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Bl AS ESTI MATI NG METHOD FOR A TARCET TRACKI NG SYSTEM Technical field
of the invention 5 The present invention relates in general to tracking
of targets by neans of " measurenentslfromvarious sensors and in
particular to automatic sensor al i gnnent . Prior art 10 Tar get
tracking is the process by which the |location and notion. of objects |ike
aircraft, ships, rBI4SESEMAJING METHED FORADTARGEUITRACKINGSYSHEMd t 0 users, for
exanpl e, situated at a command and control centre. The detection of the
targets is acconpl i shed by one or nore sensors. The nost w dely used
sensor ﬁ‘BEhﬁi?:%“él% ofthenvédiforpi F is the radar. However, radars are not the
uni ver satsof atr o St nNce tney are i npai red by serious inherent
drawbacks. At the state of the art, their accuracy is limted.

Moreover, they can't be used under water. Additianally, by radiatin
eneryy, The Presendr vestion reigtes \No8&NeMls taniaFidpsh é’gs?ré/%trsgg’tys m%ﬁ%ser?ény

forces. JeneRaiBAtL ¥rom véri&xdsogééd'os?)% araggpﬁhic)%trﬁ&ﬂar Off BORINRAR CsdHuRy

ot her types of sensors | nstea I n enent of radars. Exanpl es
of suchatighsens, which, however, should not be considered as a

conpl ete set of possibilities, are 3 obal Navigation Satellite System
(GNSS) and its predecessors GPS and GLONASS, El ectronic Support Measures
(ESM ewiotprgg.pt, El ectro-Optical (EO sensors and their subclass Infrared
Search — —and Track (I RST), Jam strobe detectors (ECM, air pressure
based altitude 25 neasuring equi pnment downlinked via ' Secondary Radars'

(Mbde C), as well . as, active and passive sonars. g.lt Ff thfesgﬁnﬁ_?(r S,
onl'y cerk3iget {ragking {siye Rracese by which el |acatigas 8ad yaetiga: PloRPIELS, ke
provi de t Leee- A | I ] ' f t IR .
Bo 0= Rk, HHES) PSS, 800 SPE cRiabRHed Hndl pregfnte) to LERAS ol BS8ORY, |
tar get . stuatedrests @ contnandr endefoontredl tentes. "Eie obetettioBOof the targets is

accomplished by one or more sensors. The most widely used sensor for targets in

~

15 the air is the radar. However, radars are-not the universal solution since they are
impaired by serious inherent drawbacks. At the state of the art, their accuracy is
limited. Moreover, they can’'t be used under water. Additionally, by radiating energy,
radars reveal their locations and form easy targets for enemy forces. Depending on
the particular application, one therefore uses other types of sensors instead of or in

20 complement of radars. Examples of such sensors, which, however, should not be
considered as a complete set of possibilities, are Global Navigation Satellite System
(GNSS) and its predecessors GPS and GLONASS, Electronic Support Measures
(ESM)} equipment, Electro-Optical (EQ) sensors and their subclass Infrared Search
and Track (IRST), Jam strobe detectors (ECM), air pressure based altitude

25 _measuring equipment downlinked via 'Sedondary Radars' (Mode C), as well as

active and passive sonars. Out of these sensors, only certain radars (3D) and the

satellite based navigation data provide full three-dimensional determination of the
target location. ESM, EO, IRST, ECM, and passive sonars only give the direction to

_the target. Such measurements are referred to as “strobes”.
30 -
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SUBSTI TUTE SHEET (RULE 26) The sensors produce neasurenents _
at regul ar OWOi9£233p6l ar tine intervals. A measur enent i s aP@T/EEW/HP27

i nformation including e.g. range and azimuth of the target. A tracker
is a device, which will create a track file for each detected target. A
track is a set of usually filtered data w2 ch are associated with a certain
target. The 5 tracker updates the track data with incom ng neasurenents in
such a way that measur enent noise is reduced by filtering, and speed
and headi Mthe ssexmopsit prhduce mddsuremerks | st gegelar aot diregubandtime pnteseaisedA
to the operators. The, general a{t of | _trlacki ng is well known, ar}g cgn be
found at TRAFSHEMEMiS apPieCesO! dnfgrmatior igcluding sy ., Fanae ang, Peimyl. 958t
Tracki ng w IaCad i i A SdPéy A N
parti cul a\r/t,éF éeRg‘qgédé?gg gn%é\éggsxyh%é?}&m%ewéﬁﬁgk gﬁ %?%rl%%%@/%steason??gt'uée

mul tiple seasdoissa ket of asgally fiterad data Whiicthearel gssddnsted with ecdrtaiataget.othe
passi ve sensors at different |ocations nmakes it possible tq obtain the

di st a_née ttraqkes ‘ﬂ%ﬁ%}éﬁ.”@yt@% rfbatéeWéha'PCPﬁt!!’ég é'[‘e@%ﬂ§mefﬁ‘t_%d0e$‘&§b aow.pvay that
| ndi vi dua'mééﬁf’i‘ﬁe?nérft ndit¥ igere%dcw ?ﬂeriwgr %%.e%;?eé@%[ﬂd' hégdi?iﬁti@ c‘%rh};uted.
| mprove accuracy, 1f avarlable. grvesintormation eveff I'f a Jammer

on the tarpet tradkes ghen adabetland isspreathitedind the operatdrer e angetearlof
several sensors contribute to nore frequent updates, better accuracy,

hi gher si gfegKing ifowel knawr anthgappbe foendapt enamudiffergnt plaees, 8y dnia-S.
A , o g roeE T i :
P oo RESR UBET S 8o PR Qe i PSUTEAL SBA88K Souse, Ine.

regi stipat i /A, &/SAY86, in partikala payu¥ent 19rard 857893 ve the inpression that
the nunber of targets is |arger than the actual nunber because the
measurenents are di spl aced by sonme, often very significant, anount.

Tpared. gL pis Bl iasdRCl G5 mfEE ey B el wretking! Eiete the
combination of passive sensors at different locations makes it possible to obtain the
distance to the target. By using several radars, gaps in coverage of individual radars

15 may be eliminated. Moreover, satellite data will improve accuracy, if available. ECM
gives ihformation even if a jammer on the target makes the radar data useless, and
so forth. In general, several sensors contribute to more frequent updates, better

accuracy, higher signal to noise ratio, and more reliable tracking.

20 There is, however, a serious problem in combining data from several sensors:

alignment errors, also known as systematic errors, bias errors, or registration errors.

The alignment errors may give the impression that the number of targets is larger

than the actual number because the measurements are displaced by some, often

- very significant, amount. Even if there is only one track per target, accuracy will

25 = clearly be impaired. Therefore, estimation and compensation of the bias errors are
' hecessary for successful tracking.

To illustrate these problems, a simple example will be discussed. Fig. 1 shows an
example of a tracking situation. The tracking system have measurements available

30  from two 3D sensors, D} and D3, respectively, providing range, azimuth as well as



necessary for successful tracking. To illustrate these problens, a
si mpl e exanpye ovksdosbe di scussed. Fig. 1 shows an exanpl ePOT/SR98/01927
tracking situation. The tracking system have neasurenents avail able 30
fromtw 3D sensors, D, 3 and D3, respectively, providing range, azinuth as
wel | as " 3

hei ght information, and one passive sensor D, only providing azinmuth angle
measurenents. One true target X is present in the area covered by the
System neighf NAfCTRERRINS &K1 Shé ﬁ@é@véygr%'@tw %ﬁl?r providifigl @emhuth angle
coordi nate 3ystem of sensor Dierr] is msaligned with respect to the
common comedsucgnesips tme witchtargebrX almpea&g!ré inZhe[ aned) coidredseydoe systam.

il .ernffmé'%rr'\ahgie%ﬁ“bﬁe%o”rﬁ%@e%ew Shiats TS Today COPrg@@#%SVS@‘fitPf’?gﬁé&
detects aps i mﬁaﬂﬁﬂ@& w;ﬂl f}&%e@'t k&t BBm%C{rf"céSme éyé é}nif\er : ]d%Ir{Sa‘:r’ri E]‘ng@“

due to the'msa ap paren azr mut
an angle_Lerfle s%?isBPeDapHQéeé'ﬁ G2 h e P rﬁe” semeﬂre FhIA g@ersgggg'r@m

t
Merr]. range neasufing error of sensor cause $

target p°§y§té%tlﬁsﬁr?&%slk‘\rtﬁg %ﬁ%ﬁﬁrﬁﬂés qnet?\e] s {%ﬁ M o dSIé[?‘II Jop b2 %etectsg

di st ance he "azi angl e rom tru on. 'Senso

provi des f’ang%yfn ﬁ'@r it E‘ttlon of 2978 &7 Efﬁ lﬁ nh;,,'dﬂ'uttdﬂ'destos He! ﬂ\tl r’r‘lént' fhe

pr obabl e rac I ng sys nterp uat I'on as

if two tag ér%rﬂrﬁlrﬂhﬁ%ﬁwe ajs '\{Lesrl'ﬁfle@%q\ gr& O%Wﬁ%l[ﬂg?aféntpgéhhbﬁmﬁ }hee

is reasonagﬁy consi st ent "r'neasurerrents om'b
the Merrletected target is M?. The range measuring error of sensor D} causes the

10 apparent target position as measured by sensor D} to be M}, offset a distance r

along the azimuth angle from the true position. Sensor D' provides a true azimuth

angle measurement. In this situation, it is probable that a target tracking system will

interpret the situation as if two targets are present, at M} and M. The M} position
is reasonably consistent with measurements from both D} and D', while the M;

15  position is far away. From this example it is obvious that there is a need for some
alignment procedure.

It turns out that the bias estimation or automatic alignment is quite a difficult task,
and it is further complicated by drifts in electronic and/or mechanical systems, which
20  call for recurrent recalibration. The methods existing so far have various severe

limitations. Some approaches according to prior art are described below.

A first approach concerns estimating and compensating for the deviations in x, y and
- . z for each single track separately. The patent DE 3,132,009 gives an example of
25 this approach. The drawback is that the estimation process is initiated for each

track, and it may take considerable time before the estimates are good enough for
accurate tracking.



15 position is far away. Fromthis exanple it is obvious that there is a
need for sonwo 99/23s08l i gnnent procedure. It turns out thrcT/SBeS/MIDZS ™
estimation or automatic alignnent is quite a difficult task, and it is-
further conplicated by drifts in electronic and/or nechanical systens,

which 20 call for recurrent recalibratiog. The methods existing so far

have vari ous- severe limtations. Sone approaches according to prior
art are described bel ow. A first approach concerns estinmating and

conpensat iNjgsf the¥ fh%t%@ubﬁﬁlmoé‘tsmbﬂem’ngyeéiﬂd sensor With @ s&eehbigisnsAranietess In
separately. The patent DE 3,132,009 gives an exanple of 25 this approach.

The dr awbdbis dsCltJmanttiﬂﬂe tesm Thies prarpmeterst is used farapar@metersaeach of which
teﬁlgﬁgh ? g?reb}eseﬂﬁc%&ﬁ gpg@r %Egtﬁe st-gr!lasobrelfil?er % Fo%%tigﬁtér% 3 forth %?g:c'\lment
4 Ntéﬁ'optd?eé rﬁﬁé@%&e@b@ AnSPEL iR LsRACH #RNFRFatiré Nbasieally @Ifenbtlﬁé

par aneters. his docunent, the term "bi as pararreters is used
par aneﬁersihemrhe@ﬂeaWreh is regepahser&rsora" dashioethods accardingto mgta’te of

like a location err a nort error r ra ffset el

anothor 9P BB TS 1 VAV clGROSSn A, sansq b g 5 aRK Uaied 8

measur es, ;5%. n}gqu{,sstratlon errors". Mst nethods according to the state of
andl e

the art h a very limted set of sensor types and a very limted set of
par amet er s. A second approach of automatic alignnent uses the above

described princip]e 10 [ S d S|n reference ;tar
oxact v kvl arbraacingt aldnf sfgngtat S e aeatpodcauiad shdie
a set @f t\R/Hﬁchp‘iLS'épirgNé%l Weugﬁ"@ @Qt%?énéé'etar ets QithS eREE i jébsﬁt"@rﬁs tBg
devi ations are m ni are, howeve severe | sadvant ages.
The posit i coapeafing Iamet&ﬁeneamedamﬁlmskmith asettni tmpusiédnsreng can adapt the
accurately.. The position of the reference tar shou'l opt i m?‘ al so be
situated ~Pias parameters so that the deviations are mi lmised here are, however, severe
disadvantages. The positions of the reference targets have to be measured very
accurately. The position of the reference target shouid optimally also be situated
15 somewhere in the volume, where normal targets appear, which often may be over
sea or even over international or other nations territories. Fixed reference targets
with well defined positions are also normally restricted to ground level or close to
ground level, which makes calibrations of altitude and inclination measurements
difficult to perform. Moreover, reference targets are also easily destroyed or

20 manipulated with during hostile situations.

In the absence of reference targets, a third approach involves designation of one of
the sensors as a reference sensor, and alignment of the others with respect to the
reference. One example of such a system is found in the proceedings of the SPIE -
25 The International Society for Optical Engineering, Vol. 2235, 1994, in an article in
the name of R. Helmick et al, with the title "One-step fixed-lag IMM smoothing for
alignment of asynchronous senéors", pages 507-518. Here a method for
comperisating a number of 3D sensors is disclosed. Each sensor has its own tracker
and the filtered data is brought to a common time. One sensor is selected as a
30  master and the tracks of the other sensors are compared with the master to



15 somewhere in the volunme, where normal targets appear, which often may

be over wW@99/28s0@&ven over international or other nations teprcT/SEISIR8R27 =
Fi xed reference targets with well defined positions are also normally
restricted to ground level or close to ground | evel, which nakes
calibrations of altitude and inclination ngasurenents difficult to
perform Moreover, reference targets are also easily destroyed or 20

mani pul ated with during hostile situations. In the absence of

reference éa?&@@é 1co?rééiforndfa%Q@rr59ﬁlgh 'MémO@%@Fé%BBtb Rsdts Qﬂﬁeoéach senggre

sensors as a reference sensor, and al i gnnent ers w th respect

t he riedseitsnown crrepketanpdek. dFurthermares yis¢ emléctichoohd mastdrealso presents
proceedi ngs gPI E - 25 The Internatjonal Society for Optjcal,

Engi neeri ref® 55%7* b8 rappagto NAVE Relativel lerge systemalicerahe itae!f Rr I FIESED Y

S Sl 6 PSS I S e or 1 S

conpensat i wgrking acberding t8Ehiseapgwoach.sFidiafig, tbiegarticatdr raethdar ddes ohlysdiswiss
tracker and the filtered data is brou?ht to a common tine. One sensor

i s sel ect @NYS. ROLH akigrmpent, prlingtienand riitusde eneryehithe sansdsss are

corrpared with the naster to

5 calculate correction factors. This nmethod requires 3D sensors
since eachinsgsaliove desrtsed ERaMpe, GHINEG r‘I""Cif<rs fﬁlfléu fHE?rrPelthteIF%ensor D}
sel ection of a nmaster al so presents pr obl ens if appens to have.

rel-ativel ynbmseRssry e Brs bOitabHIe0AS réfef@hde 8bnsdrs tFLiﬂfhe@r'?‘&Sre sensQﬁCBS'c% hét
not working properly,” problens which are common for all systems 5 working

accor dilng be used aapefer@tie, Bintel Ityis dridtbse parprovideas dﬁﬁ?hﬂ?l@de dagret ardak on its

di scuss range, north alignnment, inclination and altitude errors of the
sensors. ©WN. |'n the above described exanple, shown in fig. 1, it is
obvi ous that neither sensor Derr] nor sensor Dlerr] are suitable as

reference sensors. Furthernore, sensor Dlerr] can not 10 be used as
ref erence, Thereare alsosmettaddseint rigiraryi wisich deon®! ot iaviedd e beh§&iCKs Adfeldrice or

do not use a reference target. These methods may be collected in a fourth

15 = approach. Bias parameters will then be estimated for all the participating sensors. In
the proceedings of the International Conference on Radar, Paris 3-6 May 1994, an
article with the title "Least squares fusion of multiple radar data”, page 364-369, in
the name of H. Leung et al discloses such a method for bias compensation of data
from two 2D radars. Values of the range and north misalignment errors, which gives

20 the lowest jeast squares discrepancy for the radar measurements, are calculated.
Poorly conditioned systems of equations are handled by singular value factorisation.
Only one single pair of 2D radars is discussed, and only range and north
misalignment errors are compensated for.

- 25 In"Maximum Likelihood Registration of Dissimilar Sensors” by Daniel W. McMichael
and Nickens N. Okello, Proceedings of First Australian Data Fusion Symposium
(ADFS-96), Adelaide November 21-22, 1996, page 31-34, another method for
‘automatic alignment of this approach is disclosed. The method comprises a
procedure for maximising a probability function using a maximum likelihood

30 approach. The procedure is performed in an iterative manner to obtain a requested



own. There are also nethods in prior art, which do not to have '8”3
Sensor as "(KRf oBsRe or do not use a reference target. TREISEAXI LS
may be collected in a fourth 15 approach. Bias parameters will then be
estimated for all the participating sensors. In t he proceedi ngs of the
I nternational Conference on Radar, Parisg3-6 May 1994, an article with
the title "Least squares fusion of nultiple radar data", page 364-369, in
the nane of H Leung et al discloses such a nmethod for bias conpensation of
dat a I t : ; : ] | &i
crrors, SRTeRC: TRe Byidilioet BHAPIS bpBIATBMATE B3 Y dnsSot RS,
measur emehutes abautehow! toulise enkasuremepto peyformedi 81 diffedesty$iess Tog regtraid @ns
are handl ed by singul val ue factorisat.ion. Only one single pair, of
2D radar i“"ﬂ%e%l%ﬁu @e‘%?’“ﬁﬁd“ﬁtﬁ‘?fir gige Hndogs aat handy%awl f‘ﬁ}%ﬁ?g%gﬁtm
are conpgiiggtsd for. 25 I'n "Maxi mum Li kel i hood Regi stration of

Dissimlar Sensors" by Daniel W MM chael and Ni ckens N. Ckell o,
Procegdi ngs of First Australian Data Fusion Synposium ( ADFS-96) ,

Adel ai de, Novenber 21-22, 1996, page 31-34, another nethod for

aut ommt i &N §PNEFAHeSYSIEMS; AFCOrding: iathe faurt sepach, thatedodchfavehpriesce
procedur | 1A StAgqHa L Lty t] N : i ' I hood
30 appr%grgﬁ&r ﬁ%?eﬁ {pargyélg{gf%&fdgﬁg@# oers)tr;'{aﬁaGEH {b(r%‘ gﬁdbll%@rs a%sl \elve'ﬁr%nénn r {Hoeiﬁg{r)'{ g]%n a
r equest egequel, and one has to be very restrictive in the selection of bias paranfeters.
accuracy. The disadvantages with this particular nethod is that it does not
gi ve any cl ue about how to use neasurenents perforned at different

timesa T | f -1 d,: si.pce i t
nandrd any ATk tB8ce are siéd REUPRaTeS Byt aré W e Byt o FEctP

accor di ngekated he the préSertpsoopacbf cbheérrido (i Qhe IS RehEETOBMEES, the reiQNEOr
tend to give ill-conditioned estimtion problens as will be explained in

t he iggmeant of sgnsers Tes slifferend waappnscrier discussed. it disslaseise meshodfor
bi'as’ par aisdrRation of solely misalignments between pairs of sensors and guns. The
method does not concern multi-sensor tracking. The US patents 5,072,389 and

15 | 5,245,909, disclose methods for compensation of dynamic, rapidly changing errors

using accelerometers, which are not of interest within the scope of the present
invention.

Summary of the invention
20

An object of the present invention is to provide a method for sensor alignment,
which is not limited by the use of a fixed reference sensor or reference target, and

which is applicable to all combinations of sensors, passive or active.

25  Another object of the present invention is to provide a method for sensor alignment,
) which is able to estimate a large set of bias parameters.

Yet another object of the present invention is to provide a method for sensor

alignment, which provides updated estimates whenever requested, regularly or
30 ‘occasionally.



10 In prior art, there are also techniques which are somewhat simlar, but
not directl ywoo9n3dmgl ated to the present scope of concerns. | npCISERENI927 ~

patent 5,208,418, the relative al i gnnent of sensors for different
weapons are discussed. It discloses a nethod for conpensati on of
solely m salignnents between pairs of sengors and guns. The met hod

does not concern nulti-sensor tracking. The US patents 5,072,389 and 15
5,245,909, disclose nmethods for conpensation of dynam c, rapidly changing
errors usi ng accel eroneters, which are not of interest within the
scope of the present I nventi on. Summary of the invention 20
An obj ect Stifl amethgr cehiget pﬁ\zbatpmar% inveplieviiscoaPrevide da fmethach der sensor

al i gnnent | it by, t use, of d f r
or refer eﬁh%"mngQWf“%&” es mnéﬁnpsxgﬁg%r’cé pﬁgarhgfgf" }S';r'r@ qﬁ’ﬂgﬁglsg?ﬁ e
sensors, pRA&fENErStcsact i ve. 25 Anot her object of the present invention

Is to provide a nethod for sensor alignnent, which is able to estinate

a large set of bias parameters. Yet anot her object of the present
invention

r a_net.hod for nnent

updat ed eaherelishiohE plpFuqtierBin B agiRLed pref PugR Ut R g ek PES
7 skt ’fdrtﬁiﬁpiﬂ’@!&laﬂﬁk EThe Protdes B fffeeiﬂﬁ/ehﬂéfﬁ 'ié%)@éte'dﬁy b@néfeﬁés ¢etithates

met-hod for sensor al 1 gnnent, which enabl es handling of "each bias
par anet er fat sensondias éurars by meinimisingharfeoctéon, givers on one hand by the magnitude
of the discrepancy between measurements and a measuring model, where the
10 measuring model is a function of the unknown target location and unknown bias
parameters, and on the other by the bias parameters and their predetermined
statistical distributions. In a preferred embodiment of the present invention, the
minimising step is performed by linearising the function around an approximate
target position (normally obtained from the tracker) and around nominal (typically
15  zero) bias errors, and the function is subsequently minimised with respect to target
positions as well as to the bias parameters. In addition, possible time dependence of

the bias parameters are modelled by the incorporation of process noise.

Drawings
20
Embodiments according to the present invention are presented in detail in the
following, in connection with the associated drawing, in which:
FIGURE 1 illustrates a tracking situation where automatic alignment is not
25 applied;

- - FIGURE 2 shows a block diaéram illustrating the flow of information in a tracking
system comprising an automatic alignment function according to the
present invention;

FIGURE 3 illustrates a tracking situation presenting a physical singularity;



5 The objects of the present invention is achieved by a process

exhi bi ti ng Wieodrsstair es set forth in the clains. The procexI/sSHsNiR7 ~
i nvention repeatedly generates estinates for sensor bias errors by
m ni msing a function, given on one hand by the magnitude of the

di screpancy between neasurenents and a mgasuring nodel, where the 10
nmeasuring nodel is a function of the unknown target |ocation and unknown

bi as paranmeters, and on the other by the bias paraneters and their
predet er IHIGYURE 4 . shiaws sthiec ahfatirgitionb flowonis.. dm embo@ineerite df etrzo diutemiatiof
t he present invention, the . mnimsing step is perfornmed by linearising
the function aroundaIQPfHEE?WHQB@CCOTd'an@é@ peesantiipyYeitidY. mal | y obt ai ned

the tunctiiBn e Lunsieaf MY AR S R A7 Pl iivel e brgfeffeadhBodmee
positions as well agf the ddtenttiesalRmemtfahetioh Bcadditd tthasassieht hvientin;
dependence of t he bias paraneters are nodell ed by the I ncorporation of

process MIBERE 6  shows an axample of a traghiogdisiviationavdereiavjometicraligpmenint

i nvention are presepied i etall _in the . follow ng,.in connecti wi,th
t he associ ated dr a\/\%ﬁ%?rdfr% g?nhi% present mv&pw fppW?‘?'ug’ftba?%% t%rgfai gg%%
situation where autpnge sreal ofHEtBBfioh:Saript 25 appl i ed;
FIGURE 2 shows a block diagramillustrating the flow of information in a
tracki ng FIGURE7 shows an eyampie obmpiracking situationpmwitere autbgatisralignment

function according ent i

he . res venti.on; Fl GURE
3 illustrates a trégﬁﬁgrﬁi{f%it?u%el Bﬁei‘?rgsmlepﬁﬂna'spﬁﬁgﬁﬁil “Q&h&&flgﬁ't&?f g&g
8 10 FIGURE 4  spaydert e thebasa Bt Herectibaw i n an embodi ment of the
automatic al i gnment function according to the present
I nvention; FIGURE 5 shows the information flowin an alternative and

preferredygnbadi TEAL: tion

In a general tracking system, a target track is normally generated in some stage of
15 the process. The target track is determined by a number of parameters, such as
position, velocity, acceleration etc., which normally are results of some kind of
filtering process. Certain measurements from the individual sensors are possible to
associate with a certain target track. The target tracks are intended to correspond to
true targets.
20
The method according to the present invention, which will be described in detail
below, provides an automatic alignment procedure, featuring several attractive
properties. In fig. 2, a targét tracking system comprising an embodiment of the
present invention is illustrated. A target tracking section 10 performs the actual
25 target tracking, which among other things generates target fracks 7 and
- measurements M associated to these target tracks 7. This information is
" transferred 11 to an automatic alignment section 12, which generates estimated
values of bias parameters » and preferably also their associated covariances .P;,.
| This information is retransferred 13 back to the target tracking section 10. Although

30 bias compensated measurements are used for the tracking, the corresponding



of the automatic alignnment function according to the present invention; 5
FIGURE 6 shwomeassesxanpl e of a tracking situation, where aut oWEIISES/01927 "

al i gnnent according to the present invention is applied,
wi th one target present in the area of detection; and
FIGURE 7 shows an exanple of a tracking gituation, where automatic

al i gnnment according to the present invention is applied,
with several targets 10 present in the area of detection.

Det ai | ed dneasimnenits A entetingahgeaiigrithedt’ paiteditirs Havenuncorhpegsitetinegikes s
normal |y generated in sone-stage of 15 the process. The target track is
det er ni nedEXseRd fﬁur%léremhameaﬁ%trépgnagmmagnd 13, thes pligament @reeedyres are

i tert ng Ratidnted sERAFRhell TR e Xefo S tshienaeRi v in e megre that the
possi bl e HQ'ocess a288afihgtte thetiRventier hidy bbaidirt tdzgeaﬁér wﬁhearﬁ)aitr@:%klﬁgl’ Spdtém
are inten dto correspond to truetargets he net hod

accor diSng Woichhproyidesfargetviéackson] and caﬁsmqateae%uremeats mMdeBasides the

attr act | veeortiBufith HRIBE rdes f3BRBL SEREFL A8 inpBf o he RRBI G plaumay
an enbodi nggutiodl 12 RemprisesNAFRNY tri ih"g' i‘h'Fbrh?atldH W5t ﬁéﬁano‘?‘l E?étgﬁﬁ data 15,

tracking section 10 perforns the actual 25 target tr h anong

ot her t hi ngbicheridrka describberbmare i kietall balow. measur enent s M assom at ed
to these target tracks T. This information is transferred 11 to an
aut.omatic alignnment section 12, which generates estinmated val ues of

bi as pry ampher ﬁme@h@d‘da%&*dﬂ{g’ﬂ%y tiié Sﬁréslé%'t r m@éﬁ%ha@%mrd@”@@rﬁ p&tisg " the

This information is retransferred 13 back to the target tracking section

10. Al t houieasorements withpthes iruedpasitions eénemessaramesedpioe. The measkirement
t he corresg ondi nsq 9

. pace is’' given by the coordinates used by the sensor in question - range and
azimuth for a 2D radar; height above earth for mode C data; latitude, longitude, and
height for satellite navigation data; etc. The true positions are transformed to the
15 measurement space for a comparison. Of course, the true positions are in general
unknown, and according to the present procedure, these are regarded as

. parameters to be eliminated in the minimisation process.

The various parameters in an error model are referred to as the bias parameters.
20 The most important parameters tend to be range offset (for active sensors), north
alignment, sensor iocation (north, east) error, timing error, and range gain errors.
Range offset and range gain errors will make data to appear farther away or closer
than the true position, and the location errors may shift the data in north-south and
east-west directions, respectively.' An error in the north alignment will shift the
25 azimuth data and a timing error will cause the data to be delayed or time tagged at a
wrong time. There are also various errors in axis or sensor tiiting that can be
important for sensors with low measurement noise, such as axis tilt (horth, east),
antenna roll as well as antenna pitch. The axis tilt errors may cause data to appear
to high or low in north-south and east-west directions, respectively. An antenna
30 pitch error will make data appear at a too high or too low elevation, and an antenna



measurenents Mentering the alignnent procedure have unconpensated val ues.
Except for ‘tyabsomaysspange of information 11 and 13, the ali gnmercCT/SESOIMIr €S
are performed separately fromthe target tracking section 10, which .
means that the process according to the invention may be used together
wi th any tracking system5' which providegotarget tracks T and associ at ed
nmeasurenments M Besides the contribution fromthe target tracking
section, the input to the automatic alignnent section 12 conprises
vari ous t riofiogirongvill rshift aita @lodidviea racaunterdloskigitenatdisigh dlevations. MoidehC
wi Il be described nore in detai] bel ow 10 The nmethod according to the
present i riatat with give nasedeeinalibuges iasgthel relate taeasippdeid ginwpigsstre dhge

Poor i nat ASIEEST B 95 Blas Ao R e BN AUIER b arrardl R E%. i HekBfi BEsih
2D radar; tigk@Hrarleee Maybe ExireBBee ifatRiordinkes e othengidridastmsith,

hei ght for satellite navigation data; etc. The true positions are
transfdrned to the 15 neasurenent space for a conparison. Of course, the

true positj .0 gener.al unknown, . and, accordin o .t he

procedur e, #&ﬂéggﬁ g?}e.'s? eéa%d%&t%rs‘)f bizs Pﬁé?@ﬁé%rér’é ' dn%%d%c%%%qsgdgérﬁﬁﬁﬁ%nts
m nim sat i C The LO r e ] . el
referred t%'%agtr ht% hﬁlag]se t%g’r a(r%él' err\é.%éo%ﬁ‘?ﬁg %Dl{régﬁ |{orsrpﬂt))$t g%‘”ﬂ%ge%neﬁ%r sv%réﬁré
to be rangeomésparditfao ths differentsensors,areoidt hecessardty icf the shmesgpeaind may
| ocation (north, east) error, timng error, and range gain errors. :
Range of f se#bsgruentlyfiavedifesentsrizesand difrentiaempobesspear farther away or
cl oser than the true position, and the location errors may shift the
data in north-south and east-west directions, respectively. An error
in the noritlis gbhgamient tosidcksdil thie bheedldrs intd BHEhadrt siagneéctort i m ng error
w Il cause the data to be delayed or tine tagged at a wrong tine.
There are also various errors in axis or sensor tilting that can be

i nportant for sensors with | ow nmeasurenent noise, such as axis tilt (north,

east), antenna roll as well as antepha) pitch. The axis tilt errors may
cause data to appear to high or lpow gnf north-south and east - west (1
directions, respectively. An antenna 30 [pitch error will nake data appe%\r
at a too high or too | ow el evati on, and an‘/ant enna

10

15 A set of measurements of one target stemming from different sensors is denoted a
bias observation, and given an index /. The measurements should be made at
nearly identical times (time differences typically less than the measurement period
of the sensors). The true target location when sensor s obtained the measurement
belonging to bias observation i is written x,. This location is mapped onto the

20 measurement space of the sensor by the projection function A, (x,,b). This function

thus expresses the target location in measurement space, when bias errors are
included. (If the bias vector includes a timing error, the projection function should
_ also include target velocity. This will not be written explit:itly in the éequel.) The
measurement will also be subject to a random displacement, the measurement noise

25 &, sothe actual measured position y, is possible to express as

yis = h:('xis’b) + gi.\' (2)



roll error will shift data cl ockwi se or counterclockw se at high
el evatii ons. Wwbden2$306 data will give incorrect altitudes as theyskesd/@ber to

a standard air pressure. The sel ection of the bias paraneters may of
course be different, e.g. the sensor position bi as paraneters nmay be
expressed in a coordi nate system ot her thap east/north. For each
sensor s, a vector of bias paraneters b[err] is introduced, whose
conmponent s are the paraneters (e.g. range offset, etc.) to be
estimated. The vectors corresponding to the different sensors are not
necessarily of the sanme type and subsequently have different sizes

and di f f erld¢fe denpshdhe §unqt€pn h aretkncgmsm@#ﬁ Sht & andt a¢claraiunknewnst die
vectors into one | ar

b=[ b]’ measured pogﬁon ve'?l AowW be comparefietprﬁhe mogsgl (2).sapd & (ﬁggslm;glf%tm S
of one targey s'sf {H}oﬁgﬁrﬁ Mhih rﬁirsﬁglbnsﬁ'%%@&éré InIERL 614’{;%rbson ltgéelfseful to

observati or; gl ven ah i ndex | he 'neasurenents sh

nearly s deémthhéleraﬁ@n@Bs‘ ORI Weastpthem hofséess than the

measur enent peri od of the sensors). The true target |ocation when
sensor s obtai ned the measurenent bel ongi ng to bias observation i is
witten x[err]. This location is mapped gntq the 20 neasurenent space Qf
t he sensor by the projection functi ﬁF&ﬁﬁ%@x[err],,b) This function (3)
t hus expresses the target |ocation in measurenent space, when bias errors

are i ncluded. (If the bias vector includes a timng error, the )
proj ecti onyheRe FH igrthehskpedtation oﬁéﬁétot aﬁh YHE oIS a¥RhABH Y- lﬁU@fe rtlbaHOt
be witten explicitly in the sequel.) T measur enent

subj ed0 t oFer purpRs@sPE e peessnt, Invaetlmatsm. mmvenomezson\[memt tas aselits

?gf, lrj? | rrea%relesde(, 9}9&% lin'fgrrr]nélt[o rHatrlx Bossk_lpl ‘?he adv nrtgae &P this is that a sensor

giving, e.g., azimuth only can be assigned zero information for the other
components, and subsequently the same algorithm can be used for 2D and 3D
| radars, and 1D and 2D passive sensors. '
15
The goal for the optimisation procedure is to find the b (and X, ) which minimises

the discrepancy between measurements y, and the projected target location. A

candidate for an expression to be minimised with respect to 5 and x_ is thus

20 V=y,
is

The norm is defined such that for any vector g, |g| = ¢"ug. However, the different

Vo~ b (5, ) (4)

x, pertaining to the same bias observation are not independent. They can be

expressed as

25 x, =x+n(t, 1) -(5)

where ¢, is the time of the measurement, 1, is a nominal time in the vicinity of the

1., x, is the true position at time ¢,, and r()) is a function considered to be known.



11 Here y[err] and the function h[err] are knowns, while x[err], b
and [err] arwowekssmens. The measured position w Il now bepepRped/Rdri ©
the nodel (2), and b (and inplicitly x[err]) is found through a

m ni m sation procedure. In this conparison it is useful to 5 enploy the
known variances of the neasurenent noise:

[err] (3) where E is the expectation operator and
the noise is assuned to have zero nean. 10 For purposes of the present

i nventiongpt d VBN it | LS inverse, the

I nf or mat i SEF rraxt%mé(] uf er'P? Qnﬁfrg??wﬁ%ﬁ%&gﬁb;g@%f (Ei)h?i s~ thar a(t"serlfg‘or
gi vi ng, eC@mbiﬁﬁid@&ﬂ?a@@ibﬁsQ@pah@ (5§;§j%1§d zero information for the other
conponent s, and subsequently the sane algorithmcan be used for 2D and 3D

radars, and 1 D and 2D passive sensors. 15 The goal for the

optim sation procedure is to find the b (and x[err]) which m nim ses

t he di screpancy between rreasldr:eﬁb{'s—lgg[x:r-lr;}(tuanm,tbr)' projected target (6)

| ocation. A candi date forr~an expression to be mnimsed with respect

EZ) b a§1d \)ﬂh?éhr lhl.llss v\;r“p%se mir%?nised with respgci tp) x, ratheq—ﬁ@arh(glln%eegt\%efﬁhgg i8uch
per t ai ni noHe Efcf eeflovh Fibbis i PRt fle miniitnacieeSdus viLAohE

general be unique, and this may later show up as singular matrices and severe

instability. This singularity is physical, and singular value decomposition will not

help to solve this problem. To illustrate this difficulty, a short example will be

10 described with reference to fig. 3. Suppose that radar locations are among the bias

parameters. Now, if Radar A puts the measurement (Ma) 1 km more to the east

than Radar B (Mg), this could be explained by Radar A being located 1 km east of

its nominal position, while Radar B is correct. However, Radar A may instead be

correct, while Radar B is located 1 km to the west of its nominal position.

15 Moreover, it could also be that Radar A is located 50 km to the east and Radar B

~ 49 km to the east, and so on. All such combinations would minimise the candidate

expression (6). Obviously, the 50/49 km combination is unreasonable, and it is

desirable that the algorithm should take that into account.

20  The means for including such information in the method of the present invention is
by a priori uncertainties. The user has the information about something that
standard algorithms do not take into account, namely expected variations of the

. different bias parameters. The inclusion of a priori uncertainties is thus an

important part in the present invention. The expression to be minimised is
25 according to the present invention:

vV =ZI

Y = h(x + 50 - 6)B) + (5~ B) v(b~b) (7)



expressed as 25 [err] where [err] is

the tine of wdeymasurenent, tlerr] is a nomnal tinme in the \pEHSkdsw197 ~
t he [err], X, is the true position at tinmet, and r[err](.) is a
function considered to be known.

12 For exanple, during uniform rmtlhon one could wite (5) as x[err]
= x[err] + -[err]). Conbi ni ng expressions (4) and (5) yields
[err] (6) [err] 5 which thus will be

m ni m Se%ﬁ‘é#ehv rxgsaoﬁ%tb%otﬁﬁ%&] %lé?&??{b r\\@@%& ?th%pbﬂ@n?é[ &l e iFEFRS Sf the

however Serious pro e mnimsing procedure wll

not in éaeé ?Bné}? SHENERIE gé{?ﬂtlbﬁés e |cRhRs EHB}HQUEa?érnété?gUk-ﬁa’re b

matrices eﬂ1 seve i nsta Ris si ngul r|ty| physi cal , .and

si ngul ar gtahys féﬁ@oaﬂaﬁ'\xdu% F lthe M4s aranié@édé e lﬁ@étVQpcPImailoh"som @éﬁ bEO
Illustrate this difficulty, a short exarrpl be 10 escribed with

refer ence:hasah @ be zesu pNomathariamth thﬁamdlmmam |0(§ ribe a prientero. tihis pessible to
par aneters, ts asurenent., (MA) 1 kmnore to the east
than RaddP! W?\%ﬁhe ?W@esﬂﬂ'ﬂ @th?é/e Itggr‘?zifeﬂ?elﬁdé‘?a%&'r%\%sl ocated 1 km
east of Its nom nal position, while Radar B is correct. However, Radar
A may instead be correct, while Radar Bis located 1 kmto the vvest of
its nom nhd ipjustrateothe J;ﬁammﬁoebnpnqvememoiml dtaiilﬁga that tHast bRadaobtained, the

| ocated 50, kmtop the ast a

AT such 2R0VR ARCUSRE B ﬁﬂl?%m s’%Wﬂ‘hBecf ﬁa?'a"éfﬁeé? THE afgbiithm accorgmg to
the present invention will put Radar A 0.5 km to the east and Radar B 0.5 km to the

10 west (provided that the a priori information gives equal uncertainties to both
radars). The true values can, of course, n.ot be found without additional data, but
this is a reasonable solution that eliminates the relative bias. The effect of the
introduction of a priori uncertainties of bias parameters is now clear. The a priori
uncertainties introduce "soft boundary conditions” on the system. In this way, the

15 otherwise expected singularities are avoided at the same time as all important

parameters are free to vary.

One way of finding the minimum of the expression (7) is to apply some numerical
method such as the Levenberg-Marquardt technique, see e.g. William H. Press
20 “"Numerical Recipes in Pascal’, Cambridge University Press (1989), pages 574-
580). However, for real-time applications it is preferable to use a non-iterative

method based on linearisation of k. Thus, in a preferred embodiment, the error
function is expanded about a nominal target position £, and the a priori bias vector

b. The efficiency of the algorithm will depend on the validity of the Taylor
- 25 expansion around these values.

‘The present invention is inten'ded to work in conjunction with a tracking system.
The tracker is suitable for providing the nominal position to perform the Taylor
expansion about. However, other means can also be considered, for example, a

30 value computed directly from the measurements by averaging or triangulation. The



expression (6). Ooviously, the 50/49 km conbi nation is unreasonable, and it

is deswa@bd/msoédrat the al gorithm shoul d take that into ac®@IVRESS/01920 ~
The neans for including such information in the nethod of the present
invention is by a priori uncertainties. The user has the information
about sonet hi ng that standard al gorjt hns do not take into account,
nanmel y expected variations of the different bias paraneters. The
inclusion of a priori uncertainties is thus an i mportant part in the

present gy Fédtﬂfbmérﬁﬁs%ﬁf £S® ABsé %nB%thB itﬂ% IREE {atgépofhsR i fHPtHR tﬁ@e

pl’ esent In entl on
heioh issvaliarat tHexmek¥RisAbhts @tb A80edInciAd s B @papprfc&lrﬂéﬁo:ﬁ he

|nverses of the squared a priori standard deviations of the

corres powduqﬁghpéummrbrsrs negded, This can be @btaipeddremitbeitracy stete gsingnis
bias paraneters. In mpst applications b can be chosen to be zero. Note
that wit velosity Gi(dds+=on- ) of highermrdertermsrm it is possible to 5 nininise
the expression (7) even at the absence of neasurenents. To illustrate
the dPamatic inprovement in stabi lity that has been obtained, the above

di scusse I reexam ned. The al gorithm according to
gl;llfé(ﬁlrg? é’nj eiﬁéhsllgnﬂt h r@’?

the pres |nven I on Radar A 0.5 kmto the east and Radar B 0.5
kmto the 10 west (provi ded that the a priori information gives equal
uncertainties to both radars). The true val ues can, of course, not be
found w thout additionak(xjatms, buyd,b)= y_+H _s(xs-B)redgdnabl e sol uti on(8)hat
elimnates the relative bias. The effect of the

10 where
ﬁl’s = hs('i:"-l + il:(’i.! - ti )'l 5)1 | (9)

i.e., the nominal position projected into the measurement space,

15
A (x,.b)
H === 0
; o R (10)
X=X+ F 5 ~1,)
the Jacobian giving the standard projection matrix,
20 4 = A (X +7(t, - 1), b)| ' (11)
& |b=l;
which is called the "design matrix”, and
Ab=b-b. - (12)
-25

It is now possible to write the express'ion to be minimised as:



introduction of a priori uncertainties of bias paraneters is now clear. The
a priori dzﬁg@d'tai nties introduce "soft boundary conditi @CY/SEISO0INE ~

system | nQ? way, the 15 otherw se expected singularities are avoi ded at
the sane tine as all inportant paranmeters are free to vary. One
way of finding the mninurh of the expression (7) is to apply sone nunerical
nmet hod such as the Levenber g- Mar quar dt d&chni que, see e.g. WlliamH Press
20 "Nunerical Recipes in Pascal", Canbridge University Press (1989), pages

574- 580). However, for real-tinme applications it is preferable to use
a non-iterative met hod I-basE@Kgn-m"qu'ar-iA‘bétAbn of h[err]. Thus, (#8)a
preferred enbodi nent, the erroris function is expanded about a nom nal
target position x, and the a priori bias vector b. The efficiency of
t he al goYVF‘?Fﬁnwi |1 depend on the validity of the Taylor 25 expansion
around t hese val ues. The present invention is intended to work in
conjunction with a tracking system The tracker is suitable for

provi di ng the nom nal positionhic= gerfldipn-tMabrayl or expansi on (4Bdut .

However, other neans can al so be considered, for exanple, a 30 value
conpdted directly fromthe neasurenents by averaging or triangulation. The
14 only requirenent is that [err] is close enough to the true target
pQSitionaQ?err] so that the expansion is valid. If the neasurenents do
not coincide in tinme, an approximtion r[err] of the function [err] is
needed. This can be obtained fromthe track state using its velocity (
[err]t) = At) or higher order tedps.y, V.- 15

10  Now minimising the expression (13) with respect to all x, , i.e. solving

V. V=0 (16)
yields
15
H.ox =K, (17)
where the “bar” notation for any vector ¢ is defined as
: -1
20 q.= Hi:( }Ii’l-uilHﬂ) ZHijl.uilqil (18)
1 !

(There may be occasions when geometry is such that the inverse in the expression
. (18) cannot be calculated. Such cases should be excluded from the summing in the

sequel). By inserting éxpression (17) into the expression (13) the error function
25 expréssionruns | C |

2945 4 FYVIVENE (1)



The first_order expansion of [err] runs [err] 10

wher e WO 99/23506 [err] PCT/SK98)01927 ~
i.e., the nomnal position projected into the neasurenent space, 15

[err] (10) t he Jacobi an
giving the standard prOJectlon ITB.tI’IX 1620 [err]

(11)
[err]

which is called the ' deS|gn matri x", and
(12) 25 It is now possible to wite the

expression to be m.nimsed as:

10

15

20

25

and is now to be minimised with respect to Ab. Writing (19) more explicitly gives

~H.% - AAb+ AAB| + AbTvAb (20)

Now, after verifying that H % = H_x

uv'

all that remains is
V= Z“dlg - ‘?,-, - (Au- - Z:)Ab“z + AbTVAb (21)

Minimising this expression with respect to Ab finally gives Ab as the éolution of

W+vVdb=m (22)
where

U=§(A,, A,) u(4,-4) (23)
and

m=3(4,-4) n(d.-4,) (24)

and ﬁnally b b+Ab The structure of the expressions (23) and (24) facdstates

_continuous on-llne processmg When a bias observation i is avaﬂable the

corresponding data is added to the matrix on the left hand side and to the array on
the right hand side of expression (22). The system of equations can now be solved
for Ab when needed since all requested information is already updated. As 5 is

assumed to vary slowly, there is normally no need to perform the solving at every



15 [err] wher e [err]

(13) 5 " eneleos23sos [err] PCT/62$8)0192716
Now mi ni m sing the expression (13) with respect to all x[err] ,i.e. solving-
[err] - (16) yields 15

[err] where the "bar” notation for jgny vector q is defined as 20
[err] (18) (There may be occasi ons when geonetry is such that
the inverse in the expression (18) cannot be cal cul ated. Such cases

shoul d bepgxchpsiadalibAm . Idse SHAEMHE fb §M%e the equations at regular time intervals,
or to do it by an external trigger. It is thus not necessary that the equations are
solved periodically. An operator may therefore intervene with an automatic frigger
mechanism and request additional updates of bias parameters. The solution is
5 subsequently sent to the tracking system, and one can proceed updating the left

and right hand sides of the expression (22).

Just as the inverse of v is the a priori covariance matrix, the covariances £, of the

estimated bias parameters are given by (U+v)”' and these quantities are thus
10  easily provided to the tracking system. For most practical purposes it suffices to

take the diagonal elements of (U+v)” as the squared uncertainties of the

corresponding parameter.

15 The flow of the calculations is illustrated in Fig. 4. The process starts in step 100
with a matrix allocation. If the total number of bias parameters is », an #xn matrix

for U and an nx1 matrix for m are allocated. In step 100, these matrices are also
filled with zeros.

20 As a track and its associated measurements enter the alignment estimator, the

design matrix A4, , the projection matrix #, and the other quantities required for the

expressions (23) and (24) are computed in 104. These are added to U and m.
This is repeated for each corresponding sensor. The matrices U and m are thus
progressively filled with more and more data.

25 '
If a trigger signal 106 arrives, manually or automatically, indicating the need for an

updated bias vector in step 108, then the system of equations (U +v)Ab=m is

solved for Ab in stép 110. If required, also the inverse of U +v is calculated to get

the variances of . In step 112, b and its uncertainties are provided to the tracking
30 system.



sequel ). By inserting expression (17) into the expression (13) the error

functi on 25y yd386s1 ON runs [err] PCT/SE98/01897 ~
[err] 16 and is nowto-
be mnimsed with respect to [err]b. Witing (19) nore explicitly gives
[err] [err] 5 Noyg after verifying that [err] =
[err] all that remains is [err] (21)

[err] 10 Mnimsing this expression with respect to Ab finally gives Ab
as the solution of . Terr]

(22)

In step 120, the next bias observation is awaited, and when it arrives, the process

returns to step 104 for a new repetition.

5 It should be noted, in connection with the issue of selecting the nominal true
positions x,, then in some cases it may happen that the true target locations are

indeed known. This may be the case if calibration points are available, or if
satellite navigation data are so accurate that they may be regarded as truth. In this

case one should of course use the true positions as x,. There is then no need to

10 minimise with respect to x,, and the subsequent calculations are thus simplified

considerably.

The procedure described so far has the limitation that only completely static bias
parameters can be handled properly. The system bases its estimates on the
15 complete history of data, so recent changes will have little impact on the estimates.
One way of handling drifting bias parameters would be to restart the processing at
certain time:_i_r}tervals, e.g. one hour. The drawback of such an approach is that
some sensors may not provide data continually, and so any estimates for these
would be forgotten. Moreover, the batches should be short for rapidly varying

20 - parameters, while they should be long for obtaining reliable estimates where data
. are sparse. These are contradictory requirements.

A preferred embodiment of the present invention thus involves a process which
gradually supresses old data. To this end the preferred embodiment of the present

25 invention includes "process noise” 1o model time dependence of the parameters.
~This results in that the system gradually forgets past data. The time co_nsfant is
selectable individually for each parameter. Some parameters are likely to vary
slowly, like the location of a fixed sensor, and some parameters may vary more

_ rapidly, like e.g. time delays due to congestion of data communication. At regular

30 time intervals, the left and right hand sides of expression (22) are modified to |



where 15 [err]

(23) 0 [err] (24) pcr/seesiiong -
[err] w836/2350 [err] and fi naﬂ-y b=b+Ab.
The structure of the expressions (23) and (24) facilitates cont i nuous

on-line processing: Wen & bias observat]igon I is available, the
corresponding data is added to the matriX on the |eft hand side and to the
array on 25 the right hand side of expression (22). The system of

“nf or e TS PP PRGeS S HEfte. It s b8 AbotAR (B ERRES oply' st Belor F¥RGe
I s nor mabkyred@idteeIR)t StHReMSY the 8 @raal ddta Wallld 388 way.

17 i as observation i. One can decide to solve the equations at
regular tinme intervals, or to do it by an.external trigger. It is thus

toy thor a8 hejiRb oot Rige Hfiounts. it B ifEtenEh' Gtlb6Rina: @"adlfoL !
requegt ﬁ@f%é B0 atcAmER RSt g)itﬁstr@rc%%ﬁﬁﬁée mMagiHS Pt It iréséltiggi nUg is

subsequent sent to the tracking system and one can proceed upd t he
| ef t exphekseldodd hand sides of the expression (22).

O=(U"+0)" =[u"(1+vQ)]" =(1+v0Q)"'U (25)
10  where the tilde denotes a quantity after adding noise.

The solution of Ub = m should not be changed when adding the noise, so the right

hand side must be muiltiplied with the same factor as U :

15 mi=(1+U0Q) " m (26)

In general U is not invertible. Although the motivation of (25) and (26) did require
invertibility, the end results do not, and it is an assumption that they are valid in all

cases.
20
The question how to define Q still remains. A convenient way to perform this is to
define a time constant ¢ for each bias parameter. If the a priori uncertainty for that
" parameter is
25

B~
Il

()2, - (27)

then an assumption that the added variance during the time interval At is



Just as the inverse of v is the a priori covariance matrix, the covariances
Pb of the nated bias paraneters are given by (U+ V) -gepsibsioiese
guantities are t s easily provided to the tracking system For nost
practical purposes it suffices to take the diagonal elenents of (Wt
v)-1l as the squared uncertainties of the correspondi ng paraneter.

15 The flow of the calculations is |IIus?rated in Fig. 4. The process
starts in step 100 with a matrix allocation. If the total nunber of

bi as paraneters is.n, an n x n matrix for Uand an n x | matrix for m
are allocated. In step 100, these ngyrieces—are also filled with{(28yos.
20 As a track and its associated neasurfeMents enter the al i gnnment
estimator, the design matrix Alerr], the projection matrix Herr] and
the other quantities required for the expressions (23) and (24) are

comput ed {1} 104 1 EGS 48 L2RAUEdrbis HydAly Wit time T1s 15 repeated for each

correspon |ng sensor are TR progressively
filled with nore and nore data. 25 If a trlgger signal 106 arrives,
manual |y or automatically, indicating the need for an updat ed bi as
vect or5 i nA§ttap lnﬁgsmnrefrprpﬁ@sspetseﬁmleédnat|n\fﬁf§lqrmf+a \l/e)rgﬂtmatrm this should

sol ved fo I

cal cul at eéof\B ﬁﬁérﬂpedlf’ﬁj revé{ﬁn:ﬂtﬁergﬁg?e#a??nﬁ'n Ma%ﬁf?%ggémgj q%t éf tffe time

tigcertal niritesvaiifer theoproesbst Aoiskecditalkdtiong S?Q)ulé}f:&eféfably be the same as the
shortest time constant of the involved bias parameters. The triggering mechanisms
for the process noise inclusion may be automatic or manual, or a combination

10 thereof, but preferably substantially periodical.

In a practical implementation of the present invention, one should generally not use
all the incoming measurements. Therefore, in a preferred embodiment the incoming
measurements should be sorted by a set of filters. The filtering in the preferred

15 embodiment will consider the following issues.

One must make sure that the measurements are correctly associated to the track. If
there is a case of ambiguous association (as detected by the association algorithms
in the tracker) the measurement should be discarded. The tracker often gives

20 information about the quality of the association, so a simple comparison of such a
measure with a threshold value in such a case is enough.

Furthermore, the track should be in a state of reliable tracking and in reasonably
uniform motion. This request is in order to ascertain that the given nominal position
- 25 and velocity are close to the true values.

One must make sure that no measurement is used twice, that is, in two different sets
i. Furthermore, one should discard measurements that are too old. The

measurements included in a set i should be at sufficiently close times. This



In step 120, the next bias observation is awaited, and when it arrives, the
process : to step 104 for a new repetition. 5 It P%’I%ﬁ&‘glopﬁ? -
noted, in C%&H%%’{3?§6n with the issue of selecting the nom nal true

positions [err], then in sone cases it may happen that the true target

| ocations are I ndeed known. This rrE be the case if calibration
points are available, or if satel li navi gation data are so accurate
that they nay be regarded as truth. In this case one should of course

use the true positipns as x,. There is then no need to 10. pminimse w
espect €5res Bt BacorBEadiin ehbriSanduha e S e metnamingl e feschibtd
consi der #Yo¥e is valid. The procedure described so far has the limtation that
only conpletely static bias paranmeters can be handl ed properly. The
system bases its estimates on the 15 conplete history of data, so recent
changes | ve little inpact on the estinates. One way, of handl ing
a1 101 ng 1Birea AR MEY FPRALIRRIBoTS 5 @ apendanes, Pbeas g ats In ORBGred
time int eyl énouﬁdgan%gxﬂg%gnéf Rings svx%pi@f véﬁﬁév@%é’a‘h@r@ﬁ@ﬁtéﬁnt f#h a
sonme Sensors may not provide data continuaFly, and so any estimates for

t hese casspuhd algotitingotenals. tdVoptmise the hdabadstimestichoesulthevehdne dedrof
rapidly varying 20 paraneters, while they should be | ong for obtaining
rel i abl e BSEFHENRANIGHERDEHhAN over theecapalele COYREAGE afed dbMAAJIWYRYS) be
requi r emggy r 0 :

I nvol ves a %'-ragé%sﬁs‘a%tie% %&E{e‘?ﬁ pg?‘é@'g% y@%%%lg{saéég%ﬁﬁggm & kl{%ﬁ?ﬁ ggg‘%%%tcrhe
pr ef er r ecsprarsedilfrehis ¢4 thee chsesdéntmap be nyrefdrable itoc pide extrar acdgist toi the”
to nodel tinme dependence of the paraneters. This results in that the
syst & grRgaavigmentsgetthesparse raas, fRe example Sy Anising all incongi|gdatapirem

I ndi vi duakl ‘aecgg paranmeter. Some paraneters are likely to vary

sl ow vy, megd%rﬁsée ?ocat‘i on of a fixed sensor, and sonme paraneters may vary
nor e rapidly, like e.g. time delays due to congestion of data

comuni cation, At regular 30 tine intervals, the left and right hand sides
of expr eshf &finglAssyFanch tatithg asgociated measurements belong to the same target, a

certain fraction (e.g. 10%) of the bias observations should be discarded based on
ld, -, - (4, - 4,)b- 13)“2 , {cf. equation

(21), where now b stands for the currently valid bias vector rather than for an

15 the size of, for example, the quantity 4. =

unknown).

After a filtering process according to the above suggestions, the remaining filtered
20 set of measurements and tracks are behaving well, and this in turn ensures that the
used approximations are valid.

In a preferred embodiment, the above steps of time dependence introduction and
measurement filtering are included in the alignment process. Fig. 5 illustrates the
-25 flow of information in such a case. This flow of information is very similar to that

shown in fig. 4, so therefore only the differences will be described.

When the measurements becomes available to the automatic alignment section,

- the process enters into step 102. In this step, the above described filtering of the



19 I ncorporate process noise. It is then inportant to add v only just

bef ore sol vi expression (22), otherwse the a priori 8 hd-
Wi rANBo

fade away. e inclusion of process noise anobunts in a pr

enbodi nent to adding a 5 noise covaricance matrix Qto the covariance
matrix U-1. The resulting Uis expressed as

[err] (25) 10 where the tilde deno22s a quantity after addi ng noi se.
The solution of Ub = mshould not be changed when addi ng the noise, so the
right hand side. nust be nultiplied with the same factor as U 15
[err] measurements takes pla@spand the infonmammethdt i) addetbinto rthermatsiegs in
Al t hough the tivation of (2 nd, (26) did require invertibility,
the end r&RI '&dﬁﬁéﬁt,er%qrd”?'fkﬁsa‘éﬁga{g ﬂﬁ'ﬂtemﬁpq?'hat they are valid in all
cases. 20 The question how to define Qstill remains. A convenient way
to performthis is to - define a tinme constant r for each bias

par anmet er WHen theepracpss hials passedtthe moyntf wherdatbias estipmtaceule bé sequested,
5 i.e. steps 108-112, the time dependence may be entered. Since the calculations in

this respect are quite time consuming, this part should not be performed every time

the process comes to this point. Thus, in step 116, the process determines if there

is a request for including the time dependence in the measurements data. This is
determined by a trigger signal 114, which may be supplied automatically‘ or

10 manually. If that is the case, the process enters into step 118, which suppresses

the older data according to the above described routines. More specifically, U and

m are recomputed using (25) and (26). The flow then continues at step 120.

Example
15

A simple example, with references to fig. 6, will clarify the algorithms and also
illustrate some properties of the invention. Consider a situation where three passive
sensors are located on a flat earth described by a Cartesian coordinate system
(&,7) . Each of the sensors measures the direction @ to the target. As is common
20 practice, 8 is measured from the 7 axis in the clockwise direction. Three bias
parameters are considered for each sensor s: Sensor location errors 5, and 5, ,

and a north alignment error (azimuth error), &,,. All bias parameters are taken

together in the bias vector
25 b=(5; 5, b b b
The nominal footpoint of the sensor s is denoted x,, = (éos”;o)' The transformation

" h(x,b), which takes target locations x = (é, TI) down to the measurement space of

Sensor s, runs



25 [err] ' (27)
t hen an assuwgég%sﬁéwat t he added variance during the tine int rcvr%mé}miﬁi;

20 [err] (28)

made, that is, the variance grows linearly with tinme. 5 As the

I nclusi on of process noise inplies the inversion of a large matrix, this
shoul d not be perfornmed nore often 2han necessary. The order of
magni tude of the tine interval for the process noise cal cul ations
shoul d preferably be the sane as the shortest tinme constant of the
I nvol ved bi as paraneters. The triggering nmechani sns for the process

noi se i nclusion my be autpmatic or nual , or a conmbination 10 thereof,
but preferably substanti alfl g—dgg #@gi! al . In a practi cal
i npl enent ati on A{x e gucte Hy ¢ one shoul d generally not (&4

all the incom ng nmeasure s.(TLThebs.ﬁ) ore, in a preferred enbodi nent the

I ncom ng nmeasurenents should be sorted by a set of filters. The
filtering in the preferred 15 enbodinment will consider the follow ng

| ssues. .. One rrus} ke sure that the measurenents are correctly
associ at ed&Fehis Yndgrgtoad that tn may hiaveite b added i pehgi igutbadio svadeanton
(as degected by the association algorithns in the tracker) the
measur enent shoul d be discarded. The tracker often gives 20 information

about  t he Thesfollowing cbheitiohsarbalssamed THe SériBdrHoRMRBRIJCaEBNSfarsuch a
x,,=(-10,5), x,,=(20,0) and x,,=(0,-10) kilometres. The measurement noise is 0.005
radians for all sensors, that is, the measurement information matrices «,_ are all

4-10°rad® The a priori bias uncertainties are 0.1 km for all locations, and 0.02

.10 radians for all north alignment errors, so the a priori information matrix is

v=diag(100 100 2500 100 100 2500 100 100 2500). The actual bias errors
are all zero except for the north alignment of sensor 1, b,, which is 0.02 rad. (This is

exaggerated in fig. 6). For simplicity, all measurements pertaining to the same
occasion are at the same time, and the bias vector that one expands about is zero.
15
The first observation stems from a target at location x, = (30,20). To keep the
notation simple, henceforth observation index i=1 is dropped. The measurement is
given by equation (27) applied to the true location and the true bias vector, and then
distorted by measurement noise. In this example, however, no measurement noise
20 s added. (The results will be easier to interpret this way. By adding a long sequence
of measurements, the effect of the noise will anyway be smoothed out.) The

obtained measurements can then be computed as ¥, =1192,y, = 0464, y, = 0.785
radians. The true position is unknown to the system, but an approximate nominal
position is assumed to be available: £ = (30.1,19.8) km.

- 25
Now, the projection matrices are computed by differentiating equation (27) at the
nominal target position and assumed zero bias vector:



measure with a threshold value in such a case is enough.

Furt her nore ck should be in a state of rellabletrackl -
reasonabl y W6;b%3g niformnotion. This request is in order to ggé%ra /01997
that the given nom nal position 25 and velocity are close to the true

val ues. One nmust nake sure that no neasurenent is used tw ce, that
is, intw different sets i - Fur2sernore, one should discard
nmeasurenents that are too old. The measurenents included in a set i
shoul d be at sufficiently close tines. This

21 ensur es that the procedure of bringing the set to a conmon nom nal

time, des e, is valid. In reality it may happen that
there is gﬁgﬂ%anc&p‘%\fs measurenents in one area 5 (e.g. around an

ai rport) H/m=|(906t he8.02y eas gi ve very few neasurenents. In such a case,
t he al gorch bends_ 48 -§pti m se the bias estimation results over the set of
rreasurements rat her 11 n over the conplete coverage area. It may, however,
be desirable that the system provi des good estinates whet her the
traffic is dense or sparse. If this is the case, it nmay be preferable
to give dxlswrsaettmde&antmetrm@s areaamputedty d«ffeterma;mr@a)w@armpeotto
exarrp gg not usi rﬁ €| incom ng data from t he dense areas. As
a find EG’H%%BE“% 8™ he associ ated nmeasurenments bel ong to the sane
target, a certain fraction (e.g. 10% of the bias observations should
be di scarded based on 15 the size of, for exanple, the quantity [err]
(cf. equa#djdf0008 0022 -1 0 0 O O O Q) '

A,=(0 0 0 —-004 002 -1 0 0 0)
A=(0 0 0 0 0 0 —0017 0017 -1)

Also the nominal positions in measurement space are calculated by app}ymg (27) to

10 | the nomtnal target position in target space x and zero bias vector:

$, =1217
. = 0472
$,=079

The differences between actual and nominal measurements are:

15
d, = -0.025
d, = -0.008
d, = —0.005

Next one needs (cf. (1 S))

+ -\ (0044 0047
.20 (Z,H, uH,) =(0_047 0.072)

Hereby the barred versions of d‘énd A, can be computed:



(21), where now b stands for the currently valid bias vector rather than

for an unknown) . After a filtering process according to the -
above suggeswiomsrsstishe remaining filtered 20 set of measur eneRCE/SEAR01927
tracks are behaving well, and this in turn ensures that the used
approximations are valid. In a preferred enbodi nent, the above steps
of tinme dependence introduction and Jaeasur ement fllterlng are included
in the alignnment process. Fig. 5 |IIustrates the 25 flow of information in
such a case. This flow of information is very simlar to that shown in
fig. 4, so therefore only the differences wll be described. When

t he measurenents becones avail able to the automatic alignnment section,
the procegs_enf@hs into step 102. In this step, the above described

filtering_bf the 22
measur eneds & 3R pl ace and the information that is added into the
matrices ijn_ ep 104 is the filtered, well behaving rreasurerrents

When t he pf‘ocess as passed thezé)m nt, where a bias estimate cou

requested/l.ﬁ(—ro@07 s@@b% TOW3IF1 200@he-10i008 bandeR886 n@POhie e%é]r ed. Since

the cal cubatl ﬁh'oilﬁes—l)@@h ab%lgu'i@ﬁz MR 00aS WHe, —iohias) par t
shoul d not be T90r ever g process comes to th| S I nt.

Thus, in sA,ep(—1Q603 t ﬁ@0§r de@@ﬂ mQQ9§ if02f%r ¢ 0.004 {QOQH | & f or
including the tinme dependence in the neasurenents data. This is
determ ned by a trigger signal 114, which may be supplied automatically or

i h
ool 8y e SR TR L S

suppr esses routlnes
Mor e specichhafdw e doived with the result

b =(00006 -0.002 0003 0002 -0001 0.002 -0.003 0.003 -0.007)”

The positional parameters are small, as they should be, but the azimuth

10 components (b, &, and b,) may at first sight seem like a failure. However, referring
to Fig. 6, rotating the strobes from sensor 1 and 2 clockwise, and rotating the strobe
from sensor 3 counterclockwise would indeed compensate for the bias errors visible
in this situation. This sole set of measurements cannot uniguely determine the
parameters, which also follows from the fact that there are nine unknown

15 parameters, and only three measured quantities, The algorithm finds values for the
parameters that make the strobes meet in the least expensive way in terms of

consistency with the a priori data.

To get better estimates one should add more data. In Fig. 7 there are two more bias
20 N observations, and it now appears more clearly that it is the strobes from sensor 1
that need correction. The true target locations are x, =(20,~50) and x, = (-25,-5)

km, and the nominal locations are %, = (20.2,-50.1) and X, = (-24.9,-52). These are

the data that are needed to repeat the calculations shown above. After adding the

- contributions to U and m, and solving together with v, the result runs
25



m are reconputed using (25) and (26). The flow then continues at step 120.
Exanpl.e 15 A sinmple exanple, with references to fig. 6, will clarif
t he al gorit hwe 9amasoal so illustrate some properties of thePCHEEWOIRT
Consi der a situation where three passive sensors are |ocated on a flat
earth described by a Cartesian coordi nate system ([err]). Each of the
sensors neasures the direction [err] to b?e target. As is common 20
practice, [err] is measured fromthe [err|] axis in the clockw se direction.
Three bi as paraneters are considered for each sensor s: Sensor

| ocation error err n [cerr nd . r Iimtg T

(azi mut h r=r(6r(§(,)&[o[Ero}*(ﬁo.ﬁl %‘ﬁsbi—a@o%‘z‘ir gr?@?er_s&%% P‘lgl%gn ' toggtg}ri])er in

t he bi as vector 25 [err] The nom nal footpoint of the
sensor s is denoted [err]. The transformation h[err](x, b), which

t akes t arwhichl deatly Girgglas out b, Wtbr t§ mradvitrueoraibe 20eagad)elretnis waycey of
Sensor s, runs 23

adding more and more data one can continually improve the estimates.

~-

The uncertainties can be found by inverting U + v, and taking the square roots of
the diagonal elements. These are

5b=(0099 0100 0010 0099 0099 0008 0097 0099 0.010)
10

The measurements thus have so far done very little to improve the location
estimates beyond the a priori data, while the north alignment uncertainties have
been cut down by a factor 2. So, e.g., b, has been narrowed in from 020 mrad to
15+10 mrad.

15
The present invention is a method with several attractive properties. It handles a
multitude of sensors of different characteristics. it even works if all sensors are of a
passive type. The method uses targets of opportunity for the estimation and there is
no need for special calibration targets. Furthermore, the method does not require

20 that any of the sensors is used as a reference. The present invention provides
updated estimates as often as requested by the tracking system. The first estimates
can be obtained based on very few measurements. The estimates are improved as
more measurements enter the system. Moreover, the method allows for defining a
time constant for each bias parameter, handling the measurement history, so that

“25 some parameters are regarded as almost stationary while others may be varying

more rapidly. Finally, measurements alone do not always contain enough
information for unambiguous bias estimates, which is often reflected in singularities

and numerical instability in traditional methods. The present invention utilises a
priori data that removes this problem.



[err] (27) [err]
where it is understood that [err]may have to be added to put [err] in the,
ri ght quadr 3@ 99/23506 The followi ng conditions are assunmed. THEI/SESNRYHHI27

nom nal | ocations are: x[err](-10,5), x20=(20,0) and x30=(0, -10)

kil ometres. The measurenent noise is 0.005 radi ans for all sensors,
that is, the nmeasurenent information matgyces [err] are all 4.104 rad
2. The a priori bias uncertainties are 0.1 kmfor all |ocations, and 0.02
10 radians for all. north alignment errors, so the a priori information
matrix is v=di ag(100 100 2500 100 100 2500 100 100

2500) . Theact ual bi aserrors are all zero except for the north alignnent

of sensorAlﬂhough avpreferred emtaiment of thespriesent inventioaduaveabeenidesicrigeda.
For sinpl | al | r enent ertaining to the e ogcasi,an_are
2t the Sialy the score o e i iy hOURLAhE 'w&qﬁﬂgers%&uti $51 ghsad
The fi rStsd?@I?Qfé’%it@B b} QERatiehitiy baRdR ekl aaintd. = (30,20). To keep
t he ation sinmle, henc or servation~index i =1 is dropped.
The mdasurenent is gi ven by equation (27) applied to the true |ocation
and the true bias vector, and then di storted by nmeasurement noise. In
this exanpl e, however, no neasurenent noise 20 is added. (The results wll
be easier to interpret this way. By adding a | ong sequence of

measurenents, the effect of the noise will anyway be snoothed out.) The
obt ai ned nmeasurenments can then be conputed as yl = 1.192,y2 = 0.464,y3 =

0. 785 radi ans. The true position is unknown to the system but an
appr oxi mat e nom nal position is assuned to be available: x =
(30.1,19.8) km 25 Now, the projection matrices are conputed by
differentiating equation (27) at the nom nal target position and

assuned zero bias vector:



24 H = (0.008 - 0.022) H2 = (0.04 - 0.02) H3=(0. 017
-0.017) . Li kewi se, the design nmatrices are conputed by differentiating
(27) with regoeehsiso 5 the bias paraneters: Al = (-OPOBSERS/IZT .1
000O0O0DO0) A2 = (000- 0.040.02- 1000 A3=(0000O0O
-0.017 0.017 -1) Also the nom nal positions in neasurenent space ar
cal cul ated by applying (27) to 10 the ngmnal targ [ tion in target
space x and zero bias vector: err] 7{,!@‘];” &m&m”' y2
0.472 y3 =0.79 The di fferences between ack Al ml
measurenents are: 15 dl= -0.025 CLAIMS

1. A bias estimating method for a target tracking system, comprising the steps

of:

5 collecting target tracks (T) and associated measurements (M) from said target

10

15

20

25

tracking system;
calculating estimates of bias parameters (b) based on said target tracks (T)
and associated measurements (M); ]
providing said target tracking system with said calculated estimates of bias
parameters (b),
characterized in that the calculating step comprises the steps of:
generating an error function, comprising at least two terms, where a first term
is dependent of at least the magnitude of the discrepancy between measurements
and a measuring model, where the measuring model is a model function of an
unknown target position and unknown bias parameters, and where a second term is
dependent of at least predetermined evaluations of the a priori statistical
distributions of the bias errors (15) and said unknown bias parameters; and

minimising said error function with respect to said bias parameters as well as
sajd target position.

2. A bias estimation method according to claim 1, characterized in

that said error function is given by:
V=3 Iy ~h(x.b) + £(v,5)

where

idenotes a bias observation, i.e., a target and its associated set of
measurements (M) obtained by different sensors,

s denotes the sensor giving said measurements (M) of said target,

x, is the location of said target at the time corresponding to said
measurement (M),

e



d2= -0.008 d3 =-0.005 Next one needs (cf. (18))

(0040, 047) -20 =(0044 [err]

Her eby t he B¥Q PURBSO&r si ons of d,and Alerr] can be conputed: PCT/SE98/01927
25 dl = -0.022 = -0.006 d3 =-0.012 Al = (- 0.007
0. 018 -0.835 0.00 ﬂgm 0. 006 0.006 -0.353) = (0.0009 - 0.002
0.113 -0.037 0.0 ‘%{“ﬁm\m 04 0.004 - 0.243) A3=(-0.003 0.008
-0.353 -0.01 0.0 004 0.004 -0.242) This is all that is
needed to calculate U from (23) and mfrom (24). Equation (22) 5 can now

be solved withy jg vre%&”ﬂéont?mmg al bfad BaPRRbters ¥ Wsdhsdps 0. 002 - 0.001

0.002 - 0.003 0.003 -
h,is a projection function expressing said target position in the coordinate

system employed by said sensor, taking the effects of the bias parameters (b) into
account,

5 J is a matrix dependent function,

.. is said measurement by said sensor s of said target,

His a norm defined by ||’ = ¢7uq, where g is any vector in measurement
space, and « is the inverse of the measurement covariance matrix, « = R, for said

target and said measurement, and

10 v is the inverse of the covariance matrix describing said predetermined error
distributions.

3. A bias estimation method accordlng toclaim2, characterized in

th at said error function is given by:
15 V= Z“y,, h (x, +r ™ b)n +f v,

where
1, is the time corresponding to said measurement,
1, is a time near the different ¢,

x; is the location of said target at time ¢,, and

20 () is a function such that the target location at time 1, is given by

x(t,)=x,+ ’;'(ti; - ti) .

- 4, A bias estimation method according to claim 3, characterized in

that said error function is given by:
25 V= Zy,, ~ kx4t~ 1,) )] +(6-86)'v (b-E)

" where b is an approximation of the bias vector




The positional paraneters are small, as they should be, but the azinuth 10
conponents (b3, b6, and b9) nay at f| rst sight seemlike a failure.

However , ref\ﬁﬂmlﬁlf% to Fig. 6, rotating the strobes f r om RGHSEAS/0192nd
2 cl ockvvi se, and rotating the strobe from sensor 3 counterclockw se
woul d i ndeed conpensate for the bias errors visible i n this situation.

This sole set of neasurenents cannot uni gygely determ ne

paranmeters, which also follows fromthe fact that the“mﬂjlﬂ'{umHM@H wn 15
paranmeters, and only three neasured quantities. The a | ues
for the paranmeters that nake the strobes neet in the | east’ expensi ve
way in ternms of consistency with the a priori data. To get
better ‘eshi mat As bime estonatiomdohethod detarding t6i @ny7 afhéhe preceding nolagms,

bi as 20 bservations, and i,t no ears nore clearly t is the
strobes fEHREACEeRIZzed (in nééﬂggor r&8i¢ bAr9eth anﬁePﬂarﬂ@ PERR At

Ler ] ( 20, BEasy e ANErE depgr qeing informallba 3fin st edt RubengBe P20 26

needed t o repeat the cal cul ati ons shown above. After adding the

contrlbutlons to U a and solving together with v, the result runs 25
26 ® = @'%sestmabm metnad - agcding . oo Bny ®fodre opteeeding. elgims..
0.004) [erg] echgeardy | e u

nr ad) . In&tqnasraw%u;\,MHE))F/E d %a'Jéld i Q%Dréagllrjlhl ﬁ%‘?'y@;t géponeﬂgpaélé%soﬁ?%(g%}g IgP

i nprove t lwedidihgatetsvant quantities WIth respect to said target position and said bias
parameters (b). .

10
7. A bias estimation method according to claim 6, characterized in
that said linearising step is performed via a Taylor series expansion of ki, with
respect to said target position about a nominal position x,; and with respect to said
bias parameters about the approximate bias vector b, according to
15
h(x + 50, ~1).b) = 5, + H,-(x, = %)+ 4,- (5-b)
with
20 Pis = B (X, + (1, —ti)=5)
H,-, = al:g,g)
¢ -"i“ﬁ*’](‘u"ﬂ)
al-r(‘ii + A, — 4,),b
4= (4= 4).8)|

- e _& _Ib:l;’

and #() is an approximation of (..
25



5 The uncertainties can be found by inverting U+ v, and taking the

square roots of t he di agonal elenents. These are [err]b = (0.099
0. 100 0. 010wD.9929%s508. 099 0. 008 0.097 0.099 0.010)T - 10 Themeasgromdrent s
t hus have so far done very little to inprove the ti mates
beyond the a priori data, while the north align hilmmim“u"ail have

been cut down by a factor 2. So, e.g., bg has be

O[err]20 nrad to 1510 nmrad. 15 The present invention is a nethod
with several attractive properties. It handles a . multitude of sensors

of diffegent ﬂ%ﬁ%b@%ﬁ%‘tibﬁ%emo&%@ow %o 'dlai umtyg ChFaEEetiZed in

passi ve type. e net uses targets por he estinmation and
there isthat the neethdl@ositigritalasordli as ahe Wnét&frgebpro%ﬁhétlbﬁWMI‘e obtdined
nmet hod does not require 20 that any of the sensors is used as a reference.
The pr esénom the eaid tangetrtoacldstate (T). updat ed estimates as often as requested
by the tracking system The first estimtes can be obtai ned based on
very few nmeasurenents. The estimates are inproved as nore nmeasurenments
entergtheg syst t : i O~i2i t-
constant @for élgc %gmgf?rhgﬂe{ﬁgertﬁsﬁ gf\'l&lrééﬁ hteJ %Qgﬁéfen%e%tc’%lm?o?y?g% t%at
25 sone cpamanateel & rdize deginded has t alsaid tmiriiafisingastepnbbimprieebetne step luf

varying nore rapidly. Finally, measurenments al one do not al ways

cont ai n #R6AGAING of Sﬁ'ﬁmﬁﬁ@ﬁmeﬂ%$ aRKnEEUS bias estimtes, which is
often reflected in singularities and nunerical instability in
traditional nethods. The present invention utilises a - priori data that

r2$m)ves oL s P obieeMestimation method according to any of the claims 7, 8 or 8,
10 characterized in that the calculating step comprises the steps of:

forming matrices U and m and initiating said matrices to zero;

when a new bias observation is made, computing

m= (A2 u(d,-2,),

15

and
l]i = 2(‘4;: - Zi:)r uis(Au - Z:)
20 for all sensors s, where

di.r = Vs —j;.';:

-1
=H [Zfzfu.-;H.-,] 2Hud,,

25

=H (ZH;u,,H ) z H,uA,,



Al t hough a preferred enbodi nent of the present invention have been
descri-bed in detail, the scope of the invention should not be limted_
t heret o, butwe»sassiséi nst ead solely be limted by charact erPGT/eE980H927 Of
the following clainms. 5 , )
28 ’ CLAI V5 : A bi as
estimating nethod for a target tracking :CI! stem conprising the -st eps

of: 5 collecting target tracks ( % and associ at ed rreasu nts (M

fromsaid target - tracking system tes of
bi as paraneters (b) based on said target tracks ( “\Y& I'at ed
nmeasurenents (M ; provi ding said target I'ng system wth
said cal cahdted estirrates of bias 10 parameters (b), charact e
rized:i Q &] calculatlng step conprises the steps of:
generating an @F‘ B9 tuecti 8rd Tokbrtsing at |east two terms, where a first
term i s dependent of at | east the magni tude of the discrepancy between
measur enent s and a neasuring nodel, where the nmeasuring nodel is a
model 4 ungyi onAGbiadrestimatidRkmemibd QESG’rtduPd’&SS d H'Plké‘?‘é“? li"eatslzet:f in
paranmeters, and where a second termis ependént of at I east

predet er nt heait eviileugtlonieting stepe furtper oompwseslmbl stalp of solvihg tthe sytstemsofof
the bias errors (15) and said unknown bias paraneters; and

m ni m si n§IY&HN®rror function with respect to said bias parameters as wel |

as said target position. 20 2. A bias estimtion nethod
accordingtoclaiml, characteri zedin t hat said.
error function('Us+Q)i(ye.r);)l:g;/,',1 ' [err]
10
for b.

12. A bias estimation method according to claim 11, characterized in

th at “said solving step is performed solely when requested for by a trigger signal
15 (14).

13. A bias estimation method according to claim 12, characterized in

that said trigger signal (14) is time dependent.

20 14. A bias estimation method accordingto claim 12, characterized in

th at "said trigger signal (14) is provided by an operator.

15. A bias estimation method according to claim 12, characterized in

that said trigger signal (14) is provided depending on the number of bias
"25  observations.

16. A bias estimation method according to any of the claims 11 - 15,

' characterized in that the step of providing calculated estimates



[err] where 25 | denotes a bias observation, i.e., a target
and its associ ated set of nmeasurenents (M obtained by different

sensors, W0 9923506 S denotes the sensor giving said neas \\s\l Mpoagf B
said target, x[err] is the | ocation of ?\““ W i¥le tine

corresponding to said “measurenment (MJ[err] 29
b is a vector containing all bias paranmggers of all s"ensors

h[err] is a projection function expressing said target position in the
coordi nate system enpl oyed by sai d sensor, taki ng the effects of the

bi as par ters b. I N0 ccount ) mat [

functi onfshr"CFher corh Ises £nee§t,ejp ‘Pfapr?é(i“anﬂe@ﬁ YLt ttﬁ,cg\éqrbargcgn ngggﬁﬂgg‘ﬁ%

target, \ncertainties of £ P]) is a normdefined by [err] [err], where @

any vector 1n neasurems space and [err] is the i nver se of the

measur enent covariance matri X, Rlerr], for said target and said

measur enent, and 10 v is the i nverse of the covariance matrix

descri bi ig. saiAd bissdestimationd reethod accordingt té bany onk.the preceding claintsi as

te Sth' t ! g;h e ho é ?E%Ledhgﬁnlt ghqu €§r$ici’§_alc%i%inag gte% f(thét}\,e]e cgmlpnzse% tHe'stgp of
time dependence introduction by suppressing old data in said set of target tracks (T)

and associated measurements (M).

18. A bias estimation method according to claim 17, characterized in
10 that said time dependence introduction step comprises limitation of the number of

bias observations used in the calculations.

18. A bias estimation method according to claim 18, characterized in
that said time dependence introduction step comprises, at certain time intervals

15 Az, incorporation of a noise covariance matrix Q in U and m, according to:
U:=(1+UQ)"'U

m:=(I+UQ) " m
20

where I is the identity matrix.

20. A bias estimation method according to claim 19, characterized in
- that the matrix Q is a diagonal matrix with elements
25

Ar
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wher e
[err]

Is atim near the different t[err],, x[err] is the
| ocati on of wargob3bosr get at time t[err], and 20 [ er r] PCE/SESR/@I™"

[err] is the time corresponding to said neasurenent,

-

function such that the target location at tinme [err] is given by

[err]

4. A bias éstimation nethod according t m‘“ \m‘\@!“ r
acterizedin thatsai%grrorfunctionﬂ‘ S

[err] [err] where b i's an approxi mat=ontof"“the bias
vect or : 30
30 . A.bj,as,.estimatign t hod, accordi ng to any of edi ng
cl ai ns, wﬁerq: h lsd{h’e ume cforbstiqr%i Ofgﬁgr}g bigs BaraW&ﬁr'§q§¥*k§%i4Fqﬁ§@rg§f t racks
(T) and associ ated measurenents (M are derived using information from
at least two sensors. 5 6. A bias estimation method according to any
of the preceding cl ains, characterized i n that sad
m ni m si ng st Gp=ds8gprti ses the step of |l inearising relevant quantities
with respect to said target position and said bias paraneters (b). 10
7. A bias estinmation method according to claim6, characteriz
ed 's " where &, is said a priori distributions of the bias error &, to account for drift of bias

parameters.

21. A bias estimation method according to any of the preceding claims,

characterized in that said calculating step further comprises the step of

10  selecting useful target tracks (T) and measurements (M) for use in the minimizing

' step.

22. . A bias estimation method according to claim 21, characterized i n
t h at said selection step is based on at least one of the following criteria:
15 unambiguous association of measurement (M) with a track (T);
target track (T) is in uniform motion;
measurements (M) within an observation are well gathered; and
target tracks (T) are evenly distributed over the area of detection.

20 23. A bias estimation method according to any of the preceeding claims,
characterized in that at least one of said bias parameters (b) are
selected from the list of:

time offset;
_ altitude;
25 east location;

north location;
east axis tilt;
north axis tilt;

north alignment;



t hat said linearising step is perforned Ior series expansion of
[err] with respect to said tar?m ﬁ“ mgm t a nomnal position

X,; and w t WoepR3ses to said about the apPEPSESDI1927
20

-

bi as vector b, according t9 15 [err]
[err] [err] [err] and [err]( ) |s an
approximation of r(.). 25 35
31 8. A bias estimtion nmethod according to claim7, c¢char act
eri zedin -t hat the nomnal position [err] as well as the
function appr orengetoffset err] are obtai ned

range gain;

antenna roll;

antenna pitch; and .

5 mode C bias at various locations. !



fromthe said target track state (T). 5 0. A bias estimtion nethod

according to any of the clains 6, 7 or 8, characteri zedin
t h at sai OvWOi92B806i ng step conprises the step of | i nearp&t/BEbsfioai
bi as paraneters around zero. 10. A bias estimation nethod according -

to any of the clainms 7, 8 or 9, 10 characterizedinthat
the calculating step conprises the steps of: formng matrices U

and mand initiating said matrices to zero; 1/6 when a new bi as
observation i s made;. conputing [err] 15 and
[err] 20 for all sensors s, where [err]

[err] 25 [err]

PRIOR ART

FIG. 1



32 and adding o U and mto m 5 11. A bias

estimation nethod according to claim 10, characterized 1in t hat
t he cal cul afvig@sssgp further conprises the step of sol ving thecywssosnal
equati ons [err] 10 for b. 12. A bias estimtion
met hod according to claim’ll, char acterized in t hat
said solving step is perforned solely when requested for by a trigger
signal 15 (14). 13. A bias estimtion2#thod according to claim
12, char acterized in t hat saidtrigger signal (14) is
ti me dependent. 20 14. A bias estimation nethod according to claim 12,
characterized i n t hat saidtrigger signal (14)riggepngunfbechatipnan
oper at or. 15. Aﬂj as estimation nethod accordi ng to claimi12,. t4h a
racterizedin\ 11 \\U// _
M S
Target /) Automatic
. b P .
tracking (/ r b alignment

/
™~

15

A priori system data

FIG. 2

FIG. 3



t hat saidtrigger signal (14) is provided depending on the nunber of
bias 25 observations. 16. A bias estimation nethod according to_
any of the V98306 - 15 characteri zed irPCI/SES8/0a927
the step of providing calculated estinates

33 further conprises ‘the step of providing ([err]as the covariance
matrix giving the uncertainties of b([err])/ 17. A bias
estimation method according to any of the preceding clains, 5 c har ac
t eri zedint-hat said calculating step further conprises the step

of ti me dependence introduction l YAITTERE n‘?a#éé’? ebtoa in sal d set of

target tracks (T) and associ at ed jneasur ene A bi as
estimation method according to claim 17, fr Yandma ¢ er i zedi n 10

t hat said tinme dependence introductli opjphffricyprifses limtation of the
nunber of bi as observations used{in th cal cul at} ons. 19. A

bi as estimati on nethod according to cllai B 2Z&0h a rlact er i zedi n
t hat said tine dependence introduction stép conprises, at certain tine
intervals 15 [err], incorporation of a nois¢ covariance matrix Qin U and
m according to: [err]

104

Add information _}~
from target tracks
and measurements
into the matrices
for alt sensors

No Bias estimate

requested ?

Solve system _}~
of equations

| 112
Provide estimates }”

to tracking system

Wait for new _}~
observation

FIG. 4




[err] 20 where | is the identity matrix. 20. A bias
estimation nethod according to claim1l9, char acteri zedln

t hat thewabspsos is a diagonal matrix with elenments 25  per/sEssni927
[err] [err] 34
where [err] is the tinme corlstant of the k[err] bias paraneter, and v[err]

I s defined by S5 where [err] is said a priggri distributions of the
bias error k, to account for drift of bias par anet ers. 21. A
bi as estimation nethod according to any of the preceding clains, c h a

racterizedinthat saidz—:-a-l—e—ul-at-u-n?-_-st-e.pfuq@)@er conprises the
step of Allocate matfrices | ~

forUandm
Fill matrices
with zero

Select useful 102

tracks and 7
measurements
1 104

\

Add information
from target tracks
and measurements
into the matrices
for all sensors

Bias estimate
requested ?

Solve system P
of equations
I 112

Provide estimates.}””
to tracking system

Trigger signal

¥ Suppressold
data

1 120
Wait for new //
- ' : observation

FIG. 5




10 selecting useful target tracks (T) and neasurenments (M for use in the

mnimzing st ep. 22. A bias estinmation nethod according to
claim2l, cwow®2ss@ ct er i zedi n t hat said sel ?éi‘}sggh/f%f’?p ~
is based on at | east one of the following criteria: 15 unanbl guous
associ ation of neasurenentf(hm with a track (T); target track
(T) is in uniformnotion,; measur enen (M within an observation
are well gathered; and target tracks™(T) are evenly distributed
over the area of detection. 20 23. A bias estimation nmethod according
to any of the preceeding clains, characteri zed i n t hat
at | east one of said bias paraneters (b) are selected fromthe |ist

of : time offset; altitude; 25 east

| ocati on; north | ocation; A east axis tilt;

north axis tilt; north alignnent;

35 range of fset; range gain; antenna rollT C

bi as at various | ocations.

ant enna pitch; and.

FIG. 6
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