WO 01/ 77999 PCT/ US01/ 11602 -1 REMOTE ATTI TUDE AND PQSI TI ON | NDI CATI NG
SYSTEM BACKGROUND OF THE INVENTION Field of the Invention (Technical
Field): SypHéention relates to a systemfor determ ning é/@i%%kti on
and orient atl on of an object and nore particularly a met ho and appar at us
for an acoustic based determination of an arbitrary position and
orientation of an object in space w thout any physical tether or
connection to the object and wth ne—dl+gnnents or predeterm ned spati al
rel ati onshi ps between the system 10 and the target object. Background Art:
The probl em t hat REMOTEWETIHIUDE $NB RO SHISN INDIOKTINGISYSTEMt € initi al

| aying of an indirect fire weapon system for |ocation and direction and 15
subsequent attitude neasurenents necessary to firing the weapon system
accurately at a target. Additionally, mnimzing weight and power

requi renents as well as nipRiNY e 'LU' attached to the
weapon is crucial to the S e—at € o—tretttods that try to sol ve
the problem The fi rst i od errpl oyed by sel f-propell ed weapon
systens. SEigld g theInvention S 3 use a three-axis attitude sensor
and gl obal positioning system (GPS) to determ ne pointing data. The second
i s a theoreticallheptiveatiomselates tora system for determining the position and

orientation of an object and more particularly a method and apparatus for an
acoustic based determination of an arbitrary position and orientation of an
object in space without any physical tether or connection to the object and
with no alignments or predetermined spatial relationships between the system

10 and the target object.

Background Art:

The problem that this invention solves is efficient and accurate initial

laying of an indirect fire weapon system for location and direction and

15 subsequent attitude measurements necessary to firing the weapon system

accurately at a target. Additionally, minimizing weight and power

requirements as well as minimizing hardware physically attached to the
weapon is crucial to the solution.

There are two methods that try to solve the problem. The first is the

20 method employed by self-propelled weapon systems. Self propelled weapon

systems use a three-axis attitude sensor and global positioning system (GPS)

to determine pointihg data. The second is a theoretical optical method. In

this system, a barcode is attached to the end of the tube, and a barcode



this system a barcode is attached to the end of the tube, and a barcode WO
01/ 77999 PCT/ USO01/ 11602 -2 reader is used to neasure the tube displacenent

and cal cul,@) §,B4Jomut h. Towed or man portable, indirect firgMeaRRkisystens
are laid using a surveyed aimng circle. Once they are laid on an azinmuth

of fire, and have 5 accurate position, all further aimng is done using
optical sights and aimng references (aimng poles, collimtors, or

di stant aimng points). There are sevelat problens with this systeninethod
of laying and subsequent pointing of indirect fire weapons; currently,

survey is rgg4eriedistd tatelstUretive RIFY @iSSlaBem@BE bAA caldllA6 Gitinddit®. survey is
difficult to transfer to places where indirect fire 10 weapon systens are

set up. Additionally, the tinme it takes to enplace using an aimng circle
is considered too long. Wth an aimng circle the |location where the

weapon is placeds limted iretL'.e f sSi e.alLm.n circle.
ho  resul .t nd eshBhITED kS, rEfies i afagSh 3YbieRy PRI Uil =
considerations. Wile the use of an attitude sensor. and GPS elim nates the
15 need f oPURGENBNING [GTslere ON5E tg‘%c?rﬁa{@'ds%ﬂ”c o fihe e MRV
shortcom ngs of the self-propelled pointing systemare excess weight, and
power r &quiacetesie oskiarpvalidfusiner@imer isaBore sising: Pelicat Higtds anscsimibgat e
t he equi pment used on the self-propelled system Additionally, the self
propel | ed sgferemedss (aining @oblds) civaters hacHistaritaimingmpoirdsd (féwperareure, 20
since it is nounted on the tube. This results in unacceptable failure rates
of several problems with this system/method of laying and subsequent pointing

of indirect fire weapons; currently, survey is required to accurately emplace a

mortar. An accurate survey is difficult to transfer to places where indirect fire

10 weapon systems are set up. Additionally, the time it takes to emplace using

an aiming circle is considered too long. With an aiming circle the location

where the weapon is place is limited to a direct line of sight to the aiming

circle. As a result, the weapon is not placed optimally for tactical

considerations. While the use of an attitude sensor and GPS eliminates the

15 need for a survey, this method also has shortcomings. The primary

shortcomings of the self-propelled pointing system are excess weight, and

power requirements. A towed or man portable solution cannot accommodate

the equipment used on the self-propelled system. Additionally, the self

propelled system is exposed to severe shock, vibration, and temperature,

20  since it is mounted on the tube. This results in unacceptable failure rates of

electronic components.
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the accuracy requirements have not been proven.

The current methods fail to address weight, power, accuracy, and off

tube mounting requirements.

All state of the art pointing systems require some type of position and
attitude measurement device, such as a global positioning system (GPS)
receiver and inertial navigation system (INS). The current method for solving
this problem most often relies on installation of an Inertial Navigation System
(gyroscopes and accelerometers) on the object of interest. For many
applications this solution is prohibitively expensive. An optical approach
requires exact positioning and re-alignments should the object’'s position
change. Standard ultrasonic techniques demand separate sensing modules
for full three-dimensional determination of orientation. A radio frequency
solution requires extremely fast detection electronics (rough calculations
indicate such a system would need to resolve 4.6 picoseconds to sense the

minimum incremental motion of a mortar tube).

heeegtieal: at i ons



i ndi cate such a systemwould need to resolve 4.6 picoseconds to sense the
m ni mum i ncrenental notion of a nortar tube). WO 01/77999 PCT/ US01/ 11602 -
4 Therevoer/smeeral other prior art systens that attenptPCDUS@lMe02t he
orientation and position determ nation problem as discussed above. U.S.

Pat ent No. 4,853,863 to Cohen, et al., discloses a systemthat 5 uses
light, ultrasound and string wound on encoded, spring-|oaded reels as
mechani snms for cal cul ati ons based on-distances, angl e neasurenents and
doppl er shift neasurenents (derivatives) which are then integrated to yield

di stance nmeasur gherd sre Bevefaihsther @lriodlart sy¥@hesmtieat! hterhpt t8 RN ttRes and 3
detectors, all non-collinear for obtaining the measurements. The present 10

i nvention yfibhiaB6Ss a%dqfestiﬂcﬁfaet(eﬁﬂlddnaﬁ%razbleﬁﬁaédil%hegé&ésowon col i near).

Anot her distinction from Cohen . he present invention
utilizes 6 distances coupled with a nmeans of |ocating the systemreference
frame on the geodetic gri d and a neans of determ ni ng reference frame

orientation to ,cal gul a te.attit eand ition. such

enhancement is Poﬁbéa%ﬁ& 3%5# %?‘ngh %??e‘r%ﬁ‘ sysi@dnthadt al .
does not reference fire control applicati ons as d| scl osed herein. U.S.
Pat ent No. Use8ohtysiitraspyridgaed siindwonnd orueeeo@%téssmm@e@agleddeelmm ng

absol ute di stance neasurenents using ultrasound and a "strobe" 20 signal.
The devi cemieshdrishnént caicebtions bbsed o digtattes{ anglen theasueeragstseand

doppler shift measurements (derivatives) which are then integrated to yield
distance measurements. The Cohen, et al., system calls for 3 emitters and 3
detectors, all non-collinear for obtaining the measurements. The present
10  invention utilizes 2 emitters (collinear) and 3 detectors (non-collinear).
Another distinction from Cohen, et al., is that the present invention utilizes 6
distances coupled with a means of locating the system reference frame on
the geodetic grid and a means of determining reference frame orientation to
calculate absolute attitude and position. No such enhancement is to be found
15 in Cohen, et al. In addition, Cohen, et al., does not reference fire control

applications as disclosed herein.

U.S. Patent No. 5,280,457 to Figueroa, et al., discloses a means for

making absolute distance measurements using ultrasound and a “strobe”

20  signal. The device is designed to eliminate the speed of sound as a system
variable. Figueroa, et al., describes a means to locate a single point in 3-
space, unlike the present invention which determines object position and

orientation (6 degrees of freedom) in 3-space. Figueroa, et al., also



vari able. Figueroa, et al., describes a neans to |locate a single point in
3- space, unlike the present invention which determ nes object position and
orientati g (167689r ees of freedom in 3-space. Figueroa, qicrdgor1fdos0 WO
01/ 77999 PCT/ USO1/ 11602 -5- describes, as a neans to acconplish this, the
use of one emtter and mt2 detectors to operate in mdinensions, i.e. one
emtter and 5 detectors for a 3D system Again, this is in contrast to the
present invention, which uses 2 and-3JYespectively. And finally, no
application other than a self-calibrating 5 means of |ocating a point is

gi ven Fi guges&isss, ds aleans as eiticofsitRthigl dvé dee eMoeasynitier uRe Means of
maki ng accurate, determ nations of an object's position and orientation.

The obj ect | ater i it et at i k ct to
'he sensi ngesimLe GRtaRET DL MBTBRG, e 2 BERES, &) Popistiort 5P

ref erences m ROLAL S ' sysi . Y, T ENTI ON
(DI SCLOSURéBrCﬁg % | %@Eﬁrﬁ%gq%@?‘%g&dﬁﬁ %ﬁfﬁsﬁﬁ@rﬁ#ﬁ?f@@swﬂégnﬁ%édgg ating
Device (RAPID)_is a 15 stem for determnpi t he | qcation and.poi.nting
BEU L ude oGN3 RpeRaivED] stk gl 1% ABRIER0er iRk o s Sl REp: &
system uses an ul trasonic based A neasurenent technique to determ ne the

di stancks fmeanstaidopaling 8 peintisgivepdjigeerogietiaht erest to at | east three

points formng a plane in the known coordinate system The derivation of
the m ni num si x di stances is

The present system provides an easy to use means of making
accurate determinations of an object’s position and orientation. The object of
interest can have an arbitrary orientation with respect to the sensing device.

10  The user does not need to establish precise references or datum points when

using the system.

SUMMARY OF THE INVENTION (DISCLOSURE OF THE INVENTION)

The Remote Attitude and Position Indicating Device (RAPID) is a

15 system for determining the location and pointing attitude of an object relative
to a known coordinate system. The RAPID system uses an ultrasonic based
measurement technique to determine the distances from two points on the
object of interest to at least three points forming a plane in the known
coordinate system. The derivation of the minimum six distances is

20 accomplished by transmitting a distinct acoustic signal from each of two
emitters and deriving the time of flight of each distinct signal from the two
detectors to at least three detectors. Measurement of time of flight (TOF)

relies on the fact that the acoustic signals travel at the speed of sound.



20 acconplished by transmtting a distinct acoustic signal fromeach of two
emtters and deriving the tinme of flight of each distinct signal fromthe
two det 197849 at least three detectors. Measurenment ofpdii®i2ieok! i ght
(TOF) relies on the fact that the acoustic signals travel at the speed of
sound. WD 01/ 77999 PCT/US01/11602 -6 Derivation of the mninmm six TOF
measurenents requires that the detection algorithm (hardware and/or

sof tware) ascertain the instant when-tffe—acoustic signals were sent. This
can be acconplished using an RF pul se transm ssion, which occurs at the

same tinme Bsril/AforRePiE fhiluhs SHOTOF measGemesds Peduirdsithbatrodetertian t he
detector and its associ ated recei ver el ectronics. Simlar results can be

bt ai ned wi ingeti i ' f
obt ai ne m"‘%ﬁg’éﬂﬁm?hé?&v@ér@%/@%é@@ﬁé&%@é%lhﬁﬂe lhﬁgngg«k\t@ﬁ ethé'aQ:ohbﬂ.@ 0

fligh;, (rjee acogstlg signals are transmtte two obj ect
' fixed deriaparpeie an VAR i o eFrahiseetuERN Rp S vhidRsshEr e

emtter/pair distances are conputed, for, ,use in final c ut ati on of
obj ect ori WHiGk i0SRUlEiFHgtha dirgeof®tthec acqustis dwse %’Trg BeffcdVeescri bed
above is inplenented via two primary el ectronic assenblies. These consi st
of an et instanisgentsly ahdheeteilectnr and HssangngjateflorecaiVrit elafdioniGi e two
emtter assenblies on the object of interest. The emtter assenbly contains
t he el ect r Gimitarccigstitstaan bewidsiaey withouyenesfatemcehpulsedyi medsdringdhsi gnal s
for an acoustic emtter and the RF

round trip time of flight, where three acoustic signals are transmitted to the

two object transducers, conditioned and returned to the transmitting

transducer after a fixed delay. Upon derivation of the minimum, six TOF

10  values, six emitter/pair distances are computed, for use in final computation of

object orientation using standard geometric equations.

The method described above is implemented via two primary

electronic assemblies. These consist of an emitter assembly and detector

15 assembly. Note that there are two emitter assemblies on the object of
interest. The emitter assembly contains the electronic circuitry necessary to
generate the required drive signals for an acoustic emitter and the RF
transceiver (in the case of the RF reference system). The detector assembly
contains the electronic circuitry necessary to receive, amplify and process the

20  signals detected by a minimum of three transducers. This circuitry may also
include a RF transceiver for receipt of the “time sent” reference signal. In the
round trip measurement implementation, the detector assembly would contain

the electronics necessary to drive the dual purpose transducers, and then

receive, amplify and process the returned signals. The detector assembly will



transceiver (in the case of the RF reference systen). The detector
assenbly. contains the electronic circuitry necessary to receive, anplify

and procegs ¢1@9ed0 signal s detected by a mini mumof three licrﬁﬁsﬁ,ql}f%gs. Thi s
circuitry may also include a RF transceiver for receipt of the "tine sent”

reference signal. In the round trip nmeasurenent inplenentation, the
detector assenbly would contain the electronics necessary to drive the
dual purpose transducers, and then recéive, anplify and process the
returned signals. The detector assenbly will WO 01/77999 PCT/ US01/ 11602 -7-

accommodat ecaBrinibditbaas iherfacat id udeitadsl ierAbagingefaeRMee daviceetd 0
enabl e cal cul ati on of object orientation in a know coordi nate system (earth

frame). 5 i i~8C : ; i j i e omat i on
of Mot ar PRI RElERloRC b i R i B YR Rotcgsd SR (R e et
i nvention irrs?gg enhance the lethality of the nortar platform 10 Anot her
obj ect of tf %resent invention is to connect the nortar to the digital
battlefield. A primary advantage of the present invention is that the
systemis 15 mnimally obtrusive to the weapons pl atform Anot her advant age
of the present invention is since the primry

5 A primary object of the present invention is to enable automation of

mortar laying, targeting and displacement.

Another object of the present invention is to enhance the lethality of the
mortar platform.
10
Another object of the present invention is to connect the mortar to the

digital battlefield.

A primary advantage of the present invention is that the system is

15 minimally obtrusive to the weapons platform

Another advantage of the present invention is since the primary
electronics are not on the weapon, the environment is much more friendly,
thereby reducing cost impacts of the environmental design requirements on

20  the system

Yet another advantage of the present invention is that the system is

extremely light, further supporting its inclusion as part of the manpack and



el ectronics are not on the weapon, the environnent is nuch nore friendly,
t hereby reduci ng cost inpacts of the environnental design requirenents on

20 the sygig@¥&) another advantage of the present inventigggyspihfiRs the
systemis extrenely light, further supporting its inclusion as part of the

manpack and WO 01/ 77999 PCT/ USO1/ 11602 -8 towed nortar systens Another
advant age of the present invention is that the system does not require
speci al setup or calibration, thereby—t8proving operations and 5
survivability Another advantage of the present invention is that the system
accuracy itswegreniendystemshe accuracy of the pitch/roll/heading system
thereby offering tail orabl e performance and cost. 10 O her objects,

advant ages and novel features, and further scope of applicability of the
present invention will be set forth in part in the detailed description to

foll ow, taken i the acconmpanyi n in part
will becone appz??reogﬁéf%&\(%{ﬁgge E?Seﬁf’ n’g ﬁ%’? ‘l’% ﬁ?ﬁ(ﬁﬁ‘%ﬁ@t?%‘? 8! of the
fol | ow ng, may be |earned b %ctl ce &{? the invention. The objects and
advant ages r%ﬂ”'f‘ﬁesﬁ’%%'ntsieé‘rpnﬁ %é‘ Faiian, rebyy ImRrayvingd OWW%S B the

instrunentalities and conbi nations particularly pointed out in the
5  survivability

Another advantage of the present invention is that the system accuracy
is dependent on the accuracy of the pitch/roll/heading system, thereby
offering tailorable performance and cost.

10

Other objects, advantages and novel features, and further scope of
applicability of the present invention will be set forth in part in the detailed
description to follow, taken in conjunction with the accompanying drawings,
and in part will become apparent to those skilled in the art upon examination

15 of the following, or may be learned by practice of the invention. The objects
and advantages of the invention may be realized and attained by means of
the instrumentalities and combinations particularly pointed out in the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

20
The accompanying drawings, which are incorporated into and form a
part of the specification, illustrate several embodiments of the present

invention and, together with the description, serve to explain the principles of



appended cl ai ns. BRI EF DESCRI PTI ON OF THE DRAW NGS 20 The acconpanyi ng
drawi ngs, which are incorporated into and forma part of the

speci fi cafyigfiy77ddol Ust rate several enbodinents of the presqitpydgdgsi on
and, together with the description, serve to explain the principles of WD
01/ 77999 PCT/USO01/ 11602 -9- the invention. The drawi ngs are only for the
purpose of illustrating a preferred enbodinment of the invention and are
not to be construed as limting the +n%ention. In the drawings: 5 Fig. 1
shows the preferred position and orientation sensing system Fig. 2

schemat i calthy ipepidnt MhePdichingSareonly F6 thaRepse of filStrath$ 8 PrsrchiReY

preferred detector mpdule. Fig. 4 shows the typical conmponents in either of

t he enbodi - t e koR. | i hagt s a
typi oal - metpae g ent; et KRERkER, ark o thot o e SrsteFE AR e £
EVMBODI MENTS T N&PE FOR CARRYI NG QUT THE | NVENTI ON) The present

I nvention é'?)\(éfﬁ%gesln E?ﬁ“&’ﬂgﬁor determ ning an arbitrary 15 position and

orientation of an object in space w thout any physical tether or
connection to the object and with no alignments or predeterm ned spati al

5 Fig. 1 shows the preferred position and orientation sensing system.
Fig. 2 schematically shows the preferred emifter assembly.
Fig. 3 shows the preferred detector module.
Fig. 4 shows the typical components in either of the embodiments of
the invention.

10 Fig. 5 is a flow chart showing a typical method of using the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

(BEST MODES FOR CARRYING OUT THE INVENTION)

The present invention comprises a system for determining an arbitrary

15  position and orientation of an object in space without any physical tether or
connection to the object and with no alignments or predetermined spatial
relationships between the system and the target object. The preferred
system is shown in Fig. 1. As shown in Fig. 1, the object of interest 001
represents a mortar tube. This object 001 includes two acoustic emitter

20 assemblies 100 mounted on the axis of the tube and separated by some
know distance. The detector box and three associated transducers 200 are
located at and establish the reference coordinate system for measurement of

the tube attitude. As will be discussed in more detail, the six measured



rel ati onshi ps between the system and the target object. The preferred
systemis shown in Fig. 1. As showmn in Fig. 1, the object of interest 001
represent g, édoar tube. This object 001 includes two acqgtidhiggot er 20
assenblies 100 nounted on the axis of the tube and separated by sone know
di stance. The detector box and three associated transducers 200 are

| ocated at and establish the reference coordinate system for neasurenent of
the tube attitude. As will be discussedlGi# nore detail, the six neasured WO
01/ 77999 PCT/ US01/ 11602 -10- di stances between emtter/detector pairs are

used to geqfiefahtedidetweentsthiter/H8RcRM pHits8re/ 866@ o IRyt &ﬁn%mé _
emtters on the tube. The system conprises an emtter assenbly 100 of Fig.

2 and a5 dabRehRY WAGCRTRE DK GoXRuels 5 the fiDd aSSOC! At o

sof t war e. e emtter asse as shown I n is conprised of two
ultrasonic transducers 108, a short-range radi o frequency transceiver 110,
associ ated drive electronics 102, power supply 116 and RF antenna 106. 10
The el ectronics 102 excite the ultrasonic transducers 108 at the required

resonant frequencif SVSEET GHERISST G0 &Mt asiemPha ki, 08 kg1 6B andy @e
separated in phase or in frequency in order to distinguish the signals at
the defectdntectiorferaosessingtmgdule 2000fiRies3 and agsociatatseaftwane. 110 so that it
emts a suitable radio frequency pulse 112. The electronics for the
acoustic and radio 15 frequency sub-circuits derive their timng froman
oscillator 104 and the phase
The emitter assembly 100, as shown in Fig. 2, is comprised of two

ultrasonic transducers 108, a short-range radio frequency transceiver 110,

associated drive electronics 102, power supply 116 and RF antenna 106.

10 The electronics 102 excite the ultrasonic transducers 108 at the required
resonant frequency. The transmission of the two transducers 108 may be
separated in phase or in frequency in order to distinguish the signals at the
detectors. The cichitry also drives the RF transceiver 110 so that it emits a
suitable radio frequency pulse 112. The electronics for the acoustic and radio

15 frequency sub-circuits derive their timing from an oscillator 104 and the phase
relationship between the RF 112 and the acoustic pulses 114 is known. The
RF pulse 112 serves as a timing reference at the detector module 200 and
allows emitter-to-detector distances to be calculated directly from the phase

relationship of the detected RF and acoustic signals and known parameters

20  such as the speed of sound in air.

As shown in Fig. 3, the detector/processing module 200 is comprised

of three ultrasonic detectors 210, signal conditioning electronics 2186,



rel ati onship between the RF 112 and the acoustic pul ses 114 is known. The
RF pul se 112 serves as a timng reference at the detector nodule 200 and

al I ows en},vg(ﬁ Imbgy- det ect or di stances to be cal cul ated dirgeidwysoli ifigpt he
phase tionship of the detected RF and acoustic signals and known

paranmeters 20 such as the speed of sound in air. As shown in Fig. 3, the
det ector/ processing nodule 200 is conprised of three ultrasonic detectors
210, signal conditioning el ectronics-218—W 01/77999 PCT/US01/11602 -11
threshol d detection circuitry 218, a short range RF transceiver 214, a

processor shieshil eat@abranicais 218, agt s r%ila% RMPitkYCERE} / f‘f@d'ang

sense sub-system 224 and 226 is required to enabl e absol ute p05|t|on and

atitude | HrOCARIG AN Q RemPBEQIRRpSS P tn%%t?féprﬁcpeft%@géﬁlsysg g, 200.

5 For certaln applications ary applications "and

b | efield t t |t d

ot cor of 0giSPRRS S S so8 P2P Ab YR8 T Fu kel Bl Hive) Ao and The
three ultrasgonic . detectors 21 are nmounted on the nodul e 200 such that
they are nétlitege INHEWIOANEY PRUPtERE] deihegetpgipriprocestiag module 200.

pitch/rol |/ heading sensors 224 and 10 226 are precision nounted in the
nmodul e 200 Rairt kertaispeapplicatians, slike amditary Qgpplitatipmsi t & BRI dsystérmntamid on ar e
referenced to the synthetic coordinate system established by the

pi tch/rol | Mettidiield intaraet scadabilianvalds aldh &g abiwded. r eThee RtatebdISHcAB0 i s

received at the detector nodule 200 and initializes the
data 228 is received via the ‘battlefield internet. The three ultrasonic
detectors 210 are mounted on the module 200 such that they are not co-
linear and thus they define a plane. The pitch/roll/heading sensors 224 and
10 226 are precision mounted in the module 200 with respect to this plane.
Object position and orientation are referenced to the synthetic coordinate
system established by the pitch/roll/heading sensors 224 and 226. The radio
frequency pulse 230 is received at the detector module 200 and initializes the
threshold detection and comparison process 220. Acoustic signals 240 are
15 received and processed such that originating acoustic emitter is known. One
possible embodiment of the detector design includes a timing circuit,
(embodied within 220) where the high precision timer is triggered upon receipt
of the RF reference pulse 230 and the time of flight measurement is obtained
upon receipt of the acoustic pulses 240. A threshold detection technique 218
20 may be employed to determine the receipt of the acoustic pulse 240. The
time interval relative to the RF pulse for time-of-flight from each of two
emitters to each of three detectors results in a set of six distinct time intervals

250 for each measurement cycle. These intervals 250 are processed to



t hreshol d detection and conparison process 220. Acoustic signals 240 are 15
recei ved and processed such that originating acoustic emtter is known. One
possi bl e gipadhewnt of the detector design includes a timpeg 6dohSob
(enmbodi ed within 220) where the high precision tiner is triggered upon
receipt of the RF reference pulse 230 and the tine of flight neasurenent
is obtained upon receipt of the acoustic pulses 240. A threshold detection
t echni que 218 20 may be enpl oyed to detldrm ne the receipt of the acoustic
pul se 240. The tine interval relative to the RF pulse for time-of-flight
from each efetéiineesikt irtispehdep@mitiér-tditerctnt eitaicesr 250! t Sni BeAapet  of
six distinct tine intervals 250 for each neasurenent cycle. These

interval s Zp@ightforlt 9685 BRUmiIRarM O BIIcASNS_RctddrSbbick] &lita 208 daéeg® ne six

i ndependent "emtter-to-detector "distances 250. In certain applications
such as m | ] || I Ons ogi.cal .d -SAIC Sy
t enper at ur ééﬁqgr%aé@ﬁe?ebg%é Y %marﬁflg}&r@gﬁtlybgzbﬁ a(b{e o?%a Ori%%féﬁtt%hgh%i %'ts Eﬁ?@g
determ nati on taq ephance accuracy. The set of al ossible.emtter
ocat | one. SRURENEURN H SBRERGE Bckiratyen i seuaiel PSSRl ChEIptinss pher e
in the system reference frame. The intersection of three such spheres (one
for each deateqdd)generatgon gbiom distangpyreswls desaiiRech spbee inotfiecaystedl ut i on.
This solution is the location of the emtter that originated the acoustic
pul ses. Weeferérce dramhegolbec mgnseatioro rofhtsed errchpepherase oo for graaths f rom
the second 10 emtter, the object's (e.g. nortar tube) position and
ori ent at i oRjcdsoHAFBNERIiNts, only one of which is a logical solution. This solution is

the location of the emitter that originated the acoustic pulses. When the

analogous computation has been performed on signals from the second

10  emitter, the object’s (e.g. mortar tube) position and orientation are completely
determined. For military applications, one additional transform computation
(not shown) can be performed to map the system reference frame to the

geodetic coordinate system employed in fire missions. The equations for

computation of the vector pointing angles, azimuth, and elevation are:



determned. For mlitary applications, one additional transform conputation
(not shown) can be perforned to map the systemreference franme to the
geodetic GRA PRt e system enployed in fire mssions. The wauadoh ke, f or
conput ati on of the vector pointing angles, azinmuth, and el evation are:

01/ 77999 PCT/ USO1/ 11602 -13 dl1 a = (A02 +Al2 + A2 2)1/2 d2a = ((AOR20)2 +
Al2 + A22)1/2 d3a = (A02 + (AOR30)2 + A22)1"2 (1) dilb = (B02 + Bl2+
B22)1/2 5 d2b = ((B0-R20)2 + B12 + B22)I3/2 dab = (B02 + (BO-R30)2 + B2
2)1/2 where R20 is distance between origin detector and detector on x axis
and R30 is digst proter pg@nwe@A)'@rigin detector and detector on y axis. 10 The
resulting distances (dl1 a, d2a, d3a, dl b, d2b, dab) are the coordinates

2 goa. asaPes ARG PHEL AP T 15 Wb 2 oG oy = arctan(M ubel |
IMubeQ - Azi. & (BA0-Ry0)2* A22)2 (1)
d1b = (BO? + B1%* B2%)'2
5 d2b = ((BO-Ry)? + B12* B2%)"2
d3b = (BO? + (BO-Rag)? * B2%)"?

where Ry is distance between origin detector and detector on x axis

and Rap is distance between origin detector and detector on y axis.

10 The resulting distances (d1a, d2a, d3a, dib, d2b, d3b) are the
coordinates for the emitters and azimuth and elevation is computed as

follows:

Q =[d1a, d2a, d3a]

15 P =[d1b, d2b, d3b] (2)
Mtube = P-Q
by = arctan(Miube1/Mtube0) — Azimuth 3)

20 ¢y = arctan(Mtube2/Mtube0) — Elevation 4



20 ~xz = arctan(M ube2/ M ubeO - Elevation (4) W 01/77999 PCT/ US01/ 11602
-14- This systemcould be inplenented as a | ow cost solution with an

exi sting @ffpiH&wsel f pitch/roll/headi ng modul e 224 and 23%,¥0d81i@st or
nodul e 200 wth an enbedded Inertial Navigation System would provide
enhanced precision, and could allow one INS to serve nmultiple weapons. 5
The prelimnary design of the systemrelied on the use of a phase | ocked
| oop (PLL) for acoustic pul se edge detddtion. A 75kHz sinusoidal acoustic
pul se, of 1.6 millisecond duration, was input to the PLL. This

i npl enent ation Vs Syét@ﬂﬁ@sbl@@eﬁﬁ*ﬁdlémeht@déas\/@mw gbsiddigidrewithyarof det ecting
the 10 begi nning and end of the acoustic pul se. However, the PLL was not

stabl e e”%&%g?%fpﬁfé _&8| @&QPollﬂ?éa%%q RiddR: 25 ah8 UtA%téc?&rU' red to

obtain the ance rrea rement accuracy specified for the system The

?ﬁsngai?Sm@mé%?ﬂ o B P R N A A kG BYo e e ot e

simlar kno éechm ues an be utili zgg this tec Hﬁque al | oned
measur errente PnP‘ﬁ pfﬁﬂ'%‘ govligralippong NG (o servedmbliiplg WaRROBY
m croseconds. This i npl errent ation yielded final azinmuth and el evation .
conput abions to within 10 mls (0.56 degree) accuracy with averaging. 20
The present invention will interface to GPS and pitch/roll/heading

The preliminary design of the system relied on the use of a phase

locked loop (PLL) for acoustic pulse edge detection. A 75kHz sinusoidal
acoustic pulse, of 1.6 millisecond duration, was input to the PLL. This
implementation was intended to result in a very simplistic way of detecting the
10 beginning and end of the acoustic pulse. However, the PLL was not stable
enough to perform edge detection to the resolution required to obtain the
distance measurement accuracy specified for the system. The design was
chahged to eliminate the PLL and the acoustic pulse was input to a fast A/D
and processed via a digital signal processor. While other similar known
15 techniques can be utilizéd, this technique allowed measurement of the pulse
edge for TOF measurements to within 50 microseconds. This implementation
yielded final azimuth and elevation computations to with_in 10 mils (0.56

degree) accuracy with averaging.

20 The present invention will interface to GPS and pitch/roll/heading
sensors 224 and 226 to provide the reference coordinate system and position
information to the detector/processing module 200. The detector/processing

module 200 will also be capable of interfacing to other systems, such as



sensors 224 and 226 to provide the reference coordinate system and position
information to the detector/processing nodul e 200. The detector/ processing
modul e 20Q,gN1lHodl SO be capable of interfacing to other s 1184eh as WO
01/ 77999 PCT/ USO1/ 11602 -15 conmmuni cation radi os, which, in the case of the
fire control systemapplication, will provide neteorol ogi cal data (not
shown). The preferred enbodi nent of the system does not require a RF 5
reference pulse. In this enbodi nent, -+Hé -desired di stance neasurenents are
derived through round trip neasurenent of the tinme of flight of a

transm tt edonme@ighiion Pradi6s, TWiECH,y i Cile ciERORENtSe flae tdeditey StRie@r e
shown in Fig. 4. The transmtted pul ses are received at the weapon system

transducer o308l b ﬁ?eteér%?c%?é@ e oefransm tted back to the
10 detect ora}ggr%%less’i r%gbrrﬁ%%e 400. e gjeﬁ%éqclﬁn the)acti ve el ectronics at

the weapon systemis fixed. Therefore, the distance is equal to half of
the total time of flight, less the fixed delay in the electronics. In

ei t her enbodi nent, the principal, detector assenbly drive, 15 el ectronics
are the sane. Tﬁi\%@ﬂ%@?@dw eph & 108 BYSiam idqsst NSt JRIMTBr 8dBREed by
the drive electronics at the proper frequency produce an acoustic pul se at
t he resdnanéfererafupriss. bt thisembogitsentc he deeigag distamer megsgrements arecei ved
at the detecting transducer 210. The acoustic pul se excites the transducer
210 resul t idegved throught myedstrip maéasuremetih @f dlod éimesof flight of a transmitted

acoustic pulse. The typical components for the system are shown in Fig. 4.
The transmitted pulses are received at the weapon system transducer 108,
amplified 312, reshaped 314 and retransmitted back to the
10 detector/processing module 400. The delay in the active electronics at the
weapon system is fixed. Therefore, the distance is equal to half of the total

time of flight, less the fixed delay in the electronics.

In either embodiment, the principal detector assembly drive

15 electronics are the same. Transducers 108 when excited by an input signal
produced by the drive electronics at the proper frequency produce an
acoustic pulse at the resonant frequency of the transducers 108/210. The
signal is received at the detecting transducer 210. The acoustic pulse excites

the transducer 210 resulting in a voltage signal with characteristics

20 corresponding to the frequency and amplitude of the signal received. This
signal is conditioned and retransmitted (in the case of the preferred
embodiment) or triggers the measurement of time of flight (in the case of RF

reference pulse embodiment). The processing electronics/software captures



20 corresponding to the frequency and anplitude of the signal received.
This signal is conditioned and retransmtted (in the case of the preferred

enbodi menyy Al77ddol 9gers the neasurenment of time of flight ddpydohgidease of
RF reference pul se enbodi nent). The processing el ectroni cs/software

captures WO 01/77999 PCT/ US01/ 11602 -16 the TOF neasurenent for each
emtter-detector pair (or round trip TOF) and then conputes the desired
azinmuth and el evation via a mat hemat -edb—i npl enentati on of equations (1),
(2), (3), and (4): 5 The present invention is unique in its inplenentation

for derivath®TOH metsurdthBnefst ichvathiteRdetictdr pairReNUmEStienTOFhanact i ve
reflector enbodinent is also unique as it elimnates the need for a

reference ulsecobbARMMENILORASRIHLP £ dbdlilon e b HRuilybhibght | s

obtained purely fromthe acoustic signal. 10 transducer y be
driven in nunerous ways.t r odu ifterent,.characteristic signals. In
parti cul ar ,'mn%éneﬂﬁ?g%'){ga?§9$%%saﬁg’ @Sra(ég arﬁg{f‘)be altered to accommodat e
desired performance in range and signal decoding/integrity. This allows
flexibility in both the drive and receive 15 circuitry. The processing

el ement may take several forms, including programuable |ogic devices,
m croprdcessor s Taedpréisgnt dlvestignas upiasiseisisits gnplementation for derivation of

azimuth and elevation for a weapons system. The active reflector
embodiment is also unique as it eliminates the need for a reference pulse
from which to base time of flight. The time of flight is obtained purely from the
acoustic signal.
10

The transducers 210 may be driven in numerous ways to produce
different characteristic signals. In particular, the pulse duration and shape
may be altered to accommodate desired performance in range and signal
decoding/integrity. This allows flexibility in both the drive and receive

15  circuitry.

The processing element may take several forms, including
programmable logic devices, microprocessors and digital signal processors.
The power supply could be batteries or other type of portable supply such as

20 solar cells.

The sensors and electronics may be combined to form an integrated

package whose input is an unconditioned drive signal and whose output is a



The power supply could be batteries or other type of portable supply such
as 20 solar cells. The sensors and el ectronics may be conbined to form an
i nt egrate e whose input is an unconditioned drive g whose
out put isa]gqa\;\gﬁ%%WQQQ PCT/ US01/ 11602 -17 TOF neasur emsntsli or/ é)l/?i;@éger
i ndicating receipt of a valid acoustic pul se edge. Additional acoustic
sensors may be added for use in calibration of 5 speed of sound variations
due to tenperature and other air col uml7effects. Additional sensors will
al so i nprove accuracy of neasurenent and elimnate anbiguities in
coor di nat e TIg i heQSUreRRGH @B 1t ?eﬁmdmaﬁmgsmipttérea%lw aBseRicVptisemay be
elimnated in the active 10 reflector enbodinent. It is also possible to
el imnate %@ﬁeneed for a processor if the algorithns are inplenmented in
hardware andFor firmwvare. It is also possible to inplenent the present
i nvention using passive reflection. That is, the acoustic pul ses woul d be
transmtted and reflected off 15 of the surface of the weapon system The
software and/or firmwvare in the systemwll s rt two functions in the
system The firﬁd‘$mliﬁﬁ? 113|86(51§05S0may0|b80ﬁ35 fRG M$RaiNe CAHRALOR, 9f)
include initialization and reset functions for such devices as analog to
di gi t al 5 20 speaderftsaundchviariations dde 1o itgynperatiarsyapdainer pirgolymn affgstsnent ed
i n hardware).

Additional sensors will also improve accuracy of measurement and eliminate

ambiguities in coordinate position measurements.

As discussed, the RF transceivers may be eliminated in the active
10 reflector embodiment. It is also possible to eliminate the need for a processor

if the algorithms are implemented in hardware and/or firmware.

It is also possible to implement the present invention using passive
reflection. That is, the acoustic pulses would be transmitted and reflected off

15 of the surface of the weapon system.

The software and/or firmware in the system will support two functions
in the system. The first function will be control of the hardware. This will
include initialization and reset functions for such devices as analog to digital

20  converters and time of flight measurement timer (if implemented in hardware).
The software will then read the time of flight (TOF) measurements and
compute the desired azimuth and elevation outputs per the equations (1), (2),

(3), and (4). These equations form the algorithms for computation of the



The software will then read the tinme of flight (TOF) neasurenents and
conpute the desired azinuth and el evati on outputs per the equations (1),
(2), (3 wAné4) . These equations formthe algorithms fgic MHiq@bi on of
the WO 01/ 77999 PCT/ US01/ 11602 -18 desired weapon pointing angles. The
angles will be converted to the coordinate systemof the

pitch/roll/headi ng sensors 224 and 226 by the software. The software wl|
al so include a user interface functien,l8si ch provides pointing cues to

t he weapons system operator. These cues will 5 provide information for
posi ti oni ngiektedWraBpdn apointifg Cangies! atHd taidfes NAREBS agonvePtedl to i the
target. No user alignhnents are required. For the proposed mlitary

appl i cati Ooofdin 120WPsteth %f%elpit%@?%gﬁﬁdgngoéﬂs‘éﬂsw %n%ietzzﬂpﬁgiﬁﬁemr tar

001, set the etector nodule 2 round one to three ers away

and turn bqt e Lt S |y, 100 d _detectqr noduyl e 200 op.  Five
seconds | a%SB,W’"?%i s?ﬁ%nm?{%%%ﬁ%ﬁsé’e'ﬂ‘?‘f% aaHﬁew{g?ga?? 'L%Eméti'%dwﬂ’@gse of
use is a prine, benefit of this system Fig. 5is a flow.chart showing a

t ypi cal rretﬂﬁ%d%rpc"reiquU%QOpth@f WPRBRNS St naReraiara. RoPe® CURS U
application. 15 Wiile originally conceived as a user-friendly fire control
syst em § or pravige ainfappatiarat fooneositioringethw dwaegen | dledhaeceiractc attitudeused i n
any situation where non-contact sensing of position and orientation would
be needed. necessary to hit its target.

No user alignments are required. For the proposed military application

as shown in Fig. 1, the field soldier would set up his mortar 001, set the

10  detector module 200 on the ground one to three meters away and turn both
the emitter assembly 100 and detector module 200 on. Five seconds later,

his gun ‘knows’ where it is and where it's aimed. Ease of use is a prime
benefit of this system. Fig. 5 is a flow chart showing a typical method for

using the preferred embodiment in a mortar tube application.

15
While originally conceived as a user-friendly fire control system for
| mortar applications, the method described herein can be used in any situation
where non-contact sensing of position and orientation would be needed.
There are a number of possible applications, including:
20

Sensing the position/orientation of more than one mortar with a single

detector module. In principle, unique emitter carrier frequencies (or pulse



There are a nunber of possible applications, including: 20 Sensing the
position/orientation of nore than one nortar with a single detector nodul e.

I'n princiglggMeYeque emitter carrier frequencies (or pul seMR@116999
PCT/ US01/ 11602 -19 trains) and conplenentary receiving el ectronics would

al l ow nore than one weapon to be served by a single detection nodule. The
i nvention can be used on | arger weapon systens, such as tank 5 tubes. In
addition to providing targeting informd®i-en, the systemcould replace the
t ube-droop sensing system (currently a | aser/refl ector/detector

i npl enent atipig) @ﬁdW@Hflelﬁéﬁfa?ﬁltm@dﬂ@ﬂngtélé@t@émé@w&ﬁ(ﬂ%II@VV fridfe ARG Ay s of
shooting ranges mght 10 enploy such a systemto provide a no hassle' bore

si ghting sefadef to P 8ERe8 b ah%I v Hetetl Igﬁm\,\%f or amateur astronony could

find this systemvery attr especl al | en interfaced with one of
the precision nount drives. 15 V\D 01/ 77999 PCT/ US01/ 11602 -20 CLAI M5 Wat
is clained is:

The invention can be used on larger weapon systems, such as tank
5 tubes. In addition to providing targeting information, the system could replace
the tube-droop sensing system (currently a laser/reflector/detector

implementation) as well.

Recreational target shooters or the operators of shooting ranges might

10  employ such a system to provide a ‘no hassle’ bore sighting service.

Owners of high-end telescopes for amateur astronomy could find this
system very attractive, especially when interfaced with one of the precision
mount drives.

15



1. Anethod for determning a position and orientation of an object, 5 the
nmet hod conprising the steps of : (a) providing two linearly aligned
emtters di@ogabj ect; (b) providing at |east three co- lgdeayrlosct ors
positioned in a field of view of the emtters; (c) providing a geodetic
reference to the detectors; 10 (d) transmtting a distinct signal from
each emtter; (e) receiving the distinct signals by each of the detectors;

(f) deriving at

| east six tine of fligH0 rweasurenents fromthe distinct

signals to the detectors; (g) converting the at least six tine of flight

nmeasurenents to

15 distances; and (l@Lgm®uting the position and

orientation of the object from the distances.

What is claimed is:

A method for determining a position and orientation of an object,

5 the method comprising the steps of :

(a) providing two linearly aligned emitters on the object;

(b) providing at least three co-linear detectors

positioned in a field of view of the emitters;

10

(c) providing a geodetic reference to the detectors;
(d)  transmitting a distinct signal from each emitter;
(e)  receiving the distinct signals by each of the detectors;

(f) deriving at least six time of flight measurements from the

distinct signals to the detectors;

(g)  converting the at least six time of flight measurements to

15 distances; and

(n)  computing the position and orientation of the object from

the distances.



