I e, Wnen fired,
averaged over anticipated 15 weapons MO = Vo/c = initial Mach nunber of

projectile Afirst estimte of the shooter distance Do is conputed in step
204 using the neasured tinme-difference-of-arrival (TDOA) r. and an arrival
angl e a between shock and nuzzle sound at the sensor array and by assum ng
an initial, constant 20 speed Vo and Mach nunber M), according to the
equation Zm CO DD 1-cos(a) Wth these assunptions, the projectile' s speed
at a distance a f rsothat the timieabe projechiesiavélo thedistamae balongnlmtragettiry st ep 206
fromthe equation z - aC V 23 W 2006/ 096208 PCT/ US2005/ 030126
so that the ti MY go%jz%ctlle travel s the distance a along the trajectory
beconmes, step 208, a T. a- V Vo Cb The angle O is related to the Mach
nunber M by the elg@.t_l_o_rf_S_m n(e) = Mwherein the Mach nunber M is
initially set to M. {/t ahgﬁﬂd be noted that the

0 Cb

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

5 sin(@)=ML

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 = lZl in step 210 then becomes

- COS - tan(ﬂ)
10 a =D, - cos(B)- (1 ﬁf:]

The angles o, 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 7n 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 = lf)l for

the distance between the shooter and the sensor array is a “reasonable” value, in
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I nstant aneous bullet velocity is set to the speed of sound (i.e., M =1) if
the conputed bullet velocity becones | ess than the speed of sound. The
revised distance a = IAl in step 210 then beconmes 10 a = Do cos(t).
tan(Jt_,J). M Z-The angles a f,,and O are related by the equation (a+ 0 + 0)
= 90. The WP3ee886208)0 t hen | oops back to step 206 by i REEAE2H§OIN conput ed
value for the distance a in the equations for M and Ta above, yielding an
updat ed Mach nunber Ma and an updated bullet travel time Ta, respectively,
for the traveled distance a. 15 The measured TDOA r,,,a and the conputed
updated values for T. and a are then wused to successively update the val ue
D for the shooter range: D=co-(r,,+T.)+s This process is repeated until

ei ther a maxi mum nunber of iterations has been reached or the range val ues
D converge, as determined in step 212. 20 The process 200 al so checks in
step 214, if t whichsesedheiproassyd0d terminates af stapj216oFor examply, theyidhie ford ffen t he
shooter and th d L S1:&an. ¢ U | ; 006/ 096208
PCTI US2005/ oso%g&{g@ﬁt‘fﬁ’%@sféﬁf ’g‘a%iegggagg@%gﬂ’teg’?%ﬁg? ol %ﬁgélg%ég%gzla. For
exanpl e, the val ue st D can e considered.valid jf the distance a travel ed
by the project isl%a'asq}g_@‘gh%et?i?eé‘tt ﬁ%eé‘s%ragg e oY Whergd ?\%’é‘ﬂgt“ﬁéebsé?fgﬁtfegand t he
poi nt where the sound Wwave is radiated sin(a) fromthe projectile to the
sensor are val figmHepejeciRltoldf,sensofare valid manbeARbluds, NANdte NANa AsHabiial
floating point value representing the result of a nunerical operatjon which
cannot retufn &seesial §oshingmomt yalue EepEssenting theresuitatiapumeggalioger g%‘%/ﬂh‘t"h errors

from propagat ké}ﬁo{,‘gmygmmﬁﬁﬁ Vahé £ is {ﬁiﬁﬁgL&édqagr&eﬁ@ﬁo{s%&ﬁguI d both

be less than a predeterm ned threshold value,”indicati

ting that t
proj ectil e was propagatidg thirough a ealgatationt meaddisionox aral 4 shouldit®tinke lesstharoned above,

he, umber palbeddomBh bish O IR o ST PR RO o ™
the sensor array. :
10 As mentioned above, the number pair (7ms, ¢) is initially used to compute the
shooter range D, 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 shock-only TDOA’s between the various sensors can in
most situations be reliably measured. The shooter azimuth and shooter elevation,

20  but not the shooter range, can be determined from the shock-only TDOA’s using the
known sensor array coordinates (S,j, Sy;, S3). It will be assumed that the TDOA 7
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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along the trajectory. If the iterative process 200 descri bed above does not
return a consistent geonetry supporting the nunber pair (r, s, a), then the
solution is discarded. 15 Even if an exact solution may not be obtainabl e,
it is agoal to find values for the shooter range D and the m ssed azinmuth
and el evati?{ﬂzg?‘fﬁ’lgggs(v\hi ch are related to /9) that rms‘?CTé‘F%g@?“ﬁmﬁ%tch a
nmeasur ed shock TDOA and a neasured nuzzle TDOA. As already nentioned, the
shock-only TDOA' s between the various sensors can in nost situations be
reliably neasured. The shooter azinmuth and shooter elevation, 20 but not the
shooter range, can be determ ned fromthe shock-only TDOA s using the known
sensor array coordinates (SI, S)j, Sal). It will be assuned that the TDOA T™M
bet ween the detected shockwave and the nuzzle sound can al so be neasured,

wher eby the muzzl e .soupd.may not det ect e .al,l the sensors.. If it is
deternined in %%PEE‘“EMP’E%‘{%P Hsecr?a?%r 8%"?’\?%“6&‘8?%% h’féﬁma’éteo?ﬁheo‘fm}“éetaﬁr n a 25
valid result, ;srhgran&xhﬁg Probleatad20@nets (RS meft) ¢aPigh&d toleactsdonmionr I ange by
i nvoking an evoluti onar){é%gneti c algorithm (GA c natural

300, GA's mnj
evol utionary ¢ smbogiment dheifitasssicon P%@Q@S?%eds‘é’aalé ﬁ“‘é?ﬁ?%ﬁ‘ﬁa}’ﬁ%‘ﬂ"é‘?ﬂ a

procedures. A ' i Wi Edtutbn’ Mhsieipyof sol utions, instead
of just one so%%ﬁi. %Efc?té‘sagdrﬁafénlg%gqm25 m%&?og%? S VBT Us2005/ 030126

popul ati on of sol utionsH ; is evaluated in the context of the

s—et+eated—eaeh
nonl i near progranm ng ﬂp{ emand a fitness (relative merjt) is assigned to
O Nt ) i };

each solution. In one | PHE it ﬁ tan.de represented by the
Eucl i dean ¥ st anc8%sefFWeen a —cgicuratedt €01 v T)'E[é d Tedres freasured sol ution,
for exanple, by Ti -ri ShockM ¢ Shock, nen) N° - j-12 +abs ~r nf,rnlc }
r NI MI 'm,mNZ1.1 Intuitively, an algorithm producing a snaller value of
Mij, is better. Anwitinehaianelgobfithm produpingn ssialleheal@oitaeaskett800 i s shown in
FIG 11. The process 300 uses the tine-difference-of-arrival (TDOA) rns and
the arrival angl eAsfhematic flow diagram of the GA process 300 is shown in FIG. 11. The

process 300 uses the time-difference-of-arrival (TDOA) 7,5 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 = |f)l 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:
Rangespooter = {1000, ..., 3000} [meter],
Azimuthpyissed = {20, ..., 20} [degrees], and
Elevationpjssed = {-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 (Py, Py, P,) is computed for each 3-tupel with the previously determined shooter

azimuth and elevation, and an assumed RANGE for the particular 3-tupel.

Assuming an initial Mach number My, the vector A (Ax, 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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measured previously for process 200, step 302. An exenplary nunber of
3-tupes 10 having the values (RANGE, MA, ME) is defined as an initial

popul ation, step 304, wherein RANGE is the shooter range D = Pl shown in
FIG 9, MAis the mssed azinmuth, and ME is the m ssed ?rﬁﬁ? i@ﬂnghe VA
and ME val EQ2EM%%% e by how nuch the bullet nissed t& @8 % azi mut h
and el evation space. The target in the illustrate exanple is assuned to be
the sensor array. The initial population in step 15 304 is created by random
sel ection of the 3-tupel spanning a neaningful and reasonable range of

val ues: Rangeshoow, = {1000, ... , 3000} [neter], AzinmuthM:sed = {-20,

, 20) [degrees], and Elevationm~ed = (-20, ... , 20) [degrees]. 20 The
conputation follows a simlar process as outlined above for the shockwave-
only solution. _Initiall for,.geperation ng step 306, the shooter

posi ti on vect ofr 8¢k ?"%%bﬁep@?' ?ﬁe @'6%“(?? =Por OPeQSWegr-’ ﬁl?ﬁB?“WPﬁ e
previously determned s er it d tion, and an assuned RANGE
for the particﬁf%?rhtﬂ?tu%gq%&a@g%a%a%ﬁ?ﬁgﬁf)ﬂ’g%&mch nunber M), the vector A
(A" Ay, A), i.e._the pgsitiq 2 romwhere t shock sound is radiated,

i s conputed with FRESHR S AHRFL RS %a?iégscm?g“%?fg@%?ﬁ%g% PCTI US2005/ 030126

for each 3-tupel, stgg(g0&) The distances D = Si - P between the shooter and

each sensor | dobft= , Whelemahevaymneboh &’ iatlicates hserl arproduot bepwmesn 3- t upel
the angle $3 is conplgd—fSomthe equation cos )6 = A P - S, wherein the
synbol "" indicates the scalar product between [|AIIP - SI 5 the two

vectors. Updat dle twel veetors: dipdated vaiues fonthe distance,a, the frgvel timerle oftheof t he

projectile over_t.he. d] C ngl l;| Wg??r by
inserting the p@%%ﬁ%%&%(ﬁséﬁ?c&,%gtgeﬁme I ni |“§f4\€°"§élgetﬁiﬁb&gm\/é§ﬁ] es for M
= M) and a i nt qhd dvenpusddonatuedigtibndoths irfitiailydbsumed vakaes fon i, 3: Ms tepa 3it@the Thi s

rocess is iterated several _ti s f each of the 3-tupels, for example 3
F imes. as dete Yfquupt}l/pnggg 81z a,\mzfgf)e%?p[ £1I2 'I‘hEs process geterated several tﬁnersrp

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 maximum 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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10 the residual Gmn defined above, which includes the nuzzle signal, is
conputed for each 3-tupel, step 314. It is checked in step 316 if a maxi num
nunber of iterations for the GA, for exanple 25 iterations, have been
reached. |If | pum nunber of iterations has been reached, then the
process 300“%?%%@B§#Hgtep 320, returning the 3-tupel witFCYHSP0OS3826) | est
residual. Otherwi se, the process 300 creates a new popul ation through a
crossover and nutation operation, step 318, and the generation counter is
i ncremented by one, step 322 In each generation, the "best” individual is
al l owed to survive uninutated, whereas the top 100 individuals, as judged
by their fitness, also survive, but are used 20 to create the next 100

i ndividuals frompairs of these survivors with the crossover/nutation
operators listed in Table 2 below The foll ow ng exenplary crossover and

mut ati on operators were used to denonstrate the process 300: 27 WO
20061096208 PCH-US20051030126—Oper-atpr—Nanp-Operat-or—ProbakiHi-ty

<P H—PeH R R efat-o—r-00aH—1-+Yy
Description T ° (ApeEasar Namey ¢ [yOPEFates )\?é?b’@.“ﬁy\?b(change PESERBYON | hut h
bet ween two gssover chro akype ssed- elguation Crossover 0 5 F nge
m ssed el evat i pMidset Agimwth- Cr os@resseYer t W3 chr oo g dixelangg miseed azipythdetverndws oy er
0.5 Exchange r afrgesodest veen two Crosspver chr om$8imesomesi o] d- Mut at i on
Mitation 0.3 ReMhissekelavagpyven ffGressavetwi 0h a pr oljdisFhangsmistedglepasiopbgtwicpel o
with a random yCrosssvesct ed new val ue t hi n_r angdwo chipmesemas 5] - Mut at i an

Mitation 0.4 | pMisehoeesmal | [ferssarbat Pons in dIfxchanes wasedetwgentPonosone
(within 2 Crossover chromosomes

Field-Mutation Mutation 03 Replace a given field (with a probability
of 0.25 per field) with a randomly
selected new value within range
Incremental-Mutation | Mutation 04 Introduce small perturbations in all
fields of a chromosome (within £2
meter for shooter range; within £0.]1°

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

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

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

Recent experimental trials indicated a decrease of ambiguous shots from 95% to
8% on the same data set by using at least one muzzle signal channel in addition to 5
10  or more shockwave channels, which is a significant improvement over shockwave-

only solutions.

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

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

detections.

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

selecting the trajectory with the smaller residual.
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meter for shooter range; within 0.1 for mssed azinmuth and el evati on)
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 isrun 5 tines in 5 parallel with different sets of
initial 3-tW8¢3P%6,’09€2%I the solution with the smallest resi iSO octed as
the final solution for the RANGE, m ssed azinuth, and m ssed elevation of

t he shooter, which allows conputation of vector 15. Recent experinental
trials indicated a decrease of anbi guous shots from95%to 8% on the sane
data set by using at |east one muzzle signal channel in addition to 5 10 or
mor e shockwave chgihazs d¥1ad Sishits freUe@id by 40f mlofPLeAYSE htine RV in fHROCK WAV e-
only solutions. I'cul'at1 ons tHhat do not take Into consideration the

decel er ati on offotddescubed sorkdmeizzlalatgogthmssapbhe hsedue unambiguouskysietsrmimee tend to

overestimte rgnge. Fqr certain e tries uf.fici.entl,y di stant. shots,
this overesti nﬁtegg?f“?fa9%5?;’%’&_8%”%‘6%&%&’“@%&“&%8@%@%%3‘% H?édﬁ'gg&%@ﬁoves
this bias fromipagsesiette®in ewef Mbn 4 Seifors Bl Shoek@hve HiEa®Ciré @disotedis 5

descri bed above, anbi guous shock-wave only solutions can frequently be

di sanbi guat &d Bymexssbeskwaye chpanelsghen the aforamentiongd G cambeysed withjaect ori es and
sel ecting the i h: | . 08
PCT/ US2005/ 030 glf%ﬁkg{tﬁ%ﬁl&ﬁgggf %%?ﬂ?‘%‘“ﬁba’r}“i‘?é%ﬁé‘“%é?%‘ el%‘(‘)‘gg6 1%glr% mor e
sensor channel sge “thivesd” tifite thef aptieizséion filmetorstoalisamibiguateshashgokwavermmlycan be used
t o unanbi guousl y deter.m n the shooter.]ocatjon, regardl ess.of the_nunber
of Shock ChannefIufion a1t &sing o4 ssTpRtgt o of bl et MRV ELFah M PEREr 't han 4
sensors, but shRGKWANANEl AND Fewak thafl SlsR6dkdve thannéls B deRERJSHar I AME

channel s, then the aforenentioned GA can be used with a nodified cost

function odOr esirkeactivaipbwitheut aemptingto lngglizedhesshgater.s are available are

“m xed" into the optimzation function to disanbiguate the shockwave-only
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 . . 2
_ i — t J — J
ATmin - \/ z (A rmuzzle.calc Armmle.mws ) + z (ATSImck.calc ATShoak.mea: ) ’
i

Jj
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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solution and/or refine the estimtion of the shooter range. However, if
fewer than 3 muzzle channels AND fewer than 5 shockwave channels are
detected, then an alert 10 can be activated without attenpting to | ocalize

t he shooter e | e signal may not be reliably detected on all channels,
because: 1.W?;2E06{9g¢§%tion level on one or nore channel s BEI'Y385(0842¢ 0 det ect
with confidence. 2. The nuzzle energy is not discernable in the raw signal,
causing the 15 systemto correlate with "noise', giving unreliable TDOA
estimates. 3. Echoes fromthe shockwave can be stronger than the nuzzle

bl ast and can arrive earlier than the nuzzle blast, causing the systemto
fal sely detect shock as nmuzzle. Wth a nuzzle blast signal only detected on
sonme channels, the residual in this 20 situation can be defined as + (A

r' SNock, mc - Ar'" Armn=(Ar miiu(e,- Arm' m,cn(c uule,eat Ih. ,..

J wherein t helrRestery asSpmpase tq mghogkwaveonly splytiongsodhshtheicompitted trdectary yced
nunber of se i ; IthisS Sunmmed over

t he sensors (Ej'géteﬁeozltaflﬁgg ?ﬁ?‘gﬂ%ﬁ@mﬁ/%ﬂ%§pi callguyoggle?agoerﬁg%f’lst?lFSSZS As

denonst rat ed Higabiguasingrtid sedutbes.cri bed above, the nuzzle bl ast signal

provi des inportant information about the shooter azinuth and hence the
projectile's 29WiBoRCH &rasiP6ae3eclRbIR hiB2BGignaBd denificandhewberrof as conpared to

a shockwave-only. solutign, so that the conputed trajectar sol ution aligns
nore cl os e?y ﬂ"%ﬁ“%‘f‘f‘es%%ﬂal‘fg'oghﬁ%ﬁ‘%%m%%e%ﬁgcfl a JP%'.%f‘(ﬂP%ﬁéo% Sﬁ&% guati ng
t he sol uti ons dis\htdzowhicRlrd 16 desifadahired inddlleEnibiet b€ udingiglons, bat Rkgni f i cant
nunber of 5 anbi guous shockwave-only solutions may be generated in

particul ar at Presiigsapignser

In the event of potentially unreliable muzzle detection, an attempt can still
initjally be made to detect muzzle signals, e.g., to find a muzzle blast signature in a
10 noisy signal, and to compute the resulting TDOA’s. The muzzle detection will be
deemed to be reliable if muzzle signals are found on a sufficient number of sensor
with sufficient cross-correlation between the channels, and if there is a sufficiently
strong correlation between the muzzle signal and the corresponding raw band on

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

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

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

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

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

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

i.e., seek the maximum of: '
N W
25 7O=X3 (mb,)

wherein the square of mb,, ; represents a measure of energy, e.g., energy of the
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di stances, which are |less desirable than a smaller nunber of unanbi guous,

but | ess precise solutions. In the event of potentially unreliable nuzzle
detection, an attenpt can still initially be made to detect nuzzle signals,
e.g., to fin zzl e blast signature in a 10 noisy signal, and to conmpute
the result |W§M The muzzle detection will be deemdd WeS2BB03URE ap| e | f
muzzl e signals are found on a sufficient nunber of sensor wth sufficient
cross-correl ati on between the channels, and if there is a sufficiently
strong correlation between the nuzzle signal and the correspondi ng raw band
on each channel (offset by a nunber of bins to account for filter delays).
15 O herw se, at least the nuzzle signals that show insufficient correlation
are erased, and the followi ng "coarse nuzzle detection' logic is invoked: -

Look for peaks | th o QK ks as
li kely ~ shock"géﬂgégagt,’ E{LE%F% ég%:{l Ee3’5$nrg tﬁglr%%ggegrmz elté: g‘? %Qﬁa ?t erm ne
a maxi mum t i ndendtingadisdretekime irervahbzmieen tiatitnet the shoakwawewdshietec2 asénsor

array and defl ne a, "w ndow' i ng ,the correspondi n urati earch for
Mzl e ener gy URSREnIA Shith HECEH D SR DS SN RSP SAed Fop B Fefet ect or
channel s fol | guneihdiv. det ect ed shockwave, skipping sections in the detected
signal which have been identified as shock echoes. Integrate the energy

over the wsndow, 1o isErimird afn&%ﬁ@,xmgyé&%e@y irffhe WiRiow ﬁﬂ&a&uh% ﬁlewher ein the

square of nb,,1 represents measur e ener e.g., energy o he 30 WO
2006/ 096208 Pﬁﬁklﬂ&lﬁﬂ@ﬁﬁm@q@ﬁm(l)m&dké(ebItfaémmmé&he@mewpteﬂeatmbdh sensor.

(i+)) indicates_the detet hannel otin adl ret.e tinme

i nterval bet wSERTPHR 1§ tﬁ@@ﬁ&?%ﬂ*f?s h “38? Béagv%a““{ 8& gI?nnl ng of
the wi ndow, amds js thegseIndi the Sighdl ifetht RiRlowalk ideaased &d hiome ddetisi,ahd  of the
wi ndow. 5 To discrimnate agai nst nojise, the peak energy in the w ndow
produci ng the cross-correlation is performed on all channels in the muzzle blast band mb to

10  determine muzzle TDOA’s.

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

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

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

system.

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

25  arising from a shockwave. Secondly, the time span of the detected initial positive
pressure peak must be greater than approximately 70 ps and less than approximately
300 ps. These criteria provide immunity of the system from impulsive noise, such

as firecrackers and non-threatening gunfire. If these tests are not passed, the
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maxi mum of function f" (i) is checked to determne if the energy peak at
that maxinmumis 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 nuzzl e WO89/0e298 b to 10 determine nuzzle TDOA' s. PFGRUSteesaseiee nuzzl e
bl ast signal can then be used to determ ne the shooter range and/or

di sanbi guate the shockwave signal, as described above. In sunmary, the
descri bed system can accurately, quickly and often unanbi guously provide
shooter direction and bullet trajectory based on shockwave- 15 only

measur enents. Di sanbi guation can be inproved and shooter range can be
estimated if even a weak nuzzle blast waveformis al so detected. The system
is relatively insensitive to false shooter indications in response to

vehi cl e vi br at desertedhvavefusis notronsidgredia shockwaves andarer therter splgionigar by
shooting in di Lons away fromthe system 20 It should be nentioned that

the system detgetge |plrt1ééﬁt he shockwave signals perforns two test on the initial

wavef ornms for det ining if. the signpal _can |indeed b ttri.buted to
shockwaves. Fi rst%Tﬁg’eﬁg‘ggh?régastbgfrg?@%%%s bny olnﬁecglof'r“«g ﬁgvfeﬁra?ﬂd bet ween
appr oxi mat el y &fibodifaemts sholéh dnkaiescsibedititatadigvations madifRafersiagal t hreshol d
value. Only if this threshold value is exceeded, can the signal. form be

consi dered &s Depraysmagnisfhereopmay Bpadsicsto vathoyhdapprtingftom thespigivand of t he
detected initi POEin 'Ed%t'&{%ﬁwé Ak AL Liiel gﬂ%xirrately
70 s and | ess f’éﬁgngap%r ox?rlmte y ’g%o %Pg#eggﬁctglé?g{sﬁgl p?g{\}io e |§Truni ty of
t he system fr oarcidepuoted iay baving aopstsiseisorsasich as mirephones thasoeed ont bdtheat eni ng
gunfire. If these h§§t§é$%gtnot gassg%%etqsm31 ?O.%ﬁOGép%ﬁ%g8
PCTI US2005/ 030126 a&f & El YRay S PRI oMot S RWETUEY Qb ¢ & TRY CRIAPE™ and no
shoot er sol uti pédes. Mifréden tieckaluéhiven inTRables Al 2Vr tha variRrPpétadsd #s€d i n
connection with the preferred enbodi ments shown and described in detail,
vari ous nodl fi tuandedyto bgfyamples 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.
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5 inprovenents thereon nmay be nmade thereto wi thout departing fromthe spirit
and scope of the invention. By way of exanple, although the illustrative
enbodi ments are depicted as having acoustic sensors, such as m crophones,
this need not be the case. Instead, other types of pressure-sensitive
mechani cal or electrical sensors may be used. Mreover, the values given in
Tabl es CQlamml 2 for the various operators are 10 intended to be exanples
only, and other values nmay be sel ected depending on the actual conditions
inthe field, Accardingly, the spirit and scope of the present  invention is
to be InitedmsHoy fwxgrﬁélwgcﬁ e FgmA HHFRke W e Rrgbentelof ShREK B f or
extracting a signal froma nuzzle wave in the presence of a shockwave

si gnal , sighahsemprisiae: defining a time w ndow having a wi dth corresponding to a
time required for a nuzzle wave to traverse a sensor array; detecting the
shockwave g , aft 1 oQ,: h \/ L.an necd.n he

i ndow and gy s \TheST hEfLs 85icth bRl EnC1RAEts SRR HRRIR Mg o
time; and associ ati ng a maxi num of the neasured total energy with the nuzzle
si gnal . 031averRRa SRBHAAYF clai m 1, wherein measuring the total energy
includes integrating the nmeasured energy over the wi ndow 3. The nethod of
claiml, fyekhels thd@oedving digfant i fyi ng shockwave echoes and di sregarding
portions in the detected signal caused by the shockwave echoes. 4. The

met hod of claiml, further including determning a peak signal value in the
wi ndow pr effercietegtiothef theishaskwaventigial,adeangingahaiwindewtanfl ynaaspringdgotaberergyi gnal
val ue as the nuzzle signal, if the peak signal value is greater than the
measur edcdivddah tieneingywiap a tfitetioh ofiovwenda predefined ratio factor. 33

associating a maximum of the measured total energy with the muzzle signal.
2. The method of claim 1, wherein measuring the total energy includes integrating the
measured energy over the window.
3. The method of claim 1, further including identifying shockwave echoes and disregarding
portions in the detected signal caused by the shockwave echoes.

4.  The method of claim 1, further including determining a peak signal value in the window
producing the maximum total energy and identifying the peak signal value as the muzzle signal,
if the peak signal value is greater than the measured total energy in the window by a predefined

ratio factor.

33





