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SPECTRAL TRACKI NG FI ELD AND BACKGROUND OF THE
| NVENTI ON The present invention relates to a nethod
wapahseyssem for tracking a target and, nore  PCT/IL2004/000650
particularly, to such a nmethod and systemthat uses
spectral images of a scene including the target in
order to track the target. Reference is nade herein to
an Appendi x that descRPBETRAIPTRAICIINEONCept test of
the present invention. Figure 1 shows a battlefield
scene including an eneny tank 10 and three trees 12.
Figure 2 is a schematic diagramof a prior art system
that includes an unnmanned aircraft 20 that may be, for
FIEEXPARIEB AGKRGEND OFCEHETRVENTIBN | S used by an
operator 14 to lTocate and track tank 10, or
al t Bienprteant liyveatigu ireletds o asgthod laad syﬁelgu‘ionl @@Clbsyg a target and, more
tor nk 10 destro t ank
periu e S30h P AIRIL S IR g rb AP Heess OF dcffengsincloding the
acquiring digital imges of the
targ%tmgﬁ%fsgaagﬁreet%%aand a processor 24 for designating
anoR éferenke rsgnadmgﬁelpj toeinsAppealixcthat desoribes 4 praoditof-concept test of the
as described below (Aircraft 20 al so includes other
Pfe%ﬁ%ﬁ@mns such as a navigation system for
det N '
BN glﬁ%&rg@g bffasdgncal giﬁﬁ%@g hn%gelﬁ? 10 and three trees 12

Flglu@ m&rs@h@ﬁatibfldléigrama)ﬂ& privrestsysionitin 1ﬁdt1d@;sranahmmmbd iﬁcraft 20 that
and for relaying commands from operator 14 to ai r cr af
maxzbe fohewmpls, Berrvedlnpendions that it ussd br gn geermind 4 lacale and track tanik

present vent i ar Q sho n_Fiqur
10, e ol R A, b b3t 34 ol ank 10 t0 desroy
tanP#0.C 'Au‘?:%% 2(Pmcﬁﬂ"é§‘ ah (B&ANS feBhdr®ih aDOdHcBlas aFide6 @nera, for acquiring
pi xel s, each pi xel being a nuneri cal

d1g1ta=1pmagmﬁhe seenefof Figuak Ueand a gravessoe 2 dorddasignating ﬁ&Ckmg image

S S A LSOl B s o
conpinBhts! %h Elhfs 5 nﬁ{f%at 4 t s‘%é%.%r PRI BENRBASIR 8R aircraft 20 and a

I'Tcraf 0 trans e 1 mages acqui red y | magl ng
conﬁﬁﬁllﬁaﬁicﬁlms?s%emofcﬁ cclining ethd 6digitall imagesseal dperaiperkdt oia a wireless

14 to operate aircraft 20. These inages are dIS | ayed
congnuapicatioedhanes] disr?alri foreplayieg ?@n@aﬁds m PR Alg Aitcraft 20. These

other c%rr]np%%grrltgtn%nt belng %@rn?an%nro tﬁ'éa&gsetnP ﬁ'ltveht'i]& Yl&SotRhWh Figure 2.) The

images acquired by imaging mechanism 22 are panchromatic: each image is a rectangular array

of pixels, with each pixel being a numerical representation of a value of a corresponding
intensity of light received by imaging mechanism 22, in a single wide or narrow spectral band,
from a corresponding point in the field of view of imaging mechanism 22.

Aircraft 20 transmits the images acquired by imaging mechanism 22 to a console 16
that is used by operator 14 to operate aircraft 20. These images are displayed on a video
terminal that forms part of console 16. When operator 14 sees an image that includes pixels
corresponding to tank 10, operator 14 designates those pixels, using a conventional mechanism
such as a mouse to pick the image coordinates of one or more pixels that correspond to tank 10.
These coordinates are transmitted to aircraft 20 via communication channel 18. In the
subsequent discussion, the image in which operator 14 designates the pixels corresponding to

tank 10 is called the “first” image, because this is the image that guides subsequent processing
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corresponding to tank 10, operator 14 designates those
pi xel s, using a conventional nmechani smsuch as a nouse
W0 e00giotds4t he | mage coordi nates of one or nore PCREL2904/000650
that correspond to tank 10.2 These coordi nates are
transmtted to aircraft 20 via conmuni cati on channe
18. In the subsequent discussion, the inmage in which
by [#0&4s8r004. IHedasd &oad 26 if Mevidkxehive o tatl RONGhdBertd? not tank 10 itself
tank 10 is called the "first™ inmage, because this is,
is mdvéng, rthg pixetmcorpaspeisling tehtsalyUdnin mbseissl indgps are not, in general, the
processor, 24. Because drone 20 is. npvi.ng.relative to
semB RRE1S 8% hGHUEFS FORTPRBENE At 0 IndBY FrL e hifTelpfe processor 24
' - | 1@ ; L tipl in subsequent
used R SRR Ay ARG LS SHETRHIRD 1o (RY90 in subseq
images. r espondi ng to tank 10 in the first inmage.
Theref ore, processpr 24 yses a_cr sséﬁPrrelation

t edfiavugfeshonvs aleachropasic,iprge 30 apd @ gaitEneg vipdqva AR vihin image 30.

. b . . . o

i, RS PRORS L O O 5y BB REABLAE s and s, 111

je[l JRISVRP ehéh g&e_l X ais@@ibﬁﬂ%i‘é%?edfvéﬁﬁteﬁéi v¥aks Whddow 32 is a HxK
are indexed by indices i and , Ze[l 9T], je[\J\.

rectitigitaresabset i #el pikels abmuge 30¢bhtandladgsdlbe pacelsicntresyonding to the target.
val_ue f ndow 32 is HxK rectangul.ar s et, of the .
Tyniol: Lt J PR of Rt del Tid piddh @ K 'are Sall odd integers,

onding to the target. Typically, / and J are
“”%§§§§§9bf 2, such as 512 or 1024, and H and K are
s matbc@sst 2ht@mgansts refachcawimkloor 3%.in Bieofiess #nage230, that is centered on

constructs reference wi ndow 32, in the first jmage, 30,
the fmage paprdiapies Picked By aperatorakfoascersreaponding tqataek df- Rrocessor 24 then
operator 1 C I 0 20R .24 .
o QRS e PP LI oo skl 29 B EGRHRRIAL « comlaion

fun@RR CoEE B A¥uBeRIf S thifgatiort Ameabmals Dpaif sMsikéldadices (i,/). For
Cop (fﬁ?z The argunent ofthis correlation function is
eacla pprel (7,0 fip itheehext iiage 0 oy Whichgefesenen vpinsew 32i gan hencentered on that

oo B L SRy P B OE B A AR 5kt or e
L1508 R o g S04 e Rt i
of imaBOB0)3Corrliyf) Is défindd pi:xel s wi de on the left and right

of image 30), Corr(y).is defined as: / X h,k} "i-

\H 2J - Uhd - K /2_| 2,59 Gob Ly x(:d)er
COH(ZJ)= h=1:H k=LK (1)

2 2
Z X Zyi—LHIZ_]—Hh, J-lK12)-1+k
h=tH k=LK

h=1H k=LK

where x;, is the intensity of the (h,k) pixel of reference window 32, yp is the intensity of the
(h.k) pixel of image 30, and, for a real number a, the notation La] represents the largest integer
that is less than or equal to a. (Note that the correlation function Corr is called “C” in the
Appendix.) With the indicated normalization, and given that all intensities xz; and y,; are non-
negative, Corr(ij) can take on values only in the interval [0,1].

Alternatively, and preferably, Corr(7,f) is defined as:

Z(xh,k -X )(J’i—LH/zj—1+h, k2l =Y )
h=1:H ,k=1:X (2)

\/ Z (%1 ~x)* Z(yi—[_HIZJ—Hh, HAxiaaee =Y )
h=

1LH k=1:X h=0LH k=1:X

Corr(ij)=
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J2X2y' AbI2\-\+hJ-\_Kn\-\+k \ h=l:H k= .K h=

.H k=l:K where Xhjk is the intensity of the (h,k)
w@Rooslo15h7 r ef erence wi ndow 32, y i s the intensPCYIIR004/000650

the (h, k) pixel of image 308 and, for a real nunber a,

the notation Lalrepresents the |argest integer that is

| ess than or equal to a. (Note that the correlation

function Corr is callJed "C' in the Aopendlx) Wth t ‘f
whete  BANAYERREE Ph Iz 5SS PVeR HBRgs b elematiygly. over a Suitabfe portion of
Lmag.—'tfengﬁ nﬁfcﬁ'a@%efékénc@%dov@@ ikl ngd?‘tsfrn}ﬁf%lyq]% ,}’ ) CHR,, as defined i in

€ on val ues only e I1nterv
equaﬁohé(ﬂﬁabmmb)bnvamés Miﬁéﬁﬁ&b’bb/[—l Oprr (y) is defi ned as:
é - iH2] - i+hj - 1k /2}- QCO”
(zjdegllg BITld,) av be jegpad} toj ijfhenkwggioWk %) cezltere on the pixels of

ima%e %#1 él?a‘t 6:\98?530&5 ég 'tgl%ta&get ??\Ac{] ge]sﬁ ﬁ%glegew %rg aﬂaels ?sf al)I(nost never the
caseSertaas}%h%%ypcﬂ‘ rEA08s. OMoﬂ?gﬁesg Qeas§H§§}e"i‘1%1s%qﬁ ShERCR MdWRMow 32, and

i tsel and sim | y for yif Corr(y) as defined in
the facfuthati i imeg) 30 xsamt thelksoume image e windowhd2, ithineimage 30 almost always is

acaufief 5V 2o Snei PO s LA Ea e Sfene pagald Gtgpizghan the source
imagePbf @?xgﬂgfjﬁ Opddifisel B HBvemetdot ? St B 24 aﬁh%#‘@ﬁé& relative to the

hi's nmost never the case, a variety

sceng eaﬁareﬁ)reftﬁa h@atibresfthe paetns the Aedtdnage B thate@eespondtodhe target is
ndow 32, and the fact that .if inmage 30 is not the :
taken i, e dhg ¥h g€ PiFlsfenirend D! etméfﬂ (f-nelge whish{rarg s larrmyélzed- Only
plXC{ (z?ﬁ g&ls 'évglgcélf gﬁﬁt ?)n gk{e%ﬁ% 2 %gﬁ{;%lﬁ OJete\{mﬁ/&d {h?és%l'dvfre considered.
Furthéri@desy t8 dvoil €818 5 6siDfes B ﬁqj’cbi'tlcﬁf o heﬁr 1ﬁﬁge 20 1rﬁﬁiﬁ1ch the target is

the target relative to the scene. Therefore, the

hkelyé@h@ fomdgrprigréisgopgifercdf the next | rrage 30 t hat

espond to.the tar t he set of
o T CER et RRESEy S rRERR 8, Uit el B, to track the
targétsln%‘séﬂuéﬁtdlmégéb BOPI %8l elidd, JrefeldncbhlinBo % o3 isf deplaced with a new
exceeds an adaptively determ ned threshold are

referenceswitdlowthasédion therpixele corraspanding td thedargptonithé mest recently acquired
a portion of the next image 30 in which the
“naﬂe% is likely to be found apriori is considered.

Recently, a new technology, whose most notable application to date has been in remote

sensing, has matured. In this new technology, a scene is imaged in several spectral bands.
Such imaging is known generally as “spectral imaging”. If a small number (fifteen or fewer) of
relatively broad spectral bands (for example, red, green and blue bands) are used, this technique
is referred to as “multispectral imaging”. If a large number of relatively narrow bands are used,
this technique is referred to as “hyperspectral imaging”. Page 8 of the Appendix lists a typical
example of 19 adjacent spectral bands that span wavelengths from 435.3 nanometers (blue) to
891.1 nanometers (near IR). The “spectral images” acquired by spectral imaging are three
dimensional arrays of intensity values, with each intensity value corresponding to the intensity
of one scene pixel in one of the imaged bands. Figure 4 shows a spectral image 40 that consists
of L IxJ spectral layers 42. Three spectral layers 42 are shown explicitly. The presence of the
remaining spectral layers 42 is indjcated by ellipses (...). Each spectral layer 42 is a
panchromatic image in its own right. Thus, spectral image 40 is a paralellopipedal array of

pixels indexed by three indices i, j and I, with ie[1,]], je[1,J] and le[1,L]. Each vertical
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This cross-correlation procedure is repeated for
subsequent images 30, to track the target in

wanlsemsent i mages 30. As needed, reference w PODW.28@4/000650
is replaced with a new refetence wi ndow based on the
pi xel s corresponding to the target in the nost
recently acqui red i mage 30. Recently a new

collSENIAN OGN ;WIRSF. T0S tnd 0L BRI R ARRLIGALI R LE 198 & ffar index: pair

serisi g, ure
(z,]%ﬁﬁ' ianeuaﬁﬁy of RinJ¢@NEis Ir&”etr%ﬁlﬂ‘i%rém a$ gvaX@1 v&gee! r al
ands. Such imaging is known general "spectra
i rra@ibﬁgiuSlyl fpestrehrithigendfriiacluddsi moeee informationethin @ﬂy of its component

A8, PR Aol At (0, SR L8 et ) v
forfneérghgl%q?nﬁg  basd pidhidnSRRGI8E. TRER B ¢hus o JVId@lyI @Ecggemzed need for, and

relatively narrow bands are used,
it waddbe highly advarfagequsdo haveys Mt oSpakingd targmglan i based on spectral

. Page 8 of, the lists aty |cal exanpleo
images Suehas lg@geﬂﬁﬁfisra Owalecl%la IS lmﬁ%#‘?-
435. 3 nanoneters (blue) to 891.1 nanoneters (near IR).
The "spectral imges” acquired by spectral imaging are
SUMMRAR YIORENKHEINYENTIONs of intensity values, with
each intensity value corresponding to the intensity of
one e@d@lgpwéne Rrasegh d1vention dhereds dpovideta methed, o8 tracking a target,
inc u th@ s?‘q?)g%{“ (? %gﬂﬁ%%ragigrs{s %3%5?‘ F]%F% Bgarl géeﬂgt}{aalifgncllhdes the target; (b)

& el Payer
desﬁg@[&hhg It }éctraﬂ?&eﬂih@@ i v fin e fifse BPdoiial in e tHak alcludes a respective
yers 42 is indicated by elllpses (...) Each spectral
Plulrdyilé of pixel geeiofsa (O acaWBing @ jeerbspaetrk l;magﬂmf thghspene that includes a

reSB?Cilé(F §§\%ﬁg@ %pxﬁ(ynfa?eltcég, I?.I?‘Ch fde%%}c%irrle%ﬁag %ﬁj aﬁc rafj‘}{eference window
Wll‘ille([lé' sé’dond)éﬁf:dtra? %ag’tn %e?&iyl otﬁﬁungl-:@ﬁijbe‘!‘&fridléiﬁ)hcﬂhéﬁﬁh Qfmaximum of

spectral iimge 40, the set of 'pixel intensities
thei hypaxenelngomﬁmgm@n than aorresp@adang &0 2 lqcafion ehthe ddrpetin theegoene.
of

Veotsporilng,y Wagnsent yEiebiah erage DAY o R JRBLOGf recking a target,
f
nc AL BP0 1 s S EREPRIRARE cERRE By LAKELE e s )
designaghg ragspec(ral) referercet wirklomwnminathei figt epemtrdbnbaged (c) acqmrmg a second
panchrorralc |mag@There|sth reco

spestaldnage o desc?rfe l}}yael{g@rrﬁlﬁaﬂg ijlegag%{ 5?5 nee }Vg‘xréﬁm@th the second
t. fin k b
spe%trgig ¢ F&% ?m&g{gg}‘;shlgtﬁmﬁlsgt g%p %Me}eg@ﬁe?ﬁﬁrﬂloﬂn a maximum of the

hym&wfalatimt funciiomges soredspasdingagen dratiGIMINRY tﬁfgeﬂ' HEE the scene; (e)

| NVENTI ON . o .
acquiring a first panchromatic image of the scene; (f) designating a panchromatic reference

window in the first panchromatic image; (g) acquiring a second panchromatic image of the
scene; (h) correlating the panchromatic reference window with the second panchromatic image,
thereby obtaining a correlation function; and (i) combining the hypercorrelation function with
the correlation function to obtain a joint correlation function, a maximum of the joint
correlation function then corresponding to a location of the target in the scene.

According to the present invention there is provided a method of tracking a target,
including the steps of: (a) acquiring a first spectral image of a scene that includes the target; (b)
designating a spectral reference window in the first spectral image; (¢) acquiring a second

spectral image of the scene; and (d) hypercorrelating the spectral reference window with the
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According to the present invention there is provided a
nmet hod of tracking a target, including the steps of:

wo ajosaceguiring a first spectral inmage of a sSceP€TAL2a04/000650
i ncludes the target; (b) designating a spectra
reference window, in the first spectral inmge, that
i ncludes a respective plurality of pixel vectors; (c)

acquiring.a second.s t.ral i e, of.t.he scene, that.
scoil I BEREY d PR BETY (o BBRS! 1y PetcoRPielRs s 2 Higimum of the
hyp\%ﬂ%o#%)éﬁ%ﬁ%ﬁ&ﬁh%érﬂ BorkEPoSBRE k6 al10ERHRIANES talbAdR e scene; wherein

the second spectral imQe, thereby obtaining a
each ypartmb imagesintlodes: (@mct fissh speatrabbdndunclofdingloaly wavelengths below about
hypercorrel atjon function then coryespondi.ng to. . .
720 Bagmetirs and eheva g0 FapRECiste D) 2 AL dPRgTal hend dncluding only
o nvent ] . C ovicd _ _
-fASHER, SR Rfrhich L) £ 8] WA band inluing onty

wadleigittis Befova about $05 spemhatals. | mage of a scene that

includes, the target; (b) designating a spectral .

r ef AfdiBgviPrile wIessnt Hyentions thees, esc proyided i gusterp fpr tracking a target,
. A C . e of >
ine AL 0 oRspRCILRERE 1 nk TSR sk SEEAR e o o

inclulles grcandt; YPRE tnicthahisMder dedigi-giy 208eairalireftréhce window, in the first
hypercorrelation function, a maxi mum of the
spepiygl dmages Siehinclides ankespestive plialityrofepiselnugoteysit anda(c) a processor for

RS e S b, SOFAEF ST ) 355 Tpgee, ety

obt@&AnRANE Ay HTBS - aticl BMBAGE AVhARRYrh Rviidiéoff doibponds to a location of the
panchromatic i mage; (g) acquiring a second

targshincthe oeraei ¢ i mage of the scene; (h) correlating the
T LT M AL T -
incl]EuEllfqﬁ : :(%rh sp%@ﬁal(ihﬁag&ofg?'a%ﬁlﬁné IRsihirRSEe/d @eg&él%ages of a scene that

n wth the correl ation function to obtain
includenthectarget] €1)i @ pafamomaton imaging mevhanish foneacfuiring first and second

correlatjon function then correspondi to a | ocation
panghropaic  ages of rﬁl? RS b 2 FSE A 9’33{9 Slepignatpigea gippctral reference

c ti i oyide . i .
YRR DS 6 BB Bt e
windpecin ee firaganciromatic émegd;haid (e)cd petesssohdot: afi plypercorrelating the

(b) designating a spectral reference window jin, the .
spegirgl sefergpee vindow yifhdhe seeondiensgieliimges thaenebtawang 3 ypercorrelation
' ..of ) e: ) ' .
kB o B SRS, PIOSRESSASE MR 5o panctromasi
imalsBRgRretyh ebiaiingdat edrfdlatbna il Hb,Caid €ligt ¢odibihbgCthie ORypercorrelation
a_maxi mum of the_ hypercorrelation function then .
funetiny adthofi pepreleficn fuetion da dftainhe jelat getrelaior Hianction, a maximum
scene:. wher.ein each s tral i e includes: (a) a
Wh?IFCFefrs]ctOhgf)peO@le gﬂ a g)ﬁﬁtbo 1 nﬁtﬁtﬁ%{ﬁr%eé “gﬁ\%fc%%\‘/el engt hs bel ow
aboplcording to the present invention there is provided a system for tracking a target,
including: (a) a spectral imager for acquiring first and second spectral images of a scene that
includes the target, each spectral image including: (i) a first spectral band including only
wavelengths below about 720 nanometers and above about 605 nanometers, (ii) a second
spectral band including only wavelengths above about 720 nanometers, and (iii) a third spectral
band including only wavelengths below about 605 nanometers; (b) a mechanism for
designating a spectral reference window in the first spectral image; and (c) a processor for

hypercorrelating the spectral reference window with the second spectral image, thereby
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720 nanoneters and above about 605 nanoneters; (b) a
second spectral band including only wavel engt hs above
wab@in10520 nanoneters; and (c) a third spectrabPCharedo4/000650
i ncluding only wavel engt hs ®el ow about 605 nanoneters.
According to the present invention there is provided a
system for tracking a target, including: (a) a
ob éq{ypbﬁﬁﬂgfatlf)ﬁ FinrRGiH] & miBithihSvhaREf 8684P6nds to a location of the
spectral” 1 nages of a scene that includes the target;
targdd n therseetzani sm f or de3|gnat|ng a spectral ref erence
V\Ans,g in the first ectral ga&lo t hat i.ncl udes
" 65 DBE LFTTLBTEGF aPF BSPOACTRPafers BeojosmAnaade Sirucfires, whether mobile
or MRGGES gﬁc}L&r Tﬁﬂly LA ra‘hﬁ b Stk Hﬁgfléﬂ?hé‘bﬁ’(?feta fidds c{)ﬁﬁ@ §&HE Such as terrain
W ndow’w t secon spect ral "1 mage er eby
feanhé¢sathat ngycbenysedrio aricat tiel mavidationali Syﬁt.errﬁofl”arx ufbtehned aircraft such as
wher eof corresponds to a | ocation of the target in the
airegaRB. According to the present invention there is
pr o n [ [ . .
) ’fggggseeg% f{h%%és%ﬁt @%%ngfglts gg%ergﬁ,e g ﬁé)”% Alfined in equations
(1)?1@)@ GLY, Bl deflBHES nyp&c&ﬁﬁﬁl@orfﬂiﬁtwbéiﬁé sesnédRidewd 8érived from a first

panchromati c_i magi ng mechani smfor acquiring

SPef:tralstmamd agé cospgopdispentishimags. | thhirebypsteartelationetalies g9 account the

oyl PH EHE S Rei ) S PP GG QRSO BE RS fhan one speotral

barddo! THESpreftaield By RrddeEAbR 'I@tdb@mﬁ&f B ERPRCHg nﬂ’l@V\Intéﬁsi‘h@? x and y of
first panchromatic image; and (e) a processor for: (i)

equatipes dorand|(2), iangd théreprodeds,rwith thef earmspendimgpiol vectdrs and their inner

t.he second spectr i mage, .t her eby..obt ai ni ng a )
Proﬂg}‘a%r O anSBREl. i Ib Rect a7 QRS B PAGTOReoset vectors, prior o
riﬁ@ 'ixﬁﬁ?ﬁ)fd‘duﬁﬁf efiRrEieed dOMYN! dFrde D Fe RGS %Péjzfl erages, either of all the
nchrona I c i mage, thereby obtaining a corre
plxéluvm:tormm therspedtial ithagesrbionemgpithble sobsees cHthe elixad | Iveditors in the spectral
. function with the correlation function to obtain a
1mageP-nt correl ation function, a maxi num wher eof

t
COr SRR Bk AEAGI CabAbR S5 AENSh, 1B L SAETE: e pror

corfe\]éttoarﬁuflctiori Troaﬁdclkﬁbe argas Getlocatioalofdhagixel fdctd@s that correspond to the
spectral imager for_ acquiring first and second
tar&%éi:fal@n tp paghe seff ofapixeleyrstars genteied| arths pikel vestage,) for which the

hyp% gtefa?%ﬁ%%l?ctloh% Exindlg fd' ng: (i) a first spectral

I'nc ng on y wavel engt hs bel ow about 720

NanpRedrebls, Aoh avbvitie 3panhl GRSz ARRRpSding parchrotatic images of the

second
scene are acquired, either mdependently of the spectral images (albeit simultaneously with the

acquisition of the spectral images) or by “stacking™ the spectral images. (“Stacking” a spectral
image means summing the spectral layers thereof along the wavelength axis.) A joint
correlation function is constructed by combining the prior art correlation function, obtained
from the panchromatic images, with the hypercorrelation function, preferably by selecting, at
each pixel of a panchromatic image and at each corresponding pixel vector of the
corresponding spectral image, the smaller of the corresponding correlation and hypercorrelation
values. Subsequent processing is applied to the joint correlation function rather than to the
hypercorrelation function.

Because of the limited computational power typically available to a real time weapon or

surveillance system such as aircraft 20, and because of the relatively high cost of spectral
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spectral band including only wavel engt hs above about
720 nanoneters, and (iii) a third spectral band
wo p@bodisny only wavel engt hs bel ow about 605 naPOTYHL20048000650
(b) a mechanismfor designating a spectral reference
wi ndow in the first spectral inmage; and (c) a
processor for hypercorrelating the spectral reference
imanfingd esmsotd, hit iilprefeeaiﬂ@ do ape ainta ltwb rergliree relatlvely wide adjacent spectral
therebyobtalnlng a percorrelation function,

bangg i Thilifvp isede e Ieserlgr & pefgEed é"’aé(ele@%@tb%lﬁ By heﬁéeen the two bands is
aboﬁ]l?%ﬁtnahgm%{é?s Sgteftﬂﬁee Jigs LEL 3%(? BEelf‘EfFeadswg%%I}gﬁle Iboundanes are at

erern ers t o man-m
aboiiPb03 endT720 meHelictegs. such as t ank 10, and to other
di stingui shabl e features of the scene, such as terrain
f eaAuS‘Yé@nt h‘éthemaysené inysaton & gimiilento theepmrawrg systemm @f Figure 2, with
rcra

ima SO g ERANE, wlhi ! irbasttaio shecedl bigBhanid i processor 24
repﬁ@éd 6v¥tlri)a pr@&esgiﬁfthdﬁ @fpletheRBURE bl%ﬁﬁthﬁﬂs) of@Rpredant if¥ntion.

defining a "hypercorrel ati on" Detween a refer ence
wi ndow, deri ved froma first spectral inmage, and a
ar g Thi percorrel ation.takes
BRﬁﬁyB%g‘“ 'E ég Al mg}ﬁg&yeach I ndex par r (ij) of

LILL Y/ UUUUJII GSLCTTO O,

a S”Pﬁé:gl[’r\%k} tibl 9_|_ re'n{‘fd@%d'r'ﬁoreﬂo Cor r%P ¢ a@rﬂ?”%th reference to the

spectr e pre erred h i on

mmmmpabmegdnwmmﬁphhmﬁmg t he |ntenS|t|es X and y of
Qns (1) and their products, with the

cor Bogi?BWﬁﬁbﬁﬁg?gF \¥68%%r s and their inner product s.

Mbs t

Conlrt:rIlgn? ':22% ?Se ﬂvaélgtdlg 1cﬂbfg rgf % ¥ﬁ§ EQ‘E %{(S?Jn? ofﬂfh{ch el?Ijgyent invention is an
hnmwvmhmﬁs The preferred common of fset vectors are

avera either of all the pixel vectors in the

e%lﬁc' érshprrﬁ@@'s\n@romt@rmsagﬁ tWith arefuprosteinddws he pi xel
vecﬁﬁishgwgfq%%&;&gf:% i mges. The resulting

hypercorre URStron is used in the sane way as

t heFI®. 505 a 8¢HenEt depiatibO6f dnifhdrdBd bﬁcﬁft%‘f'ﬂlet ﬁi@sent invention.

target: the location of the pixel vectors that

correspond to the target is taken to be the set of

ctor (ij) for

T maxi m zed.

Pr eﬁ%r ﬁi*é‘séht 1ﬁ4/€91'ﬁ9n% fo!F al ﬁ%th%ﬂ%ﬁrﬁgtefﬂ%%cm a target in successive
correspondi ng panchromatic images of the scen §

specitd innagas, of @iscérer Spacidioalizg et prysent irtviestiepennt bealsed wgmdc a battlefield
gal beit sinmultaneously with the

The principles and operation of spectral tracking according to the present invention may
be better understood with reference to the drawings and the accompanying description.

Referring again to the drawings, Figure 5 is a schematic diagram of an unmanned
aircraft 120 of the present invention. Aircraft 120 is identical to aircraft 20, except for the
inclusion of a spectral imager 122, along with panchromatic imaging mechanism 22, for
acquiring spectral images 40 of the scene, and except for the substitution of a processor 124 of
the present invention for prior art processor 24. Processor 124 implements the algorithms of
the present invention in conjunction with the appropriate prior art tracking algorithms, as
described below. It should be noted that the inclusion of both imaging mechanism 22 and

spectral imager 122 in drone 120 is optional. The present invention is described below initially
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acqui sition of the spectral imges) or by "stacking"
the spectral inmages. ("Stacking" a spectral inmge

worr@i®1@sum ng t he spectral |ayers thereof al oPQTALRe04/000650
wavel ength axis.) Ajoint cobrrelation function is
constructed by conbining the prior art correlation
function, obtained fromthe panchromatic imges, wth

with FRp& pe rleDtisecdBénlP Bpdatial ihedes 40 £iefradby spyttral imager 122, and then
sel ecting, at each pixel of a panchromatic inmage and

witharespest Fo therse shthesk sngcipalivlagesdogetherofith penchromatic images 30 acquired

.correspondi.n pectral inmage, the smaller of the
by%@@ﬁ?ﬁﬁ?ﬁ%@orrel ation and hypercorrel ation val ues.
Subgeginant 12006es ab&e the RRRIRD ﬂr&:etg%g 129 fks spectral imager 122 to

correlation function rather than'to
acqinyep spartual énagésod0 fafnihei battlefBdd audrcraft 120 tlanshitedpectral images 40
conmput ati gnal power typically available to a real tine
acquigssohirpaeing mgehanisiy 127 & sonshleslfe nParchgematicimagey thap grg formed by
f. lafi [ . trali '
socBERUSEA kLS AF 3L WELIORA E08) Bl aPILID BOURGIng: acs

theredd! aird \di$ptaystiden abg agddsdt (SRl reft chaolts 16] f Wivd bpdidor 14 sces a
are used, the preferred wavel ength boundary between

panghsemetigimagedbat includes qunmpeyl pixplovastass gorresponding¢o taakidg, operator 14

.are used, th ref err.ed wavel ength_boundari es are at .
desiifen T phith VEOGmariOm B LR e PR E B BaBee to pick the
pandRRRfid BhadeSindichl (i LtHa_@ cbll?@sgﬁﬁdl & takt105 Y BARRRficds ¢ t@nsmitted to

2, with imagi ng nechani sm 22 replaced with an

aircafﬁpllibviaatoansms'catioml chianeg]ek8. Ancbrdingto ghe pessentrin@ention, a reference
. replaced with a progessar_that |nplenents the ..
windpl Raoeets 5 B LI Qe ielaiihe Grst ‘Bt imaas 4 et epptains pixel
N g . . . _
Vect\%:syc-gggs@)?gw 0 Oe;l]_ %%étwf‘ft s:pg?ra'lﬁn 4 rﬁ%ﬁgﬁ tPEdeinWternatively as

erence to ft
the éfrstyrgpactydl ighags ddvandas thetteefetence’Fpectrdl igfagwd0a The reference window
battl efield scene; FIG, 2 is a schematic depjction of
thatdls lefiged a the Justeipeeralvifagn 40nis gy S&nrectangulat apay iof pixel vectors
cn PRGN o SR BB SFRof PGyt i
refefehe window dithGhe nBktl spedtR ithd 040 B cafstHdRE A percorrelation function
aircraft of the present invention.
Hyper(ij). (Note that the hypercorrelation function Hyper is called “H” in the Appendix.) The

argument of this hypercorrelation function is a pair of pixel vector indices (i,j). For each pixel
vector (i,f) in the next spectral image 40 for which.the reference window can be centered on
that pixel vector while still being contained within the next spectral image 40, Hyper(iy) is

defined as:

<E s Ve mn e i >
Hyper(z':j)=_1;? he> Yic| B2 J-1eh, | K 12 14k 3)

h=LH k=LK ”Eh,k “ Ij;i—l_H/2J—l+h, J-lK12]-1+k
where %, , is the (h,k) pixel vector of the reference window, ie., a vector of L pixel intensities

xnxt l€[1,L]; ¥, , is the (k) pixel vector of the next spectral image 40, i.e., a vector of L pixel
intensities s, [€[1,L]; the notation < 5,5 > represents the inner product of two vectors a

and 5 ; and the notation ”&“ represents the Euclidean norm of a vector a. In other words,

Hyper (i) is an average of normalized inner products of pixel vectors of the reference window
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DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS The present
invention is of a nethod and systemfor tracking a
WO 2009@105#N successi ve spectral inmages of a SCePET/IL2004/000650
Specifically, the present ihvention can be used to
track a battlefield target. The principles and
operation of spectral tracking according to the
andP E&?&BBndiﬁ% %ﬁie‘l QBctARYoBe Rekt Pect At 200withtthe normalization factors
reference the draw ngs and the acconpanyi ng
beide porduptsiodithe Redlidean ngynagdithe relevemiaigelawtciogs, Figure 5
i's @, schemati iagram of an unmanned aircraft 120 of
t he 1B desaiipn PG veciors & 414 g Fopettal s 40 gtrespond to the
TG i ixdl \RcloRe bisbRA & % &br (i) for which
tm&&&gé@%’z?%ﬁ%ﬁ?&#ﬁﬁ%ancﬁr omati c Prr%{gl ngignggfﬁvgnirsr(rﬁ’]) or whie
Hypa(i,/§ os mesimiirédg Opbcipixels i(iypgies whichf Hyper(igy eaxecedanah adaptively

except for the substitutiaqn of gﬁpﬁgocessor 124 of the
g

deterainech threphndéar gonsiderpd-i oho Ayl d0spitvesgonly a portion of the next

spaohrC fiaee 4¢34 &EEL%H?%%J Ee]ri]l?élg 951 deh ﬁﬁmﬁfa:ﬁ}?orp (S 36 M dered. This
i'nventi®n I n conjunctiof wth the appropriate prior

hypeiréorfel Al rEcaliugolsi tepeed RS salgsqudnbepednal Bitagek U0IH @abk the target in
e noted that the inclusion of both iImaging nmechani sm

sutpequentispsgiealtimages #hger 122 in drone 120 is optional .
The_ present | nti.on i g. descri bed bel ow ini.tiallyw th .
r eoERREURY THiFen ToRaliop et Har Tlilue bkt Ryt pitn wsed with
spdd¥aBiRRiekd 40, thABEE bnl2kargRAly b&&R (Ninl the FRBRE 6btalRd Wb®g Corr(i,) with
use of "these spectral inmages together with
panphrorhatcnimdges i30agds B@usseduinrtbe Appendiegitheyreasah fori this is that all the
. 22, As aircraft 120 flies above the battlefi el %P
INtSHEE v @I?LPQSI%%SSOS@@EP& dhe p%bg?ctqrgzxmotegé deii goarallel. Therefore,
. spectral images 40 of the battlefjeld. Aircraft 120 )
1nsfqggﬁ)§ g rgwg@{@la\{ec’{%g)e%e 51 B@&d sidg Oglﬁqlilaﬁlé)ﬁi (Y S%thed pixel vectors
arer@s%H a4 1%98511@5 pg)?el %9@94 1) péoglgt lﬁa&i%ﬁ i X&iér{ggﬁ"?qbé&@lt vectors of the

are forne acking s ral 1'’mages

refSeidd WehdBRe aiel MiftddTBYSEbtARIAL WRGefthif dBMBOAeAX&S0or X, and the
thereof, are displayed on the video term nal of

pixePREAbR iibthe \ogD sﬁ&ﬁ’éﬁhﬁi%elﬂo SREShifled BH RHOIRINCtheRBGF a common
that includes summed pi xel vectors corresponding to

offsaniectbd, ¥ gpeCteoprefetredexingnen effsethuetorpitleas|is sebtrante] from the pixel
usi ng a conventional nechani sm such as a nouse to pick
vedttre of dectefearemei windowgis anrateegs of alf Yhet piae! wotorespibadefemnce spectral
. tank 10. These indices are transmtted to aircraft 120
imaget0c omuni cati on channel 18. Accordi ng to the present
invention, a jeference
X D Fni @

xOﬁ - Eh:l:l,k=l:J
Another preferred common offset vector, that is subtracted from the pixel vectors of the
reference window, is an average over a suitable subset of the pixel vectors of the reference
spectral image 40, for example an average over only the pixel vectors of the reference window
itself. One preferred common offset vector, that is subtracted from the pixel vectors of the next
spectral image 40, is an average of all the pixel vectors of the next spectral image 40:

- 1 -
Yo = U, D T 5)

=L1,k=1:J
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wi ndow, anal ogous to wi ndow 32, is defined in the
first spectral image 40 that contains pixel vectors
waevosesEaendi ng to the target. This spectral i nROETIAR004/@®0650
referred to herein alternatibvely as the "first"
spectral inmage 40 and as the "reference" spectral
i mge 40. The reference window that is defined in the
Anoftick tefeRET béinoh aEget dddtdrs than idbibhactca Tah e pikelayectfrs of the next
pi xel vectors centered on the pixel vectors
spectrel maagsoildiingn averagecven s uitablepdsesefthe phl vectors of the next spectral

. h rgorrelates this f erence wi ndow wi th the next
Hna%%@gt TesHHB® WrWeiaglr?Qtfﬁrﬂfgltopﬁﬁ a hypercorrel ation
function Hyper(zy). .GNotLe that the n’p rco_rj;el>ati on
f uBlybergry)-yper % callba TR ARG KBERELTY The  (6)
argument ofZK hirgrdny Val 4 omf unedlhiam Yg| a pair
of pixel vector indices (ij). For each pixel vector
(i ) ohe vahientrefxhisgpeatinel fomeagh pigel fvectontyi, ¢hthtemmon offset vector
ref erence wi ndow can be centered on that pixel vector
that Whsiterasteld| frorhethe gixebneaons ed the tidoniatddeHne Kt wipleot isadn average over
i mge 40, Hyper ') is defined as; Hyper - - -_>%3) )
onlyrke piyek ¥patorsaihgassociptpf. X B windoy. 2{? Vol iR\equationy (@) then becomes a
is the (h,k)pixel vector of the reference w ndow, '
function of fandsiet or of Z pixel intensities Xhci, Ze[l 5L];

yh z.i:S t he k) pi xel wvector. of .t next spectral
/1 Shu Shgr festils Pl (57 e o pREdHp BREC ks 30 and spectra
imagdeR[40 SZhe stiR, Bed %m@ﬁ‘ﬁrfgaCQﬁ(igP%@H%&&iﬁ i€ a ljSiRB Eorrelation function
product of twdo vectors a and ; and the notation
Joini(j.A [thatrexplodts chotls thelrsendHirdty olc@orr(ig) 1 the intensitiesoof the tdrget pixels and

o SRS IrEAE b Bl SRR U O Bt e e
corrdh PRI E ot Tb18 3L LARINIHIRY X&) th¥ SGhRh&ixOf "Fﬂ%el:%r@ﬁi‘rteg é'oint correlation

spectral 1nage 40w th the nornalization factors I ng
funcpon ducpixebby-phxel mirdmudeaCorgi,yendfHytpesi /el evant pi xel

vectors. The location of the pixel vectors of the next

spect r aloinHEYs M [CRE(/LHYPEEdnd to the target is ()

t Ny ; [ : Vet or d: .
he R4 SIS, SOk op HAElifERhOr  RERNRLESOR S wre scqied
sepatély fivnX speetral imagbod0, Whinghpahiyhrembild iBxgeE dRclidhism 22 simultaneously

adaptively determ ned threshold are considered. To

withspeetepl fimpeer 123s b desesbedortioye.a Adisratizplyopnly tspeqtiak imager 122 is used,
spectral..image in whi.ch t target js likely to be.

and BTt Rt FBTRes D S PUE et Toht kelrah Focter ozp Syeiing spectral

, - f o H —

una%é% qt@ %?(%i{ggﬂgék %ﬁaﬁgl@% gget:s tiﬁﬁre&%’ Of BB RhsiBPEShp Hents WREGBxel vector ¥,

of a spectral image 40 are x;;;, then the intensity of the corresponding synthetic panchromatic

image 30 is x,; = in, j1- By analogy to the corresponding operation in exploration
I=1L

geophysics, this summation is referred to herein as “stacking” spectral image 40.

Because of the limited weight and electrical power allowed to the on-board systems of
an airborne platform such as drone 120, and because of the high cost of hyperspectral sensors,
it is preferable to use fewer spectral bands in the present invention than in conventional
hyperspectral imaging. Although spectral layers 42 of a scene that are acquired in adjacent
spectral bands are usually expected to be similar, it has been found empirically that for many

terrains of interest, there is a relatively sharp break in the spectral character of the scenes at
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subsequent spectral inmages 40. Hyper(y), as defined in
equation (3), has been found to give results, when
was@d/omsth spectral inmages 40, that are only nRCeTIRad4/000650
better than the results obtidi ned using Corr(y) wth
panchromatic i mages 30. As discussed in the Appendi X,
the reason for this is that all the intensities X are
aroup®F20inaBomsters. h8imikdr |sharpebrpakechavedebnmeported ihahellitevatnee. Ses, for

paral |l el . Therefore, instead of using raw pixel . L.
examplet oh-s Kentemhesty phnt Jpighgsectal gesieny Ruiigh 15“3; mine discrimination

perfq/e gpé?e’g ocegdzné.{e 8} l@ze g‘P?E On lﬁe%’cf 1ior ec%%e?%d}#ﬁn @e%)ﬁ ologzes Jfor Mines

| Spar ate

and XER&IKe . a@ﬁez‘& Wevéleﬂ(ﬁ%pp} QIWQHQQWpﬁ[ 2060)] beedlsbyfor example S. Kumar
subtracting therefroma common offset vector xoff and

et alg, h‘Beﬁrb@é% alroexirastion plgorithes Ky stassificationefdyperspedral data”, JEEE

TrarRiogs o) g s B SHE SO S5 e aPy g}, e Kenton et
al. phﬁer%“iﬁ b 36h86habing BohtdL:. PKxkr ¥eAt A6ted Qhc B&alfsefneirﬁi'ﬁ@a%mg context;
Wi ndow, is an average of all the pixel vectors of th
but their foemcwas ppat paitzornég:@nmsﬁl@nsf(h@pempmmé Ampgasf oty b@rsls sets for
t hat racte

fiset t
tandRE Ay RRE e REY PRPEPECETAOhaBIFe P& i Bhvia gueeks for the
przoﬁv Er r D gggxls ec%fdp%ﬁﬁdsofn HQ@ RigiRItIAECIAQN Sesefibdd®n the Appendix,

ence i mge 40, for exanpl e an average
anothmelessapﬂo;mmﬁced praale lin ﬂ&apmt@l ohara¢ter sfghesesnones hanbkew found at about

itself eferred, conmon offset vector, .that
605 BINGIeLELs- e@ﬁ?rﬁé’ﬁ‘? At [aagey 4 o6the mspseptVRian pors@a?alsa}nclude only

two #)ﬂggnee X[?ecghlzté Aﬁhg&@rr%e}?a!rﬁopl Bﬁ_t\mz é?écu)é? LsSis Af first wide band
fromh43¥. xhanlonieteiﬁtwmﬁem;mpmfeey amﬂa eamm widé baet fromcI5Brnanometers to 885
that is subtracted fromthe pixel vectors of the next

nanogisstr df Preffitsd emplesofdireq sppeltr bandsris & fgh band) fsom 430 nanometers
to 6%g%ﬂ1ng%rs t ;;' ?ﬁt‘cBhé % J 25LPES5 ﬁg?oﬁﬁeqerg &8 t’7t2§ %%ﬁsﬂl@!e &Rﬁ& third band

résulting ypercorre 'on function Ts
ﬁonﬁZ(OZIlahomeiersYto‘97B manorhétess. - > (6) K h=i H k=ik y h -0
”v}}n 2 -i+A>I _[A /2 j-1+Ay Of f\ o
ile the invention has been described with respect to a limited number of
embodiments, it will be appreciated that many variations, modifications and other applications

of the invention may be made.



In one variant of this procedure, for each pixe
vector y J , the comon offset vector that is
wapdwsnasted from the pixel vectors of the assopcBIRU044000650
x K window is an average ov2r only the pixel vectors
of the associated Hx K wndow, y -" in equation (6)
then becones a function of/ and/ Still better results
are obtained by acquiring both panchronmatic i mages 30
and spectral inmges 40 of ,hevscene and conbi ni ng
Cotr(ij) and Hyper(z,/) |ABPENB correl ation
function Joint(zV) that exploits both the sensitivity
of Corr(y) to the intensities of the target pixels and
the sensitivity of Hyper(y) to the spectral signature
of the target. (Note that the joint correlation
function Joint is called "JHC' in the Appendix.) The

USEfOF THE SPECTRAL DIMENSION T0 IMPROVE THE.RESULTS
POFMATCHING ANTOE TRECKING OF A $ELECTED REGION

T o Ty )5 | Cl\y re—pH
Con(ij) of equation (2) Panchronatic i mges 30 are

acquired separately from spectral images 40, using
panchromati c i magi ng nmechani sm 22 sinultaneously wth
spectral inmager 122, as described above.
Alternatively, only spectral imger 122 is used, and
panchromati c i mages 30 are synthesized from spectra

i mages 40 by summ ng spectral inages 40 along the
wavel ength axes thereof. If the intensity conponents
of a pixel vector X1 of a spectral image 40 are xV /,
then the intensity of the correspondi ng synthetic
panchromatic image 30 is x J = x,Jj By analogy to the
correspondi ng operation in exploration I=IL
geophysics, this sunmation is referred to herein as
"stacki ng" spectral imge 40. Because of the limted
wei ght and el ectrical power allowed to the on-board
systens of an airborne platformsuch as drone 120, and
because of the high cost of hyperspectral sensors, it
is preferable to use fewer spectral bands in the
present invention than in conventional hyperspectra

I magi ng. Al though spectral |ayers 42 of a scene that
are acquired in adjacent spectral bands are usually
expected to be simlar, it has been found enpirically
that for many




terrains of interest, there is a relatively sharp

break in the spectral character of the scenes ataround
wO2@snasenet ers. Sim |l ar sharp breaks have beePCT/IL2004/000650

reported in the literaturel13See, for exanple, A

Kenton et al., "Joint spectral regi on buried [ and m ne

di scrim nation performance”, Proceedings of the SPIE
s@ioPeyection and Renedi at i on Technol ogi esfor M nes
—andi vl‘n'el I ke Targets V, vol. 4038 pp. 210-219 (April

2000) See al so, for exanple, S. Kumar et ?I

or
I %ixﬁfméﬁ?%%ﬁ ) e B Bl Smine the possibity of
exi? gli t%’abéb'ﬁ@'ﬂ%ﬁ%dDFQM'&eﬁe%tFé'p%’q‘»@Eﬁgal $ensinggin order to
attain ap mpf oyswlwghem@‘q&mﬁr@ﬁ eft the classjsal algorithms in computer
visiem-Inmagtiogas dhe study &iemrds tt maitching taed tsacking nesohanisms that are
baaedioragormglationt methodsutDurireg thd study, Whe Isshavidtost spédtral data, its
pastittaritiesi 4h® he wdpspiar whieht it @ani B @RSy Uthi2sd aré Arfalyzed. New
coh8é t‘saﬁfi%Y&é—dﬁhéﬁélbl%ln@bfr@léhoﬁn‘éré h@é‘ﬁr%&loaéﬁﬁ‘t{h\fo l‘F' these, the
tra@RFn Sitthfe-bitsendibhditdatef F&ME e gr C} ?n%}I Iexpressmn
0

EI ﬂﬂ g e I with spatia
e e

iged by1¢pipRuter processing of real data

mr@fpep al sesseht They epsulisn showr dhapithe spectral
dlmﬂl&slea@damqlmpﬁbmwortam@@n (Retionde peaieamance pr ef er r ed

exanpl e of two spectral bands is a first w de band

Later@m, 435 repporbprstsents variol35posaibdiitissciosednde thes aAamber of channels to

a mintaubaofitie elmrbSisnirehioRiscthat tiroB8h 41800EBL Gidice Of channels, it is

podsiBleetd AstReAIRR! §adbgb MRReTRBCHEFO PSS Crﬁod%lrfd ER&nnels by this

redlﬁ!ﬁ@nfrhefﬁo‘&?’%k%Wﬁf@g@ﬁﬁdél‘étlgg ghgﬁ%'ﬁ'ﬁlilﬁf n 4s WetlC 2 the ability to

im I%H‘%rprom 3@@1 nan% g#@ ll‘!é}(p agé%gs['ers and fe

nanore érs Wil e the

E%% |on ﬁ‘i be descrl Haﬂ bg gﬁ)ﬁ?g{tl-gzp?@a?qo}f rgt}o% which, by
‘?fé WPE&W@M@@@%M& m@shRNiSAS. ofbe results of
apB'b"ﬂQhﬁlel ﬁ@@/nma@hanﬁm%@nmmsae@rcubaefw&mm randomly chosen
refnessTNSti Gy elePRINE arHiRESEESE (D peNBimThihddCediN) t6fmore than one
ordeRACHKI MEa@ikitulleSEVEER ERoRIFEr€iNS YOORE!sSIcT hivio-tdiperidional  correlation
pedommanide; & ternsy offglsetnakhing efteiid Sonesyenahfaehdld'galbs.
possibility of exploiting the additional dinmension
Du@rte"chg%cﬁ%r@' Bfhesd6a! thel twetARicREni e ec} fh #d 8y require a
gel' H'Bﬁn%\é?'@glxélgt Srr'fo‘P@gﬂ{/"‘?SqR e f{@%g jonal correlation,
’fhe? R el et e H@d%@rﬁ’ﬁ ult gpditions, is

In addition to the improvement in point (target) tracking, Combined Hyper-correlation
permits an improvement in area tracking. This is due to its capacity to reduce the
number of false matches, to the chosen image windows (“correlation window”), for a
given threshold. Another advantage derives from its ability to overcome difficulties
that two-dimensional correlation techniques encounter in certain scenarios.

Due to the dramatic improvement in performance, and because of the possibility to
implement algorithms through inexpensive sensors, this study opens the door to
ample and most interesting opportunities that should be promptly put into use.



based on correlation nethods. During the study, the
behavi or of spectral data, its particularities and the
woys/0ies4whi ch it can be optimally utilized arBCT/IL2004/000650
anal yzed. New concepts of tiiree-di nensi ona
correlation are defined, and through these, the
tracki ng of three-di nensional data. For this purpose,
a new mat hemati cal expressign_is specified, an
hyper-correl ati on, t HEELE & CEURTENITS nf or nati on
together with spatial information in order to obtain
an index that reflects the correl ation between two
data cubes. The report presents the results attained
Intrduationput er processing of real data photographed by a
hyper-spectral sensor. The results show that the

Pringipfsd 6ﬂwaimmhwhaa¢@ﬁe?atmrabmﬂgrt ant contribution
to performance. Later on, the repoit presents various

i i L : r~0f channels to a
U St T S S o e
correct, choi ce,of channels, it_is possible to reduce
Corerisgh %V%&%P@ﬁa@aﬂs? finbuc-dinsssiong! Siesratelian Byd Three-
dimenpgiang TCORTSIHAL ActakPhefos consi deration their
contribution as well as the ability to inplenent them
Definition of JapreusiceHyper-coresdption CombsipingoBsatiahaddf Spedttay Infermation
third nechanismis defined, Conbi ned Hyper-correl ation
Conwgarisbon Batwaehi thiet Performdrics 6 hapioved IyE& RRAStIGH #fd Improved

Twotdimerisitaral Cwpraigighani sns. The results of applying the
new nechani sns on two | ayered cube, for thirteen

Diﬁc{rﬁpﬁ@%%ﬁhé hﬁﬁ?ﬁa@?ﬁ foand’ ﬁ%g\éﬁ rfﬂs%éé%aﬁ %%%1%

rovenent 1n p or mance

rder qf magnitude when conpared to ¢l assic
App e melP B HV B8 PO aleioR ChuRs s caehbiors Cuke s of
fal se matching criteria for seven threshold val ues.
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definition of three-di nmensional correlation nethods,
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Spectral information nostlyénmeasures tens of

| ayers/ pi ctures, and because of that it weighs down

the conputation systens. In addition, it depends on

sensors that are still very expensive and not

sufficiently small. Therefore, a second objective of

this study was to exam ne the possibilities of a

limted use of the spectral information, of up to two

or three channels, narrow or broad, through sifting or

fusion. SoRiNbLEDERNBERBICIAL ICARRENRIRAN TRARKinG

still be possible to obtaln a clear added value to the

classic algorithns of conmputer vision. Two-di nensional
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drac lng wmdow
determmatlon m es ln o consz eratlon different kind of noise sources,
like spatial quantization ~ location of pixels, electronic noise, and the like, that will
cause the correlation value at the matching point to be less than the theoretical value
1. The lowered threshold which permits the identification of the matching point even
under noisy conditions, will cause false matching points whose number will increase
as the search area increases. The search area is a function of the external dynamics
of the system in which the tracker operates, and of the estimation function through
which we attempt to reduce that area. However, situation may exist whereas a large
search area may be required and this will increase the danger of false matches.

|nd| o ut e ot | ati on
t
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ec amsm

A possible way {o allow larger search area, and at the same time to keep low the

potential of false matches, is by making the fracking window contain more unique
information, and by developing a technique that can exploit this uniqueness. Such
unique information is engulfed in hyperspectral imaging.

Before explaining the technique we wish to establish criteria to judge its performance.
A good sign of the success of the matching mechanisms will be the quantity of false
matches on the entire original image. That is, the number of points over the
acceptance threshold, on the full auto-correlation surface that is created by correlating
the tracking window with the windows around all the points in the original image.
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current image, X(i,j) is the intensity value in pixel
(ij) of the tracking window X, Y is the w ndow around
pixel (mn) in the current imge, Y(mn) its intensity
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we W sh to establish criteria to judge its
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X(i,j) is the spectral vector in location (i,j) of the tracking cube X, and the vector

X'(i,j) its transpose,

Y is the sub cube around (m,n) in the current data-cube,
Y(m,n) its spectral vector in location (m,n) ,

m = m-[k/2+1]+i ;and n=n{h/2+1]4j,

|lo]] is the norm of vector o,

and [g] stands for largest integer smaller than g.




mat ches on the entire original imge. That is, the
nunber of points over the acceptance threshold, on the
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correlating the tracking wisdow wi th the w ndows
around all the points in the original inmage. DEFI NI TI ON
OF THREE- DI MENSI ONAL SPATI AL- SPECTRAL CORRELATION In
hyper spectral sensing we exchange the panchromatic
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daizteidReqsth tie tdisetuthekiatgcutasg tonfindnd abcH, wenserioaw at teacking in
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dat @ gebRriods poiBts Heide] ag alsatihiatnegesranatoatetermine an
Re o thredabR: sddpaisel9f arfdveqaips tav ¢ wahenen thaehypesborrelation
barfalef Fire arldifaelothtion) ekapeak tieio threstadld, omofdentd beaccepted as a
phégible hadtessing pbiat.account  si mul t aneously the spectral
and spatial 1nformation existing in the tracking cube,
P ARECEhdck tykédiif tHEinElugBA ofthis sdtitorianseeakigfdringtion in the

daframfoPpceSHIGH iRfaePbrirg) £50uBn irpoléd perfoiaiie @ seems
R e hyper-correlation, is given in (2), where the

sum of products of intensities in (1) is replaced by

the sum of inner products of the spectral vectors,

CUMPARFSONDBETVWEEN! aME PERRORMANCE =OF KWO-DIMENSIONAL
RRELAT NOXTHREE-DIMENSONAL | HY PERCEORRELATION IN

YoTuAl TidA®RsFe Himn) Ts the hyper-correlation

function value for the spatial location (mn) in the

§HE 'S Rbada ba viHidPwe péifbrnddins B8mpREEiVE Blst, \HRBL&8N thB correlation

'aﬁ? Al sém:o(’l‘e{a{t%n Phatéigg He@ﬁ&\i%s,%é%ﬁa&%ir@ﬂ ByldrsIveeb@mercial

?Su f-blooht SarhEANFRAS ONIK (VBIBINEHNERR HRPRINGE OGRS dpLfdl channels

Rd GRS WY &5ttral@HaRnEdPPhe set of data-cubes of 19 channels was chosen

for this test. The corresponding panchromatic images, needed for the test, were

generated by summing up the intensities of the 19 different layers, for every data-

cube.

The location of the channels in the spectral axis, and their widths, are given in the
following table:



Y(mn) its spectral vector in location (mn) , m=
m[k/2+1]+ ;and n = n-[h/2+1]+ , |[]|o|| is the norm
wobkomseuisar o, and [g] stands for |argest i ntegRCT/IL2004/000650

smal l er than g. Applying thdd9hyper-correl ation
function, as defined in (2), we performa conbi ned
spati al -spectral correlation by cal culating the cosine
of t he angel bet ween every spectral vector in the cube
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conparative test, between the correlation and
hyper-correl ation matchi ng mechani sns, was acquired by

a comre
To perform the test and t%e analysis, a tracking point was chosen. The spatial area

of the window of interest was specified as two pixels in each direction from the
tracking point. That is, the window of interest is of 5x5 pixels in the panchromatic
image. In accordance with a spatial coverage of 5x5, a 5x5x19 cube of interest was
selected from the corresponding hyper-spectral data-cube.

The test was supposed to determine in which case the uniqueness of the information
was clearer, using the suitable similarity measure. The performance criterion was
the number of false matches, obtained in the entire panchromatic image, for the
window of interest, versus the number of false matches, obtained in the entire cube,
for the cube of interest. Which obviously means that the smallest number of false
matches found demonstrates the best performance, or the best utilization of the
information in the algorithm mechanisms. A match was defined for every point in
which the correlation, or hyper-correlation, value exceeded the. acceptance
thresholds.



push-broom canera, in the VNIR (VI SI BLE+NEAR | R)

range, in 48 spectral channels and al so inl9 spectral
waebasnelsg? The set of data-cubes of 19 channel BCER004/000650

chosen for this test. The @orrespondi ng panchromatic

I mages, needed for the test, were generated by sunm ng

up the intensities of the 19 different Iayers for

dat ocation of ,th n I

The rRRARRE. BRESOIds, At o “C’QE%

hyiiemciqsiw éian@%énéié@aﬁt [&RPSR &t to check the
sengitvity iof ihb@ﬁrho&fiiaﬁh@ gng @A@mdn@fﬁ?éiy erygﬁiess of the
thregitnld areh thee cerreleionamesbesisn, aamfmmngerm%mﬁceichggked with a
thresinsldédeered B64%4at1d 50%anonet er 10 nanoneter 4 260

478.5 nanometer 5 nanoneter 5 256 486. 3 nanometer 10

Cldit ﬂ%rérw&eaﬂ&n@%s%n@ﬁbmt atd tharahe mgper-carr@ldBon mechanism
wouitPs O\iiiaéi E Lﬁri \V@i’ﬂ@ﬁ?iﬂe e o%@énc%'ﬂb&n AR ELbasBd on more

i e5editit r
VA tﬁe Vit ’i% L %‘: ARG
et o fe e e e mda@§% EHfEkYe hypSs comelation

U'W BBnet er 15 143 699. 5 nanoneter 10 nanoneter 16 111

760. 6 nanoneter 10 nanoneter 17 90 800. 8 nanoneter 10,
In Hablenttese shewsathesesslis of dhe twe-dimensiopateeirelation function whose
values range between 0 and 1. Performance was measured on a panchromatic

image and also on three separate monospectral layers, each one of which
represents, for the purpose of the test, a panchromatic image acquired in a narrow
band. The resuits of the correlation and the threshold mechanisms on each one of
the four images were not essentially different, even when they represented different
information: a “green”. layer, a “blue” layer, an “NIR” layer and an image that
comprises the sum of the 19 layers. High sensitivity to slight changes in the value of
the automatic threshold is noticeable, and it caused an exponential increase in the
number of points that exceeded the threshold. This indicates a flat correlation
surface, as can also be seen from the statistical measurements of the surface:
average, standard deviation and the distance of the maximum from the average, in
standard deviation units.

orreiation and

TP | 0.99TP | 0.9TP | Average | Standard MAX
Deviation | Distance
Panchromatic image | 30 | 3095 | 192626 | 0.2010 0.1270 0.7797
480-490 nanometer 11| 2719 0.8961 0.1292 0.8037
545-555 nanometer 25 | 2784 0.9012 0.1277 0.7738
795-805 nanometer | 32 | 3040 | 181779 | 0.8934 0.1270 0.8398

Table 1: Number of points that exceeded the threshold in a 512x512 photo under
two-dimensional correlation, and correlation surface data

The number of pixels that exceeded the threshold lowered by 10% in the
panchromatic image reached 73% of total pixels.



19 48 881.1 nanoneter 10 nanoneter To performthe test
and the analysis, a tracking point was chosen. The
wapatsioais4ar ea of the wi ndow of interest was speCi/iL20a/000650

as two pixels in each direetion fromthe tracking

point. That is, the wi ndow of interest is of 5x5

pi xel s in the panchromatic irrage I n accordance wth a
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NIR, BlHedsgends I hat were aut omatical ly|defined,| for . the

correlation and hyper-correlation functions, were
Table 2eNpriear\of bpinttiat@xtebded the theeshald @hﬁﬁ(hyﬂlﬁ correlation cube,

sensitivity thﬁd1lfr¥] pereftatibry slitigce aggh. t o al so
indirectly check the robustness of the threshold and

If we kgﬁé rg?ﬁ h@'tﬁ fﬂﬁ%tjr ecﬁfd %@ %ﬁ r\'égis fhe lowering of
the tg; & g {@1 ; ;Mrng 1L ny rééﬁ@gﬁ aﬁ hegc(ceed it, as
can ?rteseﬁ\{/ %P‘ &r ?B ti on nmechani sm woul d show cl ear cut

i mprovenent in performance, being that it is based on

nore information. But, the results were worse, mainly

in the sensitivity to threshold changes, as we wl|

see below Continuing the research we were able to

find an explanation for this and to define a corrected
Of coupsts] iBrposeiiets uve Hypertokektieh ahateRing e cuBBs with any size L,
as long as L is larger than 1. This also includes cubes obtained by reduction
through sifting channels of another cube, or those that are obtained by reducing the
number of layers through mergers, which are done by adding several layers into one
layer. In Table 2 are also shown the hyper-correlation performances of a
degenerate cube that contains only three spectral layers (the same three layers that
were checked separately in two-dimensional correlation). The resuits were similar in
quality to the results obtained by the 19-layer cube, and just as disappointing. The
reasons for choosing these layers and the reasons for performing hyper-correlation
on a reduced cube that contains only those layers will be explained below.

Attempting to exploit the obvious difference between these layers in order to improve
results, an alternative matching mechanism for the cube was devised. In this
mechanism a logical “and” of the two-dimensional correlation results, obtained for
each layer separately, was taken and the surprising result was a significant
reduction of the accepted points.




In Table 1 are shown the results of the
t wo- di nensi onal correlation function whose val ues

wo ange1dset ween 0 and 1. Perfornance was measur BAT/GRO&4/000650
panchromati c i mage and al s@2on three separate
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t he purpose of the test, a panchromatic inage acquired
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In the hyper-correlation function definition (2) we included products dependent on
the angles between spectral vectors These are the angles between vectors in the L-
dimensional space, where L is the number of spectral channels. In the same L-
dimensional space, all these vectors accumulate in the first quadrant only, out of the
2" quadrants. (The term quadrant is borrowed from the two-dimensional axis
system). For example, the three-dimensional space has eight quadrants, although
the spectral vectors, supplied by the three-layer cube, are all found in the first
quadrant. This is due to the fact that the measurements in each one of the layers
cannot have negative values, and thus, they are contained only the quadrant in
which all the coordinates are positive. This accumulation causes only a slight
difference in the angle between matching and non-matching pairs. As a result, the
difference between the hyper-correlation values at the matching points and the non-
matching points is small. The accumulation is, obviously, a detrimental occurrence
and a mechanism must be found that will cause the vectors to scatter to the other
quadrants and in that manner also cause an opening in the accumulation and
clearer differences between matching and non-matching situations.

In addition to this accumulation into one quadrant, there are other problematic
factors:
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the graphic connection between Layer 18 and Layer 19, and also between Layer 18
to Layer 16 in Figure A2. But if the pairs are mixed, NIR and VIS, as in Layer 18
versus Layer 14, and also Layer 18 versus Layer 10 in Figure A2, the elliptical shape
is slightly blurred. This seemingly occurs because of the anti-correlative behavior of
some of the picture components, probably because of the vegetation, about which
we shall expand below.

A more exact analysis, by way of Principle Component Analysis of the data, provides
the main axis directions, and also demonstrates the narrow dimensions of the hyper-
ellipsoid when it shows that only a small number of axes, out of all the axes, have an
appreciable width.

Comment: This behavior is also characteristic in the individual case of standard color
photographs, and justifies the conversion from coordinates Red, Green and Blue to
coordinates Hue, Saturation and Intensity, so that the intensity axis | is in the main
axis direction of the ellipsoid, and in that manner a better sources allocation for the
data is achieved.
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mechanlsms remained as they were. The mathematical expression for normalized
hyper-correlation through the moving of the axes origin appears in formula (3).
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where CN(m,n) is the normalized correlation function value for pixel (m,n) in the
current image,

X(i,j) is the intensity value in plxel (l,j) of the tracking window X,

and M, is the mean of the intensities in the reference image

Y is the window around pixel (m,n) in the current image,

Y(m,n) its intensity in (m,n) , m=m-f2+1}+i ;and n=n-h2+1]+,

and M, the mean of intensities in the current image,

and [g] stands for largest integer smaller than g.

COMPARISON BETWEEN THE PERFORMANCE OF NORMALIZED HYPER-
CORRELATION AND TWO-DIMENSIONAL CORRELATION FUNCTIONS

In order to check the effects of this change on the results, the process was run again
on the same data, replacing the correlation functions for the new ones. Indeed, there
was a significant improvement in the results, as far as the number of false matches is
considered, and also in the reduced sensitivity to changes in the acceptance
thresholds values. See Table 3. For example, lowering the acceptance threshold by
10% gave 213 matches, a result that is better by several order of magnitude
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bet ween Layer 18 to Layer 16 in Figure A2. But if the
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notideathac egisteridecof nafural thrskholdlylintsase0.8f &t axslAp®, which can be
takeR! & an alternative to the existing threshold mechanisms, if needed for some
reason. In comparison, the histogram of the surface before the improvement showed
the accumulation of most surface points at values close to 1 and actually proved that
there is no possibility for a robust automatic threshold mechanism for that same
correlation function, as can be clearly observed in Figure A4.

At the same time, on Table 3 are presented also the results of operating the
improved two-dimensional correlation and here also we see an improvement in
results and a lowered sensitivity to the threshold value. Actually, the two-dimensional
correlation in this specification is the correlation function being generally used, and
its advantage is also in the fact that it can overcome the changes in illumination
levels in consecutive images (though the mean subtraction).

From the comparison of results obtained from the Improved hyper-correlation
function and the improved two-dimensional correlation function, it is possible to be
convinced that spectral information indeed results in higher performance than that
obtained from the panchromatic image. The improvement, that was expected,
justifies the introduction of the spectral dimension as an essential addition for
computer vision systems.
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ed signature is found in the signature
library. But in the problemwe have here, the relativ

In; ﬂi"érﬁﬁqt@nowet ﬁbaglfﬁﬁ@ﬁﬁ% engf of fie v‘?ﬁﬂt%sor@B}eé"&% ofj gyper-spectr al
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Theretdre dypathesof @pproashesearithniethodsT rut shisfhardfiotstate that there is
alfgddyi 8 daBivfictorly bleai & tef pidigerdl In eaeh briecbetife approaches, it is
desirable to begin with a high spectral resolution and a consecutive presence of
channels, and from there to continue with a sifting of channels and/or increasing
their width through fusion (merging). The data that we have is in a spectral resolution
of 10 nanometers or better, and this is a reasonable starting point.

During the stages of this research we adopted an approach that says that it is
possible to understand the problem through an examination of data behavior.
Naturally, the most promising direction was an examination of the similarity between
the various channels. Logic tells us that when the similarity is low between pictures
obtained in different channels, each one of those channels has unique information
that is not found in the other channel. And, when the similarity is very high, they can
be unified or one of them can be relinquished — providing they both show the same
level of similarity with other channels. In other words, Channel | and Channel J will
be merged or one of them will be sifted out, if | and J are highly similar, according to
the specified measure, and provided the similarity of | with any other channel K is
very close to the similarity of J with that same K, where K represents every one of
the other channels. The last condition is the condition that seemingly exists
whenever the first condition exists, and that comes from the definition itself. A
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Thus we define a “block” to be a sub-matrix in the CM, where the difference between
every two elements will not be higher than a certain low value U%, for example 4%,
as a typical figure. A “block” of channels will consist of these channels that
participate in the creation of that same sub-matrix of the CM.

On top and inside the main “blocks” an additional “block” structure with less
substantial differences may appear. These structures did not recur in the CM of the
different areas whilst the basic structures recurred in every CM of every area that
was checked. Figures A5 and A6 below are examples of the “block” structures.
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ofcg glog abserpon £ s fopgy gner 2@1 externa ectron behaviour to a
molecular vibration, also summarized in the Table on page 74 (see Figure A7). If this
is actually the reason, we must still search for an explanation for the physical source
of another recurring break line in the visible region in around 600 nanometers.

At the same time, this break line together with other break lines can maybe be
explained as consequences of the vegetation, inasmuch as chlorophyll has a
number of other weak and narrow absorption/emission lines, as for example, a
maximal absorption at 443 nanometer and 665 nanometer and on the opposite a
peak at 555 nanometer, and that is actually where we find some of the break lines
between the blocks of the CM. But this explanation does not justify the continuity of
the similarity in the consecutive channels which yields a wide “block”, as can be
seen in Figures A5 and A6.

A possible explanation, that the origin of the phenomenon is in atmospheric
interference which was not removed, is not acceptable, being that in the CM the
effects of multiplying and additive influences are cancelled out by the mathematical
definition and remembering that the linear model is accepted approximation to
atmosphere effect, and also because the phenomenon recurs in images at different
places and conditions.
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Now, when we have improved the hyper-correlation, it is interesting to check it on
the same reduced cube, and see if it is possible to obtain good results near to those

obtained on the full cube. And if this is possible, then we are supplying a solution to
spectral tracking that is applicable and less “expensive”.

We also wish to check the various alternatives of reduction in accordance to the
above criteria, and the options to reduce down to a minimum of two layers. We will
also check the implications of substituting the narrow representative channel, which
was taken from a “block”, with a wider channel that is obtained from the sum of
“block” channels.
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Table 4: Number of points that exceeded the threshold under improved hyper-
correlation of a full cube, and of a cube reduced to three representative layers, and

Improved Hyper-Correlation surface statistics.

It is possible to conclude that:

At the cost of a slight reduction in performance, it is possible to reduce
the cube to only 3 spectral layers correctly chosen from the given 19
layers, for tracking using Improved Hyper-correlation, and fto still obtain
noticeably better results than in using Improved Two-dimensional
Correlation, on panchromatic images.
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Table 5: Number of points that exceeded the threshold, and data statistics of the
Hyper-Correlation surface, when applying Improved Hyper-correlation on a cube
degenerated to two and three layers.
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appieati®h of NepRiveadigidtidi@relation on wide two-layer spectral cubes. From it,
we will also be able to extrapolate to cubes with three wide layers.

Since we anticipate the lowest correlation between the cluster of visible range
channels VIS, and the cluster of NIR range channels, as we observed in the
previous section regarding the behavior of the CM, and as reinforced by the resuits
in Table 5, we will create a cube with two wide layers that correspond to those
ranges: a FULL-VIS layer obtained by the sum of the channels up to 700
nanometers, and a FULL-NIR layer obtained by the sum of the channels from 700
nanometers and up. Merging all the channels in the visible range, we merged two of
the basic “blocks”, and lost the different information that they supply. Applying
Improved Hyper-correlation on that cube, for the same object, and with the same
threshold mechanisms used on the full cube, produced the results indicated on
Table 6. To permit easy comparison, Table 6 includes, once again, the result gotten
of the full cube.

A comparison with the results of Improved Two-dimensional Correlation on the
panchromatic image, which are noted on Table 3, show that despite a lowered
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At the slight cost of splitting the 450-1000 nanometer range into two
layers, and the use of Improved Hyper-Correlation, a significant
performance improvement is obtained, under the -criterion of false
matching, compared to Improved Two-dimensional Correlation.

COMBINED HYPER-CORRELATION: USING THE ADVANTAGES OF EACH
MECHANISM

Until now, we have shown the improvements attained from hyper-correlation, even in
its degenerate case. The improvement in performance level was based on a
sufficiently strong spectral distinction, which did not vanish even when we used wide
layers where some of the spectral information was lost. The spectral information is
composed of spectral shape
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(6) JHC(m,n) = minimum (CN(m,n), HN(m,n))

This mechanism remains very inexpensive computationally and it guarantees ‘to
perform, in the worst case scenario, no worse than the Two-Dimensional
Correlation. In almost every case, we expect to have better performance, and
believe that even in those problematic situations, there will be a significant
improvement, being that the points of difficulty of both mechanisms do not coincide.

We will check, for example, two of these real situations.

1. A problematic situation for the Hyper-Correlation where an aimost homogenous
color field cell is checked, but with shadowed points. A simple situation for Two-
Dimensional Correlation.

2. A problematic situation for both of them is when we check a field cell that is
almost homogenous in color and in intensity.



were relatively close to those of the full cube. Even
if there is a certain harmto performance level, this

WO g00800i5kgi bl e when conpared to the great savi POBEIL2004/000650
obt ai ned when relinquishing716 channels. In Table 4
are presented the results of applying the Inproved
Hyper-correl ati on on 19-channel cube and on three

Figuré%%ﬁgﬁé%ﬁweﬂm%s%q?r%nisaé%&émﬁ iR Ghel GoySlagion and Hyper-
Correlgin r 8Bulgmt theh Liessespite pdvapigee of one

methed d@mﬁggeoﬁ?r 8(2 féljm Wé

gre ek ase sshayyy e |metﬁ>gr@m§eﬁ0fea type-2
situatidrgnantietheys show & caspl wif nghanedr dificlitpwoFigurendi dnalhows the
histogramisbfitheoB ombireech biyper-Quatsistionapfer sittblioed THrdl 2THs easy to
reallzéVﬁé\ﬁ%u& are ibltdivedraniegprdfed awberes tihe ddrifatbh3values in the

erred 7\%99 ea” ‘ﬂ@?ﬁe %ﬂ ﬁh&rreééhéd Iav %@u@@%re@hﬁ@@ﬁclear-cut
divisi n%@?@ (a‘e ?Fé% thalH® BLnf er of points that
exce i % ?%S |%ﬁ?of a fu L{:S'u e, gh fngé gﬁ%e reddrargaﬂcally
three representative | ayers, and I rrproved
per-Correl atjon surface statistics. i's possible
This @ma&ﬁmemide Reiermange; Aktaingad thspugh e gﬁmm@%&vpeﬁcmelatwn

givespus adpakies @eriormagce daprovament incargadragiing (iece 8 alse yandles
field &lspebosatistingtomsisowtreffidignityhcdean asrisrshom ipi therhigiograms on
Figuresayd@® Aftr tracking using |Inproved Hyper-correlation,

and to still obtain noticeably better results than in
Finallys wd leﬂTRie@(‘bﬁﬁ AWepdafrRiS @ahe Qﬁfr[e%habb @Bts Worder to see the
addl’uBﬁEFlﬂﬁﬂ ec?emT 8t WYe e @ rrelatlon
The ée%e ofﬁ?‘é 8! r‘?rTa%le 8, and

wio St

they *a?w A e%;u poyefisht fas, atdined:3pAgog oimRingd Hyper
Comglaliq, amgﬁr%g &emf%e'? weér&L@a't O¥HRRH P£ more than
one ydar iof mggnitude compared to Two-Dimensional Correlation. This is a very
significant improvement.

Threshold Avg. qty Avg. gty Avg. qty Avg. qty Avg. qty Avg. aty Avg. qty

vaiues by type of points. | of points. | of points. | of points. | of points. | of points. | of poinis.

of correlation Threshold | Threshold | Threshold | Threshold | Threshold | Threshold | Threshold
=0.65 =0.70 =0.75 =0.80 =0.85 =0.90 =0.95

Combined 1739 836 398 160 53 4.5 1

Hypercorrelation | 9039 4955 3476 396 136 33 2

2D Correlation 20708 14627 9496 5410 2530 848 73




whi ch are the essential channels? The test was nmade by

executing I nproved Hypercorrelation on a two-|ayer

wa@ s/ 010587 ch i s obviously the absol ute nm ni MuNPCT/IL2004/000650

possible, in the three possBbl e conbinations. In Table

5 are shown the results obtained for the three pairs:

(NIR Geen), (NR Blue) and (G een, Blue). As
ﬁﬁﬁﬁ% the reduction in perfornmance becanme nore

signi ant, and in one case it becane essential. This

When.s5 eF z‘tWhen Sy naltoreiar ?%p&;eg/%térfivg layers, and using

Gmabmaddiypwm@melaﬁ@@emebﬁaMd it lmpp@\zfement b€ more than
oher egrdeyt fb;b*rﬂ%!gﬁwtdd@ fhapagforhfahceerpepetié haenbbR of false

S g PR A e oA al Gorroaton

at. the cost of additiognal slight perfornmance
In Bigyee Ade, arershowngrapng| of the peﬁ‘@rrean {ncbicaiad omelable & that is, the

avejageonkiperformance levad @t thifesni ebjeaiscfort sevan Hyeshetd values, for
eath ook "theTkhi@ed amecitardas AvEhaggrapitgoraddgcipiiont alte=aly3 shows the
inhprogememd eattdided 6 aBf9in- Patiififan). heSingrod@aternil & Combined Hyper-
chirelatiGheen 2 | ayers: Green, NIR 25 39 503 -0.1 128

0 4177 2. 6641 2 layers: Blue NNR 23 38 660 -0.1 146

KehfEse kébeabg\‘} &t here a new
%ﬁé q:o& %‘?2 BW %Qgﬁg‘% ssibilities to

| p n we must see how to
% %@mc? %&‘8‘ E%m?é;i e 450 000

n%rm teﬁgare?fp@ w f@rm@orrampatq fisible and irar Infrared, through the

usp gefiltergias@n eauiv@leahmecharisMm.ayers. Is it possible to
conpensate for the renmoval of the NI K channel by

taking three

—



channels fromthe visible range? The natural choice is

t he subdivi sion "block” of the C that correspond to
wo b@sneds7 t he green and the blue in a col or caP&T/a,2004/000650

whi ch nakes it imedi atel y3available for the

degenerated cube. The results obtained are al so

indicated in Table 5, and show that indeed, the

addition of the third channel inproved the perfornance
RIiﬁvel but did not definitely conpensate the |ack of

YHE , and what's nDre the perfornance | evel of the

two |ayers, one of wh R%% was better in nman ,
[Thspdchalesat. PSR TR haél\fetrmogeé magsny ET i SpRgiremeter
quleir dransfefaSpasiroseppy: Uanl@i%rngtmmh@@wfemdeaﬁdﬁ@d bytJ.A.
Hasietl,) Amieeican hisstiletesaf Rhysicspoorierémde Bodasedings 433t1998, pp170-
186houl d be thoroughly checked out. The question of the

wi dt h of spectral layers is still open, with a col or

[2Fan®y aHeshiOPTRE S AdaRbiORR s#At THitESitioe shal |
refer to that question below HE REDUCED

Otwu@l. E@r%gg«vqow ngﬁan [ ffigaton
ro ing IO Iogles for
@-)angg] hgt qrgetgs N gﬁﬁo it

reductlon, three layers and two | ayers, wherein each
one has a cost, which rises accordingly, in reduced
performance. The aimof the channel reduction was, as
can be renenbered, to enable a short-term

i npl ementation with i nexpensive and avail abl e
technol ogi es. Wien we check the possibility of

i mpl ementation with "offthe- shelf caneras, we could
encounter the problemof narrow band filtering to

mat ch channel s as were tested above. Therefore, we
have to exam ne the application of I|nproved
Hyper-correl ati on on wi de two-|ayer spectral cubes.
Fromit, we wll also be able to extrapolate to cubes
wWth three wide |ayers. Since we anticipate the | owest
correl ation between the cluster of visible range
channels VIS, and the cluster of N R range channel s,
as we observed in the previous section regarding the
behavior of the CM and as reinforced by the results



in Table 5, we will create a cube with two wi de | ayers

that correspond to those ranges: a FULL- VIS | ayer
w@bdoaionsa? by t he sum of the channels up to 700PCT/IL2004/000650

nanoneters, and a FULL- N R4Dayer obtai ned by the sum

of the channels from 700 nanoneters and up. Merging

all the channels in the visible range, we nerged two
ApMNERe basic "blocks”, and | ost the different

i nformati on that they supply. Applying Inproved

Hyper-correl ati on on that cube, for the sane object,

Ir?Bﬂ:{eWtB I&hg tgeaﬂ%?)et lt' odéﬁhi;gﬁgﬁn g pe%gegwc%t hr%ttge matrix of the
Iézrersf { ngg grjog(g{‘f llt IWﬁeg’ro@nUb his" report, data
cg tle, lph@ Sgﬁ'qur B peﬁrqﬁs @Hg gbp[ergUSQVIrq(tmental conditions was
takemp abifeiexample different §mesofsiay; Aiifessricseasons, and so on.
Two- di nensi onal Correl ation on the panchromati c i mage,
Ivnkdditiony in ordiee do bava dbé eo3sibiifyto detine desgi accusately the boundaries
of tiver'bidpks’T, avhiiah carel thieelvavblengtispanehichoaiichthd thleak lines” in the
sGedEssidm ef resrdldtbrolaluee hatreenothes hafdifin ﬂﬁ?é#sedjéta cubes of 48
é\ﬁréﬂ" | Hsa\)téfé taleh. srfnelste RivER {refd it eeqht ectriflbands of 10-12

o V.E gfggt pap g% et e,

sm\tetena%xagye%% qrh&aph (ool St pdhe normalized
CP RGEIMAI LD SRSASUERE AUKAB. Wt CalcHEunG rﬁ“ Tpresented through a
g3y §§a46|raa B e whigh thepeaxigia! o1ale ohwag; Masked as white. The data
cubes ravered. urbantaiese, piraharsiaggmixed ereas, epeas émwhich a major road
covars cakigpificaat part, ofttherimagehand so powdrifuiest Ad8 uphtd A17 describe
theeresults of fise goratized Covarianeiiatrix CM éar the five espreséntative areas,
whidhy ated diffasranuiriicharactenfibin ewbh cddthex Déspite kigavdifference between
tHePS| Uit TRUStBS asBuiBE hah P eaAhres, hf%:‘ltﬂi’iﬁé Rirbaf HELETa vegetation
eiletsvglfﬂé H 1 %mugmmm fl‘h%ol%L RORIA'EnB0% A& umed that the
f {; actr VIBF'B? othe Q/%g t%np}'gsrggggnts an important
po Sk lndt ucrt1 re &ﬂtﬁg rontalized Lovanahes atrix; as specified in the

report.

If we observe the five different Figures we will see that all have the three basic
“pblock” structure, on which more complicated “block” patterns are superposed,
seemingly derived from the special contents of each field cell. The behavior is
according to the specified in the report.

The “break line” that represents the clearest demarcation line of the “blocks”,
appears between spectral layer number 26, whose center is at 715 nanometer, and
spectral layer number 27, whose center is at 730 nanometer. Meaning that, the
“pbreak line” is found approximately at 720 nanometer. A weaker “break line” appears
between layers number 16 and 17, whose centers are at 600 nanometer and 612
nanometer respectively, that is, its location is approximately at nanometer 605.

These “break lines” appear in all the normalized Covariance Matrixes presented
herein which represent field cells with different contents, and also in other additional
cells. It must be noted that, even if the variety of cells was great and they could be
considered as representing numerous and common

landscapes, field cells of sandy areas were not checked, and neither were desert
landscapes.

In addition to these two “break lines”, there are other, less noticeable lines, which
demarcate “blocks” representing characteristic components of the specific field cell,



On these objects a tracking point was taken and around
it a 5x5 wi ndow of interest and a 5x5x2 cube of

WO naosnesst7 f or t he two-di nensi onal correl ati on POTTE2004/000650
the hyper-correl ation, respéctively. Instead of taking
t he usual adaptive threshold, which does not permt a
"transparent” conpari son between performance | evels,

' j i Wffe =d f _the.two .. .
ﬁ\rﬁ%@%ﬁ)f & lyﬁ,é%@%t?eta%!ée ngﬁg&#g%@}qagﬁgscﬂgé% particularly noticeable
i nni %t .95 and down to 0.65, in steps of 0.05.
For these thirteen objects and the different threshold
val ues, the nunber of points that exceeded the
threshold in the two mat chi ng nmechani sns were added
up. Their average values are presented in Table 7. The
results definitely show the inprovenent obtained
t hrough the hyper-correlation, even in its nost
degenerated case. Average nunber of points that
exceeded the Average nunber of points that exceeded
the threshol d upon applying of hyper-correlation
t hreshol d upon appl ying of two-dinensional on the
two-| ayer cube VIS ALL & NIR _ALL, correlation on a
panchromatic picture, on on thirteen objects and seven
threshold thirteen objects and seven threshol d val ues.
values. 0.95 0.9 0.85 0.8 0.75 0.70 0.65 0.95 0.9 0.85
0.8 0.75 0.70 0.65 2 33 136 396 3476 4955 9039 73 848
2530 5410 9496 14627 20708 Table 7: Average of points
that exceeded the threshold in I nproved
Hypercorrel ati on of the cube reduced to two w de
| ayers, Visible and Near Infrared , and in Inproved
Two- di nensi onal Correlation, for 13 different objects,
and for 7 threshold val ues. The graphic description of
the results is shown on Figure A8. And in concl usion:
At the slight cost of splitting the 450-1000 nanoneter
range into two | ayers, and the use of I|nproved
Hyper-Correl ation, a significant



pic2 versus pic6

pic2 versus pic4

wawmsaiesensi onal Correl ati on. COVBI NED

performance inprovenent is obtained, under the

criterion of false matching, conpared to |nproved
PCT/IL2004/000650
HYPER- CORRELATI ON:  USI NG THE ADVANTAGES OF EACH
MECHANI SM Unti | now, we have shown the inprovenents

attai ned from hyper-correlation, even in its

degenerate case. The inprovenent in performance |evel
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pic18 versus picl4

pic18 versus pic16

wore@ksanssns we wl |

correlation faces problens.
and avoi d di sadvantages of the two
conbi ne theminto one funcPCDIL26AI00650

t he advant ages,
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order to benefit from
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wo eooslheosheft and recei ved | ow val ues,

realize how nmuch the results were inproved, where the
correlation values in the erred points were "pushed"

cl ear-cut division between4the good and bad mat ches,
meani ng that the nunber of points that exceeded the
threshold, for the V@édwﬁgﬁgothtrgﬁhgt tgmmlfmgﬁayep&geaﬂe
dr amat i cedr-y A e
obt ai ned through the Conbi ned prer correlatlon gi ves
us a tool |{for performance inprovenent in area

trackin since it also handles; field cells whose
distinction is not sufficiently cl¢ar, as is shown in
the histograns on Figures A9 td All. Finally, we wll
performajfrepeat run on the thifrteén objects in order
to see tsérg additi.onal inprovengnt Wwe can get by
appl yi ng the conbi ned Hyper - Corjr el at.i on. The average
results for the seven threshol d values are presented
on Tabl g, 8, and they show that {a npticeable

i nprovenemt was attai ned appl yijng Conbi ned Hyper -
Correl ati ¢n conpared t{jo the Hyper-Correl ati on, and an
i mprovenent of nore than one or|der jof magnitude
conpar e@%qo Two- D nengfj onal Corjrel ation. This is a
very signiificant hto,enent. Threshol d Avg. qty Avg.
qty Avg. qty Avg. ket Rvg. gty |Avgl gty Avg. gt

val ues Qyitype of of pqints. of point g ijof

poi nts. off points ihts. gf p-|nts of ~
correlati on Thres £1)
Thr eshol dj Thr esho
0.80 = 0.5 =1 90,

o’o‘?r ol M?erm&%'cakv@,& 903 fsgtﬁggge( ,1,3,5{ ;&g ,%

el at | opy20788 NIOBR B4R e svLT on A

73Concl udlqug—c..Wrm Spk‘lﬂél ng the 450-1000 nanonet er
range into two layers, and using Conbi ned
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cr eat i ngP@T/IL2004/000650
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one order of magnitude in performance, per the nunber
of false matches criterion, conpared to I nproved
waemsdicsensi onal Correlation. In Figure Al2 ar BCHI®0MU/000650
graphs of the perfornance Mﬂdlcated on Table 8, that
Is, the = 2 ,
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of the "blocks", which are the wavel engt hs on which
are the "break lines" in the succession of correlation
wo a080805het Wween t he adj oi ning | ayers, data cubecT/mf20843000650
spectral layers were taken46These | ayers were inaged
in spectral bands of 10-12 nanonmeters w de, which
covered, consecutively, the 430 to 990 nanoneter
range. That is, the Visible range and the NIR range.
Approxi mately twenty data cubes of 48x512x512 pi xel s
wer e exam ned . For each one of these, the normalized
Covariance Matrix, which neasures 48x48, was
cal cul ated, and presented through a gray scale natri x,
i n which the maxi mal value 1 was marked as white. The
data cubes covered urban areas, rural areas, m xed

arleas, areas in mhlchgi mWmj or road govers a’
Si gnlfleént part of the |‘;" nge,s amd $0 o Fi gur@ﬂ Al3
up to AEL? descridég the resuit $ of SfPwe nzosmallz@c
Covari ghge I\Bt r i’ 2CM |5h.‘5t%_nf ive? Eepresdntati ve Zreas|
whi ch & é di fenenL_iﬁ:EEEEacFeFEfn©n1each ot hek. (X
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agsunmed ghat tn gach ang”f‘JnQJudlng urhan areas, a. &
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bet ween | ayers nunber 16 and 17, whose centers are at
600 nanoneter and 612 nanoneter respectively, that is,

WO e@sloosat i on is approxi mately at nanonet er 60BCT/T2e&6&000650
"break |ines" appear in al ¥7the normalized Covari ance
Matri xes presented herein which represent field cells
with different contents, and also in other additional
cells. It nust be noted that, even if the variety of
cells was great and they could be considered as
representing nunmerous and common | andscapes, field
cells of sandy areas were not checked, and neither
were desert | andscapes. In addition to these two
"break lines", there are other, |ess noticeable |ines,
whi ch demarcate "bl ocks"” representing characteristic
conponents of the specific field cell,and are not
equal ly noticeable in the different natrixes, as is
particularly noticeable in Figures Al13 and A1401 [ ,
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$00nm >612nm 715nm >727nmor mal i zed correl ati on of
(lj) layers nm >612nm nm >727nmr A- ' A- - - AA
wa 2005/0n38TRl | zed correlation of (i,]) |ayers pPEHERAMN00650
5nm >727nmWHAT IS CLAI VEDSFS: 1. A nethod of tracking
a target, conprising the steps of: (a) acquiring a
first spectral image of a scene that includes the
twiger 1s Chh e gnati ng a spectral reference w ndow,
in said first spectral inmage, that includes a
respective plurality of pixel vectors; (c) acquiring a

secon spe ral of sai d scene,, at incl udes a
res pe ive ‘% ragbnﬁlag%qgegggmapgnggl}ﬁp teRs)of:

hyper reI

1P 8L iR SR e 0 SR RN Ml

hyper dby r elmigmtxﬂgmcspeodmal refenmw mimdost, iBadaill first spectral image,
hyper corr el atl on function then correspondl ng to a

| ocati on ofthgt{ac P@?Sgaeliesﬁeﬁt“é,eah’lélf%@éﬂ@m@ VePtoEs; et hod of
cl ai m(«J:) gﬁl?'riﬁgsg'sgc p e%ﬁéf %!n x%% NS 5 degce g tﬁ‘gt lfl){cludes a

st eps ‘I’'ncl udirng: “f or eac vector o

second speqbgpﬂebtwmgmlt}(d)ﬂplm%ammgn@al d spectral
ref erence wi ndow on sai d each pixel vector of said

seconddkspe dWP&IICOITﬁh@@g sidi )Spt?céﬁal delerensa| WH}S)‘DWe withe gaidr second

of said speg r oW ,CQ) n
product of g%a(lggaleac %ple@é?bWe%qum@f g%%?‘il ' fanction, a
reference whadennaos sﬁd%é@sﬁ@ﬂaﬁbﬂq‘lﬂ@oﬁ e Rorré§ohling to a

of said second spectral inmage;, and
location of the target in said scene.

2. The method of claim 1, wherein said hypercorrelating is effected by

steps including: for each said pixel vector of said second spectral image:

) centering said spectral reference window on said each pixel vector of
said second spectral image;

(i)  for each said pixel vector of said spectral reference window, computing
an inner product of said each pixel vector of said spectral reference
window and a corresponding said pixel vector of said second spectral
image; and

(iii)  summing said inner products.

3. The method of claim 2, wherein said inner products are normalized.
4. The method of claim 2, wherein said hypercorrelating is effected by
steps further including:

(iv)  dividing said sum of said inner products by a total number of said pixel
vectors of said spectral reference window, thereby providing an

average of said inner products.



(iii1) summ ng said inner products. 3. The nethod of
claim2, wherein said inner products are normalized.
wd200Fheosaet hod of claim 2, wherein said PCT/IL2004/000650

hypercorrelating is effecté8 by steps further

including: (iv) dividing said sumof said inner

products by a total nunber of said pixel vectors of

sai d gpect h :

ver age. of o5 ERS 80 R R Herehl G R pBE MR AWoted by

Repafiethet inchaiink: lfglpmch caidediwdlivegior of efifl eedoad spgctial epage: prior

further includin for each said pixel vector of said
%O@B‘ét&gr%flsai Pr‘ifﬁ‘icﬁ‘ff to said conputing of said

i nner j Lxal

sai d Gkt prine il RELVCe g SSAA RS pEELE Ity by o i

of f set vecb@mmo@mifsétv\)ec&iﬂ;éﬂdl ng said corresponding

pi xel vectors of said second spectral inmage by a

seconV)consbifting faideorjespensing pixelrireters o sad éecwﬂép%tal image

wherein sa first £ vector is an average

of said pi ;lgglase%ogfiors Osfgs:‘egéef&?m spectral image,

and wherein said second conmon of fset vector is an

average of said pixel vectors of said second spectral

i rrage 7. The dtbef deing fawhesin said figstreogman ¢fifses vector is an

Ao Yoot bdneetisyof ki A RRE Pl eyt Shglin S8 Second

%ﬁﬁm@h Nof$t destBF ¥ dn GREFRE oFf sfaﬁ?bﬁéﬁ Gb&ibrd 8f 84d BUEIr96pectral
of a subset of said pixel vectors of said second

spaetral i mage. 8. A nethod of tracking a target,
conprising the steps of: (a) acquiring a first

spectral inmage of a scene that includes the target;

(b) designgl %ﬂ%@mﬁ%ﬁab HELRELOGS i RIMMITOARL dector is an
first spectral 1mage; (c) acquiring a second spect Cf
avenye offa el of ceideixd] dpctbyspersanl fist spectral ismpel and wherein said

spectral reference winhdow with said second
second common offset vector is an average of a subset of said pixel vectors of said

second spectral image.



spectral image, thereby obtaining a hypercorrelation
function, a maxi mnum of said hypercorrelation function

wWo b@s/ooseT esponding to a | ocation of the targePCT/IL20@4/a#0650
scene; (e) acquiring a firs$® panchromatic i nage of

said scene; (f) designating a panchromatic reference

w ndow in said first panchromatic i nmage; (g) acquiring

a second panGiuRIESfithackimBataks, %?ﬂg?ﬁﬁﬁgﬁfﬁsﬁ%%)ofz _

correlating said panchromatiC re enc W W th
sai d dekoncacgeinogrdirsitspectiaiiigege dffwegcehythabinafudéstye sarget;

Pyper B r oIEP B TE T REF G i tes aceb iy ikkisbspeetral image;
functi t Al We] ' function, a
maxi mum of Oas?g?gﬁngsgﬁdnggP !rbce aﬁl%ea#lf%@tslc%%’t hen

cor r e{ppndihygercorrelatimg atidospertral hefetancgedindows &lith said second
scene. 9. The nethod of claim38, wherein said joint )
correl at i orfPsGiRét ipAge; dherehy xehigining @ hyperpereslation dunction, a

hyper corr el at i f ! [+ rrel ation .
functi on. fg& e Er{rpe%%ggglg?l% gfrguﬁjfhg%?%%lé’@ﬁ‘ﬁ“ $8jrgsponding to a
acqui ri ng abcatish df fHertarigetianeidrsesms;i ¢ i mage is effected

substantial ly simultaneously with said acquiring of
sai d ¢k st asfatng afirst papchromatic imagesf said scaheacqui ri ng

of sai g sec anchromati,c i mage i.s effecte . .
subst zgﬂti aldf%é}g%ﬁlrrrlﬁl thn&aLf W‘fthegs'eaceac ‘E’l“ﬁgnbf said first
sai d secongasdieshii imdggge. 11. The nethod of claim 8,
wherein said acquiring of said first panchromatic

i mage (8)s efapeitingla bgcond perdhrmatid ithaige o said peeaty al
0e P AL 30 GRS Bl 38 Wl gecond
spectral i pag@rdmaticiniiRE8ekeBY obhfilg £Eorfeldtf¥ndBhetion; and
S b e OR DX
to obtain a joint correlation function, a maximum of said joint
correlation function then corresponding to a location of the target in

said scene.

9. The method of claim 8, wherein said joint correlation function is a

pixelwise minimum of said hypercorrelation function and said correlation function.

10.  The method of claim 8, wherein said acquiring of said first
panchromatic image is effected substantially simultaneously with said acquiring of
said first spectral image, and wherein said acquiring of said second panchromatic
image is effected substantially simultaneously with said acquiring of said second

spectral image.

11.  The method of claim 8, wherein said acquiring of said first
panchromatic image is effected by stacking said first spectral image, and wherein said
acquiring of said second panchromatic image is effected by stacking said second

spectral image.



(b) designating a spectral reference window in said
first spectral image; (c) acquiring a second spectra
w0 pwge1h7 sai d scene; and (d) hypercorrel ati ngPEHIIR004/000650
spectral reference wi ndow wWth said second spectra
i mage, thereby obtaining a hypercorrelation function,
a maxi num of said hypercorrelation function then
corresponding to a location of the target in said
scene; wherein each said spectral inmage includes: (a)

a firgf Spﬁ%étﬁéd@ﬁf&kiﬂgoi%eﬂ%oﬁiﬁfﬁm estepasths bel ow

about 720 nanoneters; and a second spectral band

i ncl u@) ng sgpiringafEistspgeing imbes of atwsue thrp ickulss tettangst;
13. The method of cl ai 2. Wherein said.spectral ..

i mag e@Si nclaFERatRg ?S%Eicgﬂll iefarenee Eg%giﬁﬁggigmcbgl 1mage.
bands.\ 14. ﬁ.]ﬂr%eit is j idfirst
spect c%II bag:ég I nc %g%%@ggﬁ yﬁvl\g]s I%fr%?ﬁﬁs&g%g%gl abolutrs'

605 n@honehwesorrlatinghaid®i speeteat hrefaentes paatoval withresgel second
includes a third, spectral _band | ncl udi,ng onl ) )
wavel engt h@%@@lo%ﬁg@@ utherds  ABIRENRS é%fgpr%ﬁgoﬂemﬁom a

of claim : ' aj | ' olp. BY
said fi rstll?la)él\é@%g{fgr@ tt]ﬂale?%?%%g%h a: %anggegcéloglgg% ztoa
syst em f orlotationkdfnke ardedirgeid seeaepri sing: (a) a

spectral_ imager for acquiring first and second
wheseinrearh paid geestrakimags schedefhat i ncl udes the target;

\(Mb)n dg@‘e Cha‘?"ﬁr?tmsée%{r Y 'i‘x?élgﬁﬂg ?roélg;gf‘%&[v(ﬁ%bg&gflféi&{? Cébout 720

in said{i1rst spectr includes a

respecti vengonietdrs;taydof pi xel vectors; and(c) a
processor for hypercorrelating said spectral_ reference
wi ndot) wi t 4 seceind speciesh basedeelpding jomby 8avelprgthy gbove about 720

obtaining a h rcorrel ati on
9 SndRErS

13.  The method of claim 12, wherein said spectral images include only

siad first and second spectral bands.

14.  The method of claim 12, wherein said first spectral band includes only
wavelengths above about 605 nanometers, and wherein each said spectral image
includes a third spectral band including only wavelengths below about 605

nanometers.

15.  The method of claim 14, wherein said spectral images include only

said first, second and third spectral bands.

16. A system for tracking a target, comprising:

(@) a spectral imager for acquiring first and second spectral images of a
scene that includes the target;

(b)  amechanism for designating a spectral reference window, in said first

spectral image, that includes a respective plurality of pixel vectors; and



function, a maxi mum whereof corresponds to a | ocation

of the target in said scene. 17. A system for tracking
wa@2a0angst7 conprising: (a) a spectral inager fBET/IL2004/000650

acquiring first and secondegpectral images of a scene

that includes the target; (b) a panchromatic inmaging

mechani sm for acquiring first and second panchromatic

i mgegcpf sapocssentir {yprrcarmeRehgRhiimfeotald@ frgitat window with

a spectral reference window in said first spectral

i mage; (d) saidmsewadi spRctal imase.giferetiyg ohiaing he dwmetcerrelation

reference anchr

(e) a proc %&W},%&&% ‘?‘“‘bﬂ%‘l‘r"é&@ FSTPQE 7 %%’Fa“‘% ot e gargetm

spectr al re;ﬁﬁirseacee w ndow with said second spectr al

i mage, thereby obtaining a hypercorrelation function,

(ii) correlating said panchromatic reference w ndow

with id second chromat.i c t her eby obt ai ni ng

a corf@r at | ﬁyslt%&ﬁ@ﬁﬁmgﬁ&ar@ﬁ > 09 Bgﬂﬂgm ng said

hyper gy r eladdcomalf gt £ ayhRingahidt &/1 ﬁééoﬁalsgébtral images of a
function to obtain a joint corréelation function,

maxi mum \Ahesp@tsfthaioncrle@sdh@j’&argem, a location of the

target.in sald system for trackjng_.a

tar get(b) cor?p Eﬁ’faﬁm%\g”%%é%‘#“%‘?lsm eicapping fisst and second
acquiring f Gk R0 SR i mmges of a scene

that inclu e targéet, eac sal d spectral inmage

i ncl udeng: a(mﬁclmnj‘snrﬁir dspxgnﬁtn@ a bpaettal refdreciengindoivyin said first
wavel engt hsspgce}aﬂ/rvnggte)?ut
(d)  a mechanism for designating a panchromatic reference window in said
first panchromatic image; and
(e) a processor for:

@) hypercorrelating said spectral reference window with said
second spectral image, thereby obtaining a hypercorrelation
function,

(ii)  correlating said panchromatic reference window with said
second panchromatic image, thereby obtaining a correlation
function, and

(iii)) combining said hypercorrelation function with said correlation

function to obtain a joint correlation function, a maximum

whereof corresponds to a location of the target in said scene.

18. A system for tracking a target, comprising:
(@) a spectral imager for acquiring first and second spectral images of a
scene that includes the target, each said spectral image including:
@) a first spectral band including only wavelengths below about
720 nanometers, and
(i)  asecond spectral band including only wavelengths above about

720 nanometers;



720 nanoneters, and (ii) a second spectral band
i ncl udi ng only wavel engt hs above about 720 nanoneters;
wQ@ bjosaleseThani sm f or desi gnating a spectral rePET/aRoe/000650
wi ndow in said first spectmwal inmge; and (c) a
processor for hypercorrelating said spectral reference
wi ndow wi th said second spectral image, thereby
obt ai nibhg a2 mepkaniwn fex dasigmatifg acpearal refereags mimdow in said first
wher eof corresthnds to 8 | ocation of the target in
sai d scene, SPeCHal MAage; an

(¢)  a processor for hypercorrelating said spectral reference window with
said second spectral image, thereby obtaining a hypercorrelation
function, a maximum whereof corresponds to a location of the target in

said scene.



