COVPACT SHOOTER LOCALI ZATI ON SYSTEM AND METHOD Background of the Invention
The present invention relates to | aw enforcenent technol ogi es and security,
and nore wenbicwkanl y to net hods and systens for deter nmpoirng2608®2880 gi n and
direction of travel of supersonic projectiles based on shockwave-only
information. Systens and net hods are known that can determ ne the general
direction and trajectory of supersonic projectiles, such as bullets and
artillery shells by measuring paraneters associated with the Shockwave
generated by a projectile. One such system described in U S. Pat. No.

5,241,518 includes_at |east three aced- r | ach sensor
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generate signals in response to the Shockwave which are related to the
azimuth and el evation angle to the origin of the Shockwave. Shock-wave-only
measurenents are unable to determ ne the di stance between the sensor(s) and
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parameters associated with the shockwave generated by a projectile. One such
10  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 elevation angle to the origin of the shockwave. Shock-wave-only
measurements are unable to determine the distance between the sensor(s) and the

15  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 shockwave at each sensor. Each of the sensors encounters the shockwave at a

20 different time and generates a signal in response to the 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 shockwave and hence the trajectory

of the projectile can be determined.

Conventional systems employ microphones, which can be relatively closely

25  spaced (e.g., 1 meter apart) or widely dispersed (e.g., mounted on a vehicle or
carried by soldiers on a battlefield), and measure shockwave pressure omni-
directionally at their respective locations. One exemplary antenna includes a total of

7 omni-directional microphones, with 6 microphones distributed over the surface of



spaced (e.g., 1 neter apart) or widely dispersed (e.g., nounted on a
vehicle or carried by soldiers on a battlefield), and neasure Shockwave
pressure wonostionagt i onal Iy at their respective |ocati oreT/USIsOEEP! ary
antenna includes a total of 7 omi-directional mcrophones, with 6

m crophones distributed over the surface ofa sphere (approx. diameter 1m
and the seventh m crophone located in the center of the sphere. An .
arrangenent with less than 7 mcrophones can produce |obes in the spatial
sensitivity pattern of the m crophone array. The relatively | arge antenna
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It would therefore be desirable to provide a system and method that is able to

determine the trajectory of a supersonic projectile with a smaller number of sensors
that occupy less space, and is also capable of differentiating between shockwave
15  signals and ambient noise and eliminating the ambiguity in the determination of the

shooter position.

Summary of the Invention

The disclosed methods and systems are directed, inter alia, to force sensors for
determining the origin and direction of travel of supersonic projectiles based on

20  shockwave-only information.

According to one aspect of the invention, a sensor for determining a pressure
gradient generated by a shockwave includes a support structure, a substantially
spherical body elastically supported by the support structure for movement in at
least two directions, and an accelerometer enclosed in the body and generating an

25  output signal in response to a force applied to the body. The force is produced by

the pressure gradient and the output signal indicates a magnitude and direction of the

pressure gradient.

According to another aspect of the invention, a system for determining the



According to one aspect of the invention, a sensor for determning a
pressure gradi ent generated by a Shockwave includes a support structure, a
subst ant iwbl2yocsolrani cal body el astically supported by tlpeTaisp@sntsesé r uct ur e
for movenent in at least two directions, and an accel eroneter enclosed in

t he body and generating an output signal in response to a force applied to
the body. The force is produced by the pressure gradi ent and the out put
signal indicates a magnitude and direction of the pressure gradient.
Accordi ng to another aspect of the invention, a systemfor determ ning
thetrajectory of a supersonic projectile includes at |east two spaced-apart
sensors, wher ghjsctbiyeofS £ Rapdrsonitr profadfileointiadeshbyt 1aass upp asphcedtapart tsemsersat  a
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According to yet another aspect of the invention, a method for estimating the

trajectory of a supersonic projectile, with the projectile producing a shockwave,
includes the steps of providing at least two spaced apart sensors having a known
15 location and orientation, whereby each sensor is adapted to measure a three-
dimensional pressure gradient at the sensor location. The sensors generate a
shockwave information signal in response to the measured pressure gradients. The
method further includes the steps of processing the shockwave information signal
and determining from the shockwave information signal trajectory parameter

20  information of the projectile.

Embodiments of the invention may include one or more of the following
features. The accelerometer can be a three-axes accelerometer that produces output
signals representative of an acceleration in three mutually independent, for example
orthogonal, directions. The substantially spherical body can made of a lightweight

25  metal, such as aluminum, or a plastic material, such as a plastic (polyurethane) foam.
The foam can be protected by a protective, e.g., waterproof layer for operation in

harsh environments.

The support structure can be a frame of suitable shape, for example circular or

rectangular, with the body being supported in the frame by a wire, a thread or a tape.



shockwave information signal in response to the neasured pressure
gradients. The nethod further includes the steps of processing the
shockwavewonheymetiion si gnal and determining fromthe skrothsass/obssbor mati on
signal trajectory paraneter information of the projectile. Enbodi nents of
the invention may include one or nore of the follow ng features. The

accel eroneter can be a three-axes accel eroneter that produces out put
signals representative of an acceleration in three mutually independent,

for exanple orthogonal, directions. The substantially spherical body can
made of a |ightweight netal, such as alum num or a plastic material, such
as a plastic Apadnygeaishane)supppardt thigdy caminchbe banginmeatsedltdyatevely,
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support st r uctrted% £An B SWPPOFIEHEN 3P clsiq SISHALRETMG, XSS "ET cul ar or
rectangul ar, wdtfentidift dRei¥nd)eicnas supperted in the frame by a wire, a thread
or a tape. Advantageously, the support of the body can include danping
neans. Al ter nat i M@Jamagédﬁue]ypqufémallciixﬁoxsmgmpﬁcﬂdstﬁmnﬂm heﬂhaselhﬁveﬂyeﬂdyer t hat
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preferably | ess than 100 Hz, so as not to interfere with the Shockwave
detection. The Shclsaevt HHBfRbh QEnal @R hclEiR Mighfhdedhdrdagaidnustehand
direction of the pressure gradi ent neasured at two _or_ nor s,erlsor and the
time of arrivalesyfe gRGCRBEAsWET St HY0 PHBMOKH S andrilis thag Ahd¥? ‘?frf'F%r mat i on
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shooter direction azinuth, shooter direction_elevation trag ectory

di rect i onl@zi pfithh supersepisqreiesileisandaelpdsrshaptedirection azythy ghooter direction

elevation, trajectory direction azimuth, trajectory direction elevation, muzzle

velocity, and bullet drag coefficient.

Further features and advantages of the present invention will be apparent from

the following description of preferred embodiments and from the claims.

15  Brief Description of the Drawings

The following figures depict certain illustrative embodiments of the invention in
which like reference numerals refer to like elements. These depicted embodiments

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

20 FIG.1 shows schematically a first embodiment of a sensor capable of

measuring pressure gradients in three orthogonal directions;

FIG.2 shows schematically a second embodiment of a sensor capable of

measuring pressure gradients in three orthogonal directions;

FIG.3 shows the force applied to the sensors of FIG. 1 and FIG. 2 by the

25 pressure gradient of a shockwave emanating from a projectile;

FIG. 4 shows the force transfer function of the sensors of FIG. 1 and FIG. 2 as

a function of frequency; and



velocity, and bullet drag coefficient. Further features and advant ages of
the present invention wll be apparent fromthe follow ng description of

pr ef er r edwvertbegionsant s and fromthe clains. Brief Descri priras2@b/obss8o

Drawi ngs The follow ng figures depict certain illustrative enbodi nents of
the invention in which Iike reference nunerals refer to Iike el enents.
These depicted enbodi nents are to be understood as illustrative of the
invention and not as limting in any way. FIG 1 shows schematically a
first enbodi nent of a sensor capable of measuring pressure gradients in
three orthogonal directions; FIG 2 shows schematically a second enbodi nent
of a sensor capafiGesofis ahstiitictiagidne s8asheclg A Tané-sf-Arivah(TeeA )onddebgonal
directions; FIG 3 shows the force applied to the sensors of FIG 1 and
FIG 2 by the pressure gradient of a Shockwave enmanating froma projectile;
FIG 4 shows the force transfer function of the sensors of FIG 1 and FIG
2 as a functi petafiéd Deefptirnaf Ceand Blsoratbd Embadiseenat i ¢ di agram of a
Shockwave Tinme-of- Arrival (TOA) nodel. Detail ed Description of Certain
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char act eri st i exswe. TheFeapr's §efstivity is greatest at the high frequency characteristics o

10  shockwaves and much less at the lower frequency characteristics of ambient noise.

Referring now to FIG. 1, in one exemplary embodiment, a sensor unit 10
includes a frame or holder 14 and a sensor 12 suspended in the holder so as to allow
movement of the sensor 12 in three substantially orthogonal directions X, Y and Z
(indicated by arrows). The sensor 12 includes a housing 13 made of, for example,

15  aluminum, with a 3-axis accelerometer that incorporates three independent
accelerometer elements 15a, 15b, 15¢ providing independent signals representative
of the acceleration of the sensor 12 in the respective X, Y, and Z directions. The
sensor 12 is suspended in a holder 14 by, for example, threads, wires or strings 16a,
16b. The electrical signal produced by the accelerometer elements 15a, 15b, 15¢ can

20  be transmitted to an input terminal of a suitable signal processor via electrical wiring

(not shown) that can be routed, for example, along the suspension wires 16a, 16b.

The sensor 12 does not experience a net force when the uniform pressure is
applied, even if the magnitude of the pressure changes. In this situation, the output
signal of the accelerometers is zero, except for a possible constant bias. However, if

25  the sensor 12 is exposed to a pressure gradient, i.e. when the pressure on one side of
the sphere 12 is different from the pressure on another side of the sphere 12, then a
net force is applied to the sensor 12 in the direction of the pressure gradient, creating
an acceleration that is proportional to the force and inversely proportional to the

sensor mass. The output signals of the accelerometer elements 15a, 15b, 15¢ is



Referring nowto FIG 1, in one exenplary enbodi ment, a sensor unit 10

i ncludes a frame or holder 14 and a sensor 12 suspended in the holder so as
t o al | ow wovessmnisief the sensor 12 in three substanti al lpgTastéenossad
directions X, Y and Z (indicated by arrows). The sensor 12 includes a
housi ng 13 made of, for exanple, alumnum wth a 3-axis accel eroneter that
i ncorporates three independent accel eroneter elenents 15a, 15b, 15c
provi di ng i ndependent signals representative of the acceleration of the
sensor 12 in the respective X, Y, and Z directions. The sensor 12 is
suspended in a holder 14 by, for exanple, threads, wires or strings 16a,
16b. The el ectoprdaltatbie @hale apretdaidadxtichded b Clealefivod NEingthe eV, 15a, 15b,
15¢c can be tr%n%gltted to an input termi nal of a suitable signal processor
via el ectrical P ¥ not shown) that can be routed, for exanpl e, al ong

t he suspension res 16a, b.. The sensor 0es nof experience a net
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the sphere 12, then a net force is applied to the sensor 12 in the
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The output signals of the acceleroneter elenents 15a, 15b, 15c

i srepresent at directions. t he accel erati on experi enced by the sensor 12 in the
respective X, Y, Z directions. Various @ﬁges of acceleroneters are known in
the art, 30ch asAagosindnBHetets serser Brif rlegnalsg e S1ouptedfor GrEplel ectric
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be attached to, for example, a stationary support 24. As before, the sphere 12 can
move in three orthogonal directions X, Y and Z, with the accelerometers embedded
in the sphere producing acceleration signals proportional to the force exerted on the
15  sphere by the pressure gradient. Care should be taken to position the center of
gravity of the accelerometer at the center of the sphere, since the applied force,

which acts through the center of the sphere, could otherwise cause the sensor to

twist, thereby inducing acceleration not entirely representative of the force.

FIG. 3 shows a response of the sensor 10, 20 to an exemplary shockwave

20 propagating past the sensor, creating a force that is proportional to the pressure
gradient in the propagation direction of the shockwave.  This force creates
acceleration inversely proportional to the sensor mass. The exemplary curves of

FIG. 3 are for a shockwave pulse propagating past a 12 mm diameter aluminum
sphere suspended in the holder 14 of FIG. 1. The pulse parameters are typical of a

25  shockwave from a bullet passing at 30 m from the sensor, exhibiting a peak pressure
of approximately 100 Pa and half-span T, of approximately 150 ps. The 3-axis
accelerometer used in the experiment is fabricated from three Endevco Model 25A
ISOTRON accelerometer elements and mounted inside an aluminum sphere having

a diameter of 12 mm and a wall thickness of 0.7 mm for a total mass of 1.1 g. It will



avai |l abl e from Endevco Corporation, San Juan Capi strano, CA. Accel eroneters
shoul d be selected to have a | ow cross-axis coupling or crosstalk, for
exanpl e, wessodha111% for reliably decoupling the signacsgessnagssd in

t hree i ndependent directions. As shown in FIG 2, the sensor 12 of FIG 1
can al so be nounted, for exanple, on one end of a resilient elenent, such
as spring 26. The other end of spring 26 can be attached to, for exanple, a
stationary support 24. As before, the sphere 12 can nove in three
orthogonal directions X, Y and Z, with the accel eroneters enbedded in the
sphere produci ng accel eration signals proportional to the force exerted on
t he sphere by bt hadastesds ulia cghacﬂi@nﬂeiglﬁ:anﬁalshﬂwhekabelldyakz&nwbld) apggésticon t he

center of gravi e.acq el eronet er he nter of .th si nce
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direction of the Shockwave. This far ce creates, accel erat {eon ”ﬂvﬁr sel
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in the holder 14 of FIG 1. The gul se paraneters are typi.cal _of % Shockwave
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of approxi mat %Sﬁgmg)mpé}nﬁl%qs hal f - span Ts of apprOX| mately 150 ns. The
3-axi s accel eronreter used In the experinent is fabricated fromthree

Endevco Mygel 254 b RFIRPNIAREEE rONE palssiRl QMRS sedr 1P s tediivdlsiisie an
al um num sphere havi ng
sensitivity to low-frequency forces and/or pressure gradients. FIG. 4 shows a

frequency plot of the force induced on the 12 mm diameter sphere per unit sound
pressure. The measured sensitivity peaks at a frequency of about 12 kHz, and falls
off at a rate of 6 dB/octave at lower frequencies. In this way, the pressure gradient
15  sensor is naturally matched to the frequency content of shockwaves, which have
most of their signal energy at frequencies above about 6 kHz. This reduces the
complexity of the detection circuit, since low-pass filters can be eliminated. For
comparison, ambient noise from, for example, wind and vehicle motion, has the
greatest signal energy at frequencies -below 6 kHz and is therefore naturally

20  attenuated.

Referring now to FIG. 5, a Time of Arrival (TOA) model, which is described in
more detail in US patent 6,178,141 (incorporated herein by reference in its entirety),
is used to estimate the trajectory of the projectile and the shooter direction relative to
the sensor location. The TOA model is based on an accurate ballistic model taking

25  into account certain physical characteristics relating to the projectile, including: the
air density (which is related to temperature); the Cartesian position of a shooter; the
azimuth and elevation angles of the rifle muzzle; the muzzle velocity of the
projectile (Mach number); and the speed of sound (which varies with temperature/air
density). With this ballistic model, it is possible to accurately calculate, at any

30  particular point in space, the exact time at which the shockwave (and muzzle blast, if



a dianmeter of 12 mmand a wall thickness of 0.7 mmfor a total mass of 1.1
g. It willbe understood that other |ightweight netals or netal alloys as
wel | as piebvesiomateri als, such as a plastic foam prot eetedsbysa2sss er pr oof
surface | ayer, can be used instead of or in addition to alum num Each
accel eroneter elenent has a mass of 0.2 g, a dianeter of 5 nm a resonance
frequency of 50 kHz, and a sensitivity of 5 nV/G The maxi num experi enced
force corresponds to an acceleration of 1 G so that the maxi num out put
voltage is 5 nV. As nentioned above, at least in the |inear excursion
regi on of sphere 12, the peak outputs of each of the three accel eroneters
are proporti onadd)teach hpartitildr poet irospsceof t he propagati on direction al ong
their respective orientations. A principal advantage of the pressure
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Arrival (TOA) nodel e detail in US patent

6,178, 141 (|ncor er.ei ence |n ts e thwet S ed to
estimte the ¢ Plgj ?r(e.)?hf E?"ktwﬁéeﬁ Jlae[%(fﬁ 8 IS RY & tgo esrenél ?Se‘gt |Tl§§1

relative tl0 Mach angle of the bullet is 8= sm"(l/M), M =V/c,. M is the Mach number of the

which is described in

projectile, V is the supersonic velocity of the projectile, and co is the (pressure- and
temperature-dependent) speed of sound. The 'miss-angle' between trajectory and the
j™ sensor is y.. The trajectory is characterized by its azimuth angle o measured
counter clockwise from the x-axis in the x-y plane and by its elevation angle ¢
15 measured upward from the x-y plane. The equations that define the shockwave
arrival time t and unit vector at the j" sensor are written in terms of these

geometrical quantities.

i

The time of arrival is equal to the time ’71 it takes for the projectile to travel

. P . . . .
the distance |A fl to the point were sound is radiated toward the i™ sensor, plus the

20 time it takes the shockwave to travel the distance }g‘) j’ from that radiation point to

!5\

the j' _] sensor, ——

t, =t +M+E;|—t +|D |s1n(7 +8), (D
A AN ¢

wherein 1 is a time reference (firing time). The closest point of approach (CPA)



t he sensor | ocation. The TOA nodel is based on an accurate ballistic nodel
taking into account certain physical characteristics relating to the

proj ecti lwo 200wloudiing: the air density (which is rel at eg¢ctrassh@spescss ur e) ;
the Cartesian position of a shooter; the azinmuth and el evati on angl es of
the rifle nuzzle; the nuzzle velocity of the projectile (Mach nunber); and
the speed of sound (which varies with tenperature/air density). Wth this
ballistic nmodel, it is possible to accurately cal culate, at any particul ar
point in space, the exact tinme at which the Shockwave (and nuzzle bl ast,

i fused) reach a particular point in space. Measurenents of a Shockwave's
three unit Veq:)tgweénﬂhB@ro?d’chle\tﬁahecfdr%d&heﬁ%ns@f1srTDI’e of the aforedescribed
pressure gradient sensors are sufficient to determ ne uniquely the shooter
| ocation, bullet Eraig ;SU and callé? Rel ative to an origin (0, 0), the
shooter is Iocat ﬁ K P (P Pz) the sensor at point C (Cx, CY,
CZ), and the buIIet trajectory i's shomn emanating fromthe shooter in the

direction of A. Tﬂ_é"@PXQ&{ligr])ddxﬁﬁeﬁﬂ@@erbﬁhﬂ\ﬁ@dierhh&:dmﬁﬂleﬁneamdedsﬂdSpeS)énsor is
\b J , the closest point 'of approach (CPA) of the bullet to the sensor is /

, and the pat I hékmaee ddpicwa ih IFEG ofirdth thetfen@vihpequstiockwave is radi ated from
the trajectory to the jth sensor is S . The Mach angle of the bullet is ¢
=sin' (1M, M= VIcO 5 the Mach nunber of the projectile, Vis the
supersoni Cg veIOC|§g of* p Qjectlle@)and Co is the (pressure- and

t enper at ur e- depe nuymepeem)pf sound. " The 'm ss-angl e’ between trajectory
and the j th sensor is g,. The trajectory is characterized by its azinmuth

angl e a measur edyCaupt ﬁr'bw@ﬂﬂ@%iﬂ\dcﬁ%uﬁmb%mé%oﬁﬂavl%r% sbihdtib @adiated tokie® and by
its el evation angle f neasured upward f50n1the x-y plane. The equati ons

t hat define t RensShA16kpY erojdctiletsadajdctdie |4 |, ada @, urfi dre viectaosphtrid deasify, t h
sensor are witten in terns of these geonetrical quantities.

sound velocity, and non-linear parameter B = 1.3. The slope of the shockwave is its

peak pressure P divided by the half-span T; (see FIG. 3).

10 The velocity V of the projectile can be assumed to be constant along its
trajectory, if the sensors are closely spaced, so that there is insignificant loss of
speed between the times the projectile radiates to the different sensors. In a more
general case, however, a mathematical ballistics model that predicts the arrival time
of a shockwave at any general point in space as a function of the full set of

15  parameters can be used. It is derived from physical principles, and has an accuracy
of approximately 10 parts per million (ppm). The mathematical model is described
in detail in US patent 6,178,141, the content of which is incorporated herein by
reference in its entirety. For comparison, conventional empirically derived ballistic

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

20 The ballistic model includes the bullet drag coefficient Cy,, which depends upon
the projectile’s caliber. The caliber may be estimated from either the peak pressure
P, or the half-span T, using the following equation that depends upon projectile’s
parameters S (cross sectional area), L (length), and K (a constant dependent upon

bullet shape).



The tinme of arrival is equal to the time it takes for the projectile to
travel the distance to the point were sound is radiated toward the j th
sensor, phooddme4tiiine it takes the Shockwave to travel thegasarseo\s from
that radiation point to thej th sensor, ChJ =+ + __ -=, o + D, sin
+0) , (1) Cn Cn whereintois atinme reference (firing time). The cl osest
poi nt of approach (CPA)between the projectile trajectory and the jth sensor
is| |=$|sing . (2) The CPA (or | ) can be independently determ ned from

t he neasured sl ope of the Shockwave depicted in FIG 2 fromthe follow ng
equation: M is the projectile's Mach nunber at the point where sound is
radiated to the jth msensor along the projectile's trajectory A, and p,
c, b are the at pheﬁ?scpoéiﬂnsp-%]y,]gsrcfﬁnd vel ocity, and non-linear paramneter
b 1.3. The slopzfgj = 4S—its peak prgssure Ps divided by the
hal f-span Ts (see FI G BYkc, pz—vl locity V of the projectile can be assuned
to be constant along its trajectory, if the sensors are closely spaced, so
that there is i psLgm,fi |.o f.speed between.the tines the prgjectile
radiates to thebc?ﬁp?? fgl; é;%lt%gsrellrsls%ﬁrs@ 1|tsf] ugl%riraéecr?gfg 1ene e 18 i’fB%@'er?i“é

mat hemat i cal pirainetes tis mspomadeein thé bhlliptieiogéiSprédietcH 6?@&@1ecﬁie[ﬁr écté‘ry.srlﬂf kwave
se (0] paraneters

at any generﬁﬁl Qoi nt IF ggace as a function of the full ¢
can be used. M SQUCKHePt \JRY FPERAY Shsrussion. thei e peaséficientdishassumedatec beacy
5  proportional to the square root of Mach number M. A more accurate model is

described in US patent 5,930,202, the content of which is incorporated herein by

. : . b .
reference in its entirety. The distance (A j‘ and the time tf’ to reach the point where

sound is radiated to the j™ sensor are defined in terms of the initial muzzle velocity

Vo, the local velocity V=Mcy, and drag coefficient Cy,

4=, (¥, - JerTsin@))
10 ) i )

1 ———

LV, =\, 4lC,

10



of approximately 10 parts per mllion (ppm). The mathematical nodel is
described in detail in US patent 6,178,141, the content of which is

i ncor por avecodwergiim by reference in its entirety. For ceQpas:esn286s0
conventional empirically derived ballistic nodels have nom nal 1m accuracy
at 1 km or 1000 ppm The ballistic nodel includes the bullet drag
coefficient Cb, which depends upon the projectile's caliber. The cali ber
may be estinmated fromeither the peak pressure Ps or the half-span Ts,
using the foll ow ng equation that depends upon projectile' s paraneters S
(cross sectional area), L (length), and K (a constant dependent upon bull et

shape). Once the caliber is found, its unique dr coeffi.ci . .Cb i s known.
This paramet er §h§ foligwmeaRenlingas Feraygps i"é‘{c‘]”f ge g‘géﬂd BE‘E‘Hiﬂbﬁt E%hsq)cf mode!
projectile'ﬁné£@&§ﬁg§g~cmhatthe context of the present discussion, the drag
coefficient s assuned to be proportional to the square root of Mach nunber
M A nore accurate nodel is descri|§|ed in US patent 5, 930,202, the content
of which is incorporated heegisf by—reference in its entirety. The distance
A and the time t} ' to reach the point where sound is radiated to the j th
sensor are defined in terms of th Sqnitial muzzl e velocity Vo, the |ocal

vel ocity V=McO, and drag tgeef f i Ch. (5 t A = - VO -JV OAIC, The

fol | owi ng nonlinear equations nustbe sol ved when the ballistic nodel
predictions are includedqRJEplbﬁQ%y R2| | D2|sin(™ 2) VZ Cz -Pz-Az

|R2| = ID2|Sin(}’z)

VX, _ Cx,=Px—4x
\ﬁxlz +vy, +vz} B \/Cxl2 + Px? + Ax
v, __ Gy -Py-4y
\/vx,2 +vy,” +vz” B \/Cy,2 + Py + Ay} ©)
vz, _ Cz-Pz-4z
\/vxl2 +vy +vz” B \/Czl2 +Pz* + Az
VX, __ Cx,-Px-Ax,
\/vxz2 +vy,) +vz, B \/sz2 + Px?+ Ax)’
vy, __Cy,-Py-4y,
\/;22 + vy:,_2 + v222 - \/Cyz2 + Py’ + Ay22
vz, Cz,—Pz— Az,

= 2
\/vxz2 +vy, +vz, \/sz2 + Pz* + Az,

The three-bar equals signs indicate where the right hand side is forced to equal
5  the measurement data on the left. The following identities were used to simplify the

equations; these equations do not contain data:

IDJcos(r, + 6) = 4,cos(6)

7
ID,|cos(y, + 6,) = 4, cos(6,) ™

Accordingly, there are 10 independent nonlinear equations, of which only 8 are
required (redundéncy). Normalized accelerometer signal voltages in the x, y, z
10 directions for the j™ sensor are denoted VXj, VYj, VZj, i.e., the subscripts 1 and 2
denote the two different accelerometers or pressure gradient sensors. Therefore, the

nonlinear equations can be solved for the unknown parameters. In addition, two of

11



AVXX + WL + VZ1 2+Pz2+Az VZ-, Cz2-Pz-Az 2 JVX2 2+vy 2+VZ2 JCZ2 2+Pz2+Az
The three-bar equals signs indicate where the right hand side is forced to
equal t hewomasumesent data on the left. The fol |l owi ng i gemtusbéosm2swes e used
to sinplify the equations; these equations do not contain data:
Accordingly, there are 10 independent nonlinear equations, of which only 8
are required (redundancy). Normalized accel erometer signal voltages in the
X, Yy, z directions for the j th sensor are denoted vxj vy,, vz,, i.e., the
subscripts 1 and 2 denote the two different accel erometers or pressure
gradi ent sensors. Therefore, the nonlinear equations can be solved for the

unknown parapeters. |n addition, two ofthe unknowns (drag coefficient and
nuzzl e vgl oc&%ﬂﬁ(ﬁ?%’l%@% 1Nt ape muzglevglociy gre sniquetygelateditpdre,  whi ch

. ) ; . i i | Viin r i \) and
Shockvave L?g*s"iﬁrtﬂeéﬁ%?ie MR R B TR e e efToh Mvolithe s i ot e
.

on CPA whi | ecpal (6 19| § Agi %Hﬁkéﬂ%fssﬁﬁ%ﬁ y Tih'iﬁg’fagt\qliéq'sztﬁrgtr}]l@?rgc%sn o2

parameter estimti | f additional sensors are u;s}e ( ant d?t a
col | ected thj Vit SCRC Mo Vi urther to. inprove paraneter
esti mation a%:ocs:[ﬁireg%ﬁ; Owggﬁ%ig%%lg'@ée@? ieﬁr%ulog%ft o WW&"‘I“&?P? E?‘Cé{]‘@gl’ 8? y
esti mati on i parametgr estimatioh. {helditonahdeasas Mengudrtién atpdt ofta BSIctdgnear

wei ghi ng. met R HCEAT i 64 o SpIvEs BERGD URPEITS iraencten smeton ss6oKit
value. The wvei g&tles pc?sts,ib eae(::s?imiattigxq gltgio?iphnﬂ'o? trrajee%?clrg lélst?rgaet?onuii Iar\]/gd;nr;%f the
Levenberg-Marquardt method of non-linear least squares. The variation is in the
weighing of the residuals. The weighing method used gives an L1 type solution: 1.e.,
10 minimum absolute value. The weights at each iteration are recalculated using the
size of the residuals to effectively "throw out" outliers. The L1 Levenberg-

Marquardt algorithm is detailed in US patent 5,930,202 and operates as follows:
1. Compute the residuals, weights, and the initial cost, Eq;

2. For the k™" iteration, calculate the elements of a weighted derivative matrix,

15 H;
3. Calculate the next estimate of x by solving for §x and adding it to the current
value of x;
4. Calculate the new weights, weighted residuals, and cost, Ey, at the new state,
Xk;
20 5. If the cost is greater than the previous cost, discard this estimate of x(k),

increase A by a substantial factor, for example by a factor 10, and repeat from step 3;

2

or

6. If the cost is less than the previous cost and the solution has not converged,

decrease A by the same factor and repeat from step 2.

25 There are three ways of exiting the iteration loop: reaching convergence,
reaching the maximum number of allowed iterations (e.g., set at 50), or having A

increase to a predetermined limit. Convergence is defined by the ratio of the new

12



size of the residuals to effectively "throw out” outliers. The LI

Levenberg- Marquardt algorithmis detailed in US patent 5,930,202 and
oper at es we 2badogsss: 1. Conpute the residuals, weights, pemdstévs/onsesd i al
cost, EO; 2. For the kth iteration, calculate the elenents of a weighted
derivative matrix, H 3. Calculate the next estimate of X by solving for dx
and adding it to the current value of x; 4. Calculate the new wei ghts,

wei ghted residuals, and cost, E, at the new state, Xk; 5 If the cost is
greater than the previous cost, discard this estimate of x(k), increase

by a substantial factor, for exanple by a factor 10, and repeat from step
3; reV|ous cost and the solution has

. I s.less t the
not conver geégsgﬁtegﬁ SRIgKIops Fost f‘ﬂé @Ef?ﬂo Hhgrespdatoop bthl seibllsr 2t a Ther e
are three my@apﬁllrﬁmhiﬂm&&ﬁrda&&ﬁ% 't}%‘c&spﬂlﬁlcu&?&ff cQHas%’ﬂXt%ﬂ@y”% that
reachi ng the maxi mum nunber of allowed iterations .
havi ng | |ncf‘éﬁ@élt?@tlanﬁpwébmtemmowedmnemlt A@Iamseﬂagean,@maﬂydﬁﬁmaéd by the

0 revi ous cost x(k)/x(k-1). If the ratio is
lr)g: \I/\ge(r)lf 0t gg ggkhléh 0?1191%0 c%urfe cal m ni rum has been reached or thleI
cost functiion syr at v y,. S0 that further iterations w
not i rrprogve theflré F‘?e ugfl "k‘ﬁtsaf @W’?b‘l’%%ﬁ e shaoter nditrclipriiaadt thag

whi ch condi t prje cﬂiﬁllﬂx’fdje@ﬂny l&anhBs BEPhteioRad: tiﬁ?ékl)@ ad Oxtéﬁlclng l?&/egﬂm of,the

shooter direction and the projectile trajectory can be co
qui ckly and ¢\l tzamagy B@rm@ual@rahne(@%)ut G(Arsamymgeumnabe‘adlg;mnatmmlﬁ&ﬁabes

mmc natur a{nde%?)h)p{h ¥ar€ﬁ' WA I }%melszatlon procedures. Most classical point-by-point

algorithms use a deterministic procedure for approaching the optimum solution,
10 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
derivatives. However, these methods have disadvantages, for example, that an
optimal solution depends on the selected initial solution and that most algorithms get

15  “stuck” at a sub-optimal solution.

Unlike classical search and optimization methods, a GA begins its search with a
random set of solutions, instead of just one solution. Once a random population of
solutions is created, each is evaluated in the context of the nonlinear programming
problem and a fitness (relative merit) is assigned to each solution. In one

20  embodiment, the fitness can be represented by the Euclidean distance between a
calculated solution and the measured solution. For example, one solution can be
defined by the shockwave-induced voltages and Time-Difference-of-Arrival

(TDOA) at the two or more sensors j. In other words, the goal is to find

calc meas cale meas cale meas Y2
mm mm\/z {(vx - (Vyj Yy J ) (vzj —vzj ) }

25 and

ATmin =min \/Z (Tmlc - Tmeas )2 (Sb)

J

wherein the sum is taken over all sensors. Alternatively or in addition, the

13



and apply these to search and optim zation procedures. Mst classical

poi nt - by-point algorithnms use a determ nistic procedure for approaching the
opt i mum swbubeeingsist arting from a random guess sol uti onpamass@sobdege Ng a
search direction based on a pre-specified transition rule, such as direct
met hods usi ng an objective function and constraint val ues and

gr adi ent - based net hods using first and second order derivatives. However,

t hese net hods have di sadvant ages, for exanple, that an optiml sol ution
depends on the selected initial solution and that nost al gorithnms get
"stuck" at a sub-optimal solution. Unlike classical search and optim zation
nmet hods, a GA begins its search w a random set of solutions, instead of
j ust one solminiranm réxideal af ttmfclbh\(/T F)Ldistmiotarcanfalssdnlems@d)w ¢grgemoreat ed, each
is evaluated in the context of the nonlinear progranm ng problemand a
fitness (relative nmerit) is assign tion. In one enbodi nent,
the fitness can be repre§ﬁgre¢rg%> fEFCL”ékan i stance gt ween a
cal cul ated sol ution and t he'maeasu sdlt ilonmefZor exanpl e, one sol ution
can be defined by the shockwave-i nduced vol tages and

Time-Difference-of - Arrival (- t 1 r e ns i | n:ot her
wor ds, the goaﬁmluémfeg?’ e ﬁaégcglnn z%%%ggaelli 2&# gé)fswl};rﬁ"l’ ?%F‘&%éﬁ/ogeg)rlmﬁllﬁo
sensors. Al tw#watively or in addition, them ni mumresidual of the CPA ( D)
di stance can al so be used as a criterion: (8c) Intuitively, an algorithm
havi ng assmal | wallstheQhivdauBh Ras Bleftidisciied BY coahEdtivnrwvittsthegkdferred Whi | e t he

i nvention has been disclosed in connection with the_ preferred
embodiments shown and described in detail, various modifications and

improvements thereon will become readily apparent to those skilled in the art.
Accordingly, the spirit and scope of the present invention is to be limited only by the

following claims.
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enbodi ments shown and described in detail, various nodifications and

i nprovenents thereon will become readily apparent to those skilled in the
art. Accowdizo@/¢siihe spirit and scope of the present i peenisc@s/opsss o be
limted only by the following claims.Clainms: 1. A sensor for determning a
pressure gradient generated by a Shockwave, conprising: a support
structure; a substantially spherical body elastically supported by the
support structure for novement in at |east two directions; an accel eroneter
encl osed in the body and generating an output signal in response to a force
applied to the body; wherein the force is produced by the pressure gradient
and the outpy .signal indicates a magnitude and direction of the pressure
gradient. 2. E5ensor of claim1, wherein the accel erometer is a

t hr ee- axes ag cel er onet produci ng out put S|gnals representative of an
accel erat i on in tRFBEr %5 datermipingdpissiee gadignt exnerasessby 3shotlwavsensor of
claim1l, wheggh glg substantial ly spherical body is made of a I|ightweight
metal or a pl as?nc fraterial. 4. The sensor of claim3, wherein the plastic

mat eri al tic foamw th a waterproof surface. 5. The sensor
of claim 3, ngﬁgﬁﬁﬁn tE a?lghtmelght metal conprises alumnum 6. The sensor
rises a frane. 7. The sensor

of ciaim®b, SAZRENabnErRHE ot Shtely Sihni by A e bmot R e dor ot

movement in at least two directions;

an accelerometer enclosed in the body and generating an output signal in response to

a force applied to the body;

wherein thé force is produced by the pressure gradient and the output signal

10 indicates a magnitude and direction of the pressure gradient.

2. The sensor of claim 1, wherein the accelerometer is a three-axes accelerometer
producing output signals representative of an acceleration in three mutually

independent directions.

3. The sensor of claim 1, wherein the substantially spherical body is made of a

15  lightweight metal or a plastic material.

4. The sensor of claim 3, wherein the plastic material comprises a plastic foam

with a waterproof surface.
5. The sensor of claim 3, wherein the lightweight metal comprises aluminum.
6.  The sensor of claim 1, wherein the support structure comprises a frame.

20 7. The sensor of claim 6, wherein the frame is constructed to have a characteristic

oscillation frequency of less than 1 kHz.

8. The sensor of claim 6, wherein the body is supported in the frame by wire,

thread or tape.

9. The sensor of claim 8, wherein the body is supported by the support structure

25 soas to have a characteristic oscillation frequency of less than 1 kHz.

10.  The sensor of claim 8, wherein the body is supported by the support structure

15



oscillation frequency of less than 1 kHz. 8. The sensor of claim6, wherein
the body is supported in the frane by wire, thread or tape. 9. The sensor
of cl ai m8o 2éweneiim t he body is supported by the suppor PcFUsR@GOLESSE0 as t o
have a characteristic oscillation frequency of less than 1 kHz. 10. The
sensor of claim@8, wherein the body is supported by the support structureso
as to have a characteristic oscillation frequency of |less than 100 Hz. 11.
The sensor of claim1, wherein the support structure conprises an elastic
menber. 12. The sensor of claim1l, wherein the elastic nmenber conprises a
spring. 13. A systemfor determning the trajectory of a supersonic

D oo B 005 ool B85k MaTAPRENARTE RSRSRN D e, oe0eors

supported by a su ructure o2 PR ALY Bhcount er i ng a

2 Substant Lal Ty LBEPER cBimy Braeh fe i libhfteEaEne Sasbort

structure fomemd¥enent in at |least two directions; an acceleroneter
encl osed in the body and generating an out put signal in response to a force

applied {0 tfie badkendhr elafin I NGAGER thd AaflcQAlAES BipAsh £ g gradi ent
of said Shockwave and the output signal I|ndicates a n'ggnlt nd direction

of the pressyse gradi el d%naqmﬁﬁn {hre trﬁa@éct&r gelfépe&maf S@%@% hsfn 3

sensor; and a processor pI’OCGSSI I gna r| \Y time

fromat |east two s ter i nf or mat.i for d ternining
said trajectory of gg?e t§ gcc?nl glgrs %}%ect FEeNSors Sipported by 2 lppoft

structure at a known location and encountering a shockwave generated by said

supersonic projectile, each sensor comprising;

a substantially spherical body elastically supported by the support

10 structure for movement in at least two directions;

an accelerometer enclosed in the body and generating an output signal in
response to a force applied to the body, wherein the force is produced by a
pressure gradient of said shockwave and the output signal indicates a
magnitude and direction of the pressure gradient and an arrival time of the

15 shockwave at the sensor; and

a processor processing the output signal and the arrival time from at least
two sensors to provide parameter information for determining said trajectory of

said supersonic projectile.

14.  The system of claim 13, wherein said parameter information comprises
20  information selected from the group consisting of shooter direction azimuth, shooter
direction elevation, trajectory direction azimuth, trajectory direction elevation,

muzzle velocity, and bullet drag coefficient.

15. A method for estimating the trajectory of a supersonic projectile, said projectile

producing a shockwave, said method comprising the steps of:

25 providing at least two spaced apart sensors having a known location and
orientation, each sensor adapted to measure a three-dimensional pressure gradient at

the sensor location,;

16



14. The system of claim 13, wherein said paraneter information conprises
information selected fromthe group consisting of shooter direction

azi mut h, wbodem4siir ecti on el evation, trajectory directipomazeosuLssso
trajectory direction elevation, nuzzle velocity, and bullet drag
coefficient. 15. A nethod for estimating the trajectory of a supersonic
projectile, said projectile producing a Shockwave, said nmethod conpri sing
the steps of: providing at | east two spaced apart sensors having a known
| ocation and orientation, each sensor adapted to neasure a

t hr ee- di nensi onal pressure gradient at the sensor |ocation;the sensors

generating a Shockwave information signal_in response to the nﬁasured
pressure gradi eHieSensNHEACELRG ashPekvays IRRED-ION i Frakilt 1eghPrs? WP and

determ ni ng i Aﬁi‘% i nformation signal trajectory paraneter

i nformation %%ag{s}?éa??%rs%g%gtl \ég’ 16. The method of claim 15, wherein said
Shockwave infornation si | conpr. [ and direction of the
pressure gradi eR{ochrsbnr%sg?f‘@gg@%%fo@ﬁg%@g@%ﬁ%eti me of arrival of the
Shockwave at the sensors. 17...The nethod. of claim . wherein i d
trajectory par aﬁ%tF‘é‘?m?r‘rgffB?rﬂﬁ?lfléHO%%Wﬁf? ilrgfggngtwpcﬂgpgf Fr@ﬁwé@'l peaé%né%g]‘lf romthe
group coRnsi Shick@a@én SNQARY |oje@ElenUt h and el evation, trajectory azinuth and
el evation, shot instance, nuzzle velocity, and bullet drag coefficient.

16. The method of claim 15, wherein said shockwave information signal comprises

\

a magnitude and direction of the pressure gradient from at least two sensors

and a time of arrival of the shockwave at the sensors.

17. The method of claim 15, wherein said trajectory parameter information
10 comprises information selected from the group consisting of shooter azimuth
and elevation, trajectory azimuth and elevation, shot instance, muzzle velocity,

and bullet drag coefficient.

17



