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FI ELD AND BACKGROUND OF THE | NVENTI'ON' 5 The present
invention relates to a method and systemfor tracking .
a‘target and, nore'_partioularly, to such a nethod and
‘system that uses spectral images of a scene i.ncl udi ng
the -target- in order gbgpctimaokThAER—IA@et - Reference IS
‘made herein to an Appendlx t hat describes a

proof of -concept test of the present invention. 10
Figure 1 shows a battlefi.eld scene including an eneny. -
tank. 10 and three trees 12. Figure 2is a schematic
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- digidahed ﬁ'%:ﬁ&fe RreihltB sHCAPSenalx Mhb8dserifes 2 pﬂao@-of-concept test of the'
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L fcomnstsu@aseﬁr&ﬁetxel 16 and Rt rela§ingsoRtnadds fromp cpater 1416 srra 20 These.

operate:aircraft 20. These i mages are displayed on a

' other\cloﬂ@onents not bemg germane to the present invention, are not shown in Figure 2. )} The

. _ 1mages acqun:ed by i 1magmg mechamsrn 22 are panchromattc each imageisa rectangular array
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termnal that forns part of consol e 16. \Wen operator
14 sees an image that inclaudes pixels. correspondi ng
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Where Xnk is the mtens1ty of tbe (hR) p1xe1 of reference wmdow 32, y;, ¢ is the mtens1ty of the

P _l : | (h k) pxxel ef image 30 and, for a real number a, the notaton I_aJ represents the largest: mteger _
. that is less than or equal to a. (Note that the correlaﬁon finction Corr is called “C” in the -

o Appendm ) Wlﬂl the indicated normahzatmn, and given that a]l mtensmes xk; and yk; are non-
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15 function . Corr(lj) The ar gunent of this correlation
-';functl on is a pair of pixed i'ndices (ij). For each.
- pixel (ij) in the next image 30 for which ref erence
~ wi.-ndow 32 can be centered on that pixel while still
bei ng cont ai ned within. image 30 (i.e., for all the
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 image 30.

“This cross-correlation procedure is repeated for subsequent nnages 30 to frack the

-‘-target n subsequent Jmages 30. As needed, reference window 32 is replaced w1th a new

. ' reference wmdow based on the prxels correspondmg to the target in the most recently acqmred :

Recently, anew technology, whose most notable apphcatron to date has been in remote

R, ~ sensing, has matared. In this new technology, a scene is imaged in several spectral bands..

Suoh lmagmg is lcoown generally as speotral n:na.gmg” If a small number (ﬁfteen or fewer) of

relatrvely broad spectral bands (for example, red, green and blue bands) are used, tlns technrque'

PR is referred to as “multispectral nnaglng” If a Iarge number of relatrvely narrow bands are used, -

_ | _ tlus techmque is referred to as “hyperspecn'al magrng” Page 8 of the Append1x lists a typical '
as .- example of 19 adjacent spectral bands that span wavelengths frorn 4353 nanometers (que) to

S 891.1 ,nanometers (hear IR). The “spectral images’ acqmred by spectral imaging are three

| dunensmnal arrays of intensity values, with each intensity value 'oonesponding to the intensity |

ofone scene piXel in one of the irnaged bands.’ Figure 4 shows'a spectral image 40 that consists

_ of LEJ spectral layers 42, Three spectral layers 42 are shown exphcrﬂy The presence of the |

remanuncr 3pectral Iayers 42 is mdtcated by ellrpses ( .). " Each spectral Iayer 42 1s a

'panchromatlc nnage in its own Tight. Thus, spectral image 40 is a paralello;npedal array of =

i _-__.'_“'pu;eis 1nde_xed_b_y three indices 7, j and 1, with fe[1,1], J_e[1,J]_ane le[1,L]. _Each vertical



I deally, Corr(ij) would be equal to 1 when wi ndow 32
i's centered on the pixels of -'5.inmage 30 that -
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consi dered. Furtherrmre to avoid fal se p03|t|ves :

only a portion of.the next. image 30 in -which the

'SEE@ g%ﬁm}{ﬁm onpe found a priori is considered.
S-correlation procedure is repeated for
10 -
C subsequent ges .30. need . reference w ndo

- including the plgpeef: @tﬁﬁqenﬁee FlePerie dpags Bathet hvldeﬁ@e target; (b)

'S uhean‘dmgttol tregesseS0invention deke ihpravideges niathod of tracking a target,
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been Th renote 20 Sensin has matured.. inthis new

| 'reScheee pbiraify  of pixel evestors dypercerelating thepsepirall reference window

5L S5 et R PR SRRl B SRR E mimum of

_the h Qonﬂ%nrﬂnétﬁn‘tﬁéﬁ\ébr&%f]&hﬂxé 6 eecatﬁaeeﬁttr@targmﬂescene

a small nunber (fifteen or fewer) of 1Is referred '
t cAerding lto ithp podsest] invemtiimthiere [sf pmvidad@methddecf ofcking a target,

8 : mclud&r'g é s/tgilnsyof1 &5 ragqu/m%é]g%r?crsf)eclhsaf irhage of a scene that includes the ta.rget o)
1'. des1gnat1ng a spectral reference Wrndcw in the first spectral image; (c) acqunrng a second I_

g spectral image of the scene, @ hyperccrrelatmg the sPectral reference wmdow with the second
= spectral image, - thereby obtarnmg a hypercorrelahcn ﬁmctton, a maxrmum “of the

: _hypercorrelatron function. then correspondlng to a Iocatron of the target in the scene; (e)-. |

'. acqmnng a first panchrcmanc nnage of the scene ® desrgnatmg a panchromatrc reference

.kwrndow in the first panchromatlc nnage (g) acqumng a second panchrcmatrc unage of the-
s scene, (h) correlatmg the panchrornatrc reference Wmdow with the second panchron:tauc image,.
| 'thereby obtamrng a correlat:ton function; and @ cornbrmng the hypercorrelatron function wrth '
_ .the correlatton function to obtain a Jonrt correlation . functron, a maxnnum of the Jornt _ _.

_-ccrrelatton ﬁmctron then ccrrespondmg toa locatton of the target in the scene.

Accordmg to the present invention there is provrded a method of track;tng a target, |

' _mcludmg the steps of: (a) acqmrrng a ﬁrst spectral nnage of a scene that includes the target ®)
desrgnatmg a spectral reference wmdow in t.he first spectral nnage (c) acquiring a second - 2

.' . spectral image of the scene; and (d) hypercorrelatrng the spectral reference_ window with t_he -



this. technique-is referred to as "hyperspectral

i magi ng".. Page 8 of ‘the Appendix lists a typical 25
exanpl e of 19 adjacent spectral bands that span
wavel engt hs from 435 3 nanometers (bl ue) to 891.1
nanonet er.s (near The. "spectral acqwred .of the

| 'éecooct/ spprded rigagtnthgre g ohtaining, %éIS’PEITCﬁ%'ﬁ]é‘PB’Ft ‘a‘—t%fs

| "Or 7|
erc%%:eefe ] %@n&‘aaontutﬁél% ﬁo‘fre%to@%‘é tt(lﬁ'/ Qﬁ? onéyog\ég%l Eﬁﬁetxué Ithe scene; wherein

resp

- each@pectel ihbe iopReed (Bpalsst speced band intlodinganbpeatelalgths below about

i mage 40 that consi'sts panchromatic image in its own

720 nangameters m@eboeq)eb,qutép meegreetw, (&) 1 serand|sppetenhibpeddncluding only

- wavelfieith, oo TR T RREGRO B YT o' bl e @Xludm_g osly

wave? Sr&k(idjayﬁft%()ﬁ'%md%t&g spectral layers 42 are shovvn

Icitly. The presence of the pixels indexed by
t hAetmrdemo abe ipresentinventionnibiete is ﬁop-lded]a systdEn [fo_r, ﬂ‘]ickmg a target, '
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- ftmetlon with the correlation function to obtam a: Jomt correlatton functton, a maximum

erei

. '.._'-'-.mquF%r ﬁe%ﬁlg@{é (bﬁ?er ol t n tétldeﬂéﬁasglal sp%a‘l%fe?ence vtlﬂdow, in the ﬁrst

a “pixel ‘vector"

- spectfdd\vinaps)| fhat Bphales al respaegee $hmalitg lof dsisel nweceors;dmir @tal mocessor for
than any of its conponent _spectral |layers 42, eifher
. hypersemslating dhe i speptad| J@fﬂé@P%W%ﬁWﬁéﬂ th peeand sparEpk Agese, thereby

obtauﬁ.tﬁg ga:ﬁ EOrnéelJ gﬁ’ogﬂ r@g%%@ I Z%@ﬁ@%ﬁ%ﬁ&% % a loeagton of the

.targetﬁlﬁ@gaegebe hi ghly advant ageous to have, a met hod of S

tracking a target that is based on spectral imges _ - :
s ulteording e dle @tﬁsemtammntmtltﬁereotﬁ mawdhd @nejistem |f¢ra‘ge03,€1ng a target, -

oS R, 2015 e e o B S5 e e

 includCthy %.@Qt,t @Z 2D bR rdthaticl etaaggggqﬂte&hoes:ﬁ fot ra%%mﬁﬁgqtrttaénd second,

I mage o ‘I ncl the target;

:panchiome@matrnag@ af stheecseamt (creheamerharismi tfiutodemgmatmgea fspecsttal reference

spectra i'mage, . t hat cludsar spective plurali
windosy i, rSt/szepealsm(ge) ?filawgmafgs esigRn @cPanaﬁr malic reference

e et e, e ) g o

spwhﬁhﬁf&@ﬁﬁmﬂofvaﬁﬂi eiecsecoudrsgewat #bage, Wekdbyt Mmmgwwpereonelanon

spectral i rrage t hereby aqbtaining. a hypercorrelation.

- ﬁmcttpg,nf;t)| Qm-relam@ agclypmatic reference window with' the second panchromatic - |
mage, thereby obtaining a correlation functton, and (iii) combining the hypereorrelat:ton

- whereof eorresponds to a Ioeatten of the target in the scene.

Accordmg to the present mventton there is provided a system for txackmg a taroet,

) mcludmg (@) s spectral Imager for aequ:rmg ﬁrst and seeond spectral images of a scene that B

" ;  includes the target, each speetral 1mage moludmg (1) a first speotral band meludmg only'
: - -wavelengths below about 720 nanometers and above about 605 nanometers, (i) a second -
| e speetral band mcludmg only wavelengths above about 720 nanometers, and (111) a third spectral - |
_' band mcludmg only Wavelengths below about 605 nanometers; ®) a mecha.msm for'-_ .

Co '-de51gnatmg a spectral referenee Wmdow in the ﬁrst speotral image; and (e) a processor for -
e hYPeroorrelatmg the speetral reference wmdow with ‘the second Spectfal m:tage thereby. |



.10 the hypercorrelation function then correspondi ng
to a location of the target in the scene. According to
the present invention there is provided a nethod of
tracking a target, inCIuding the steps of. (a)

o R85l SRS PoIBRS L PSRRI o s of e

_targdm{ﬁeeaﬁ@ window in the. first spectral image; (c).

acquiring a second 20 spectral image of the scene, (d) '
hy?,Bhe teomy Biget ngs vivd heprineBrs bethdp anaemare SEUetweS, Hﬁhetber mobﬂe

‘W‘%@Eﬁ g‘?&‘eﬁs&?ﬁ% ﬁ{'q[ag‘h&? 5@%6&5%%% I%}’it%ll:%l ot ¥héscene, such as terrain

earuFééptﬁﬁt?ﬁlhfr Alde@Mo oHeRCHk HRvIighBNA A5EEHPONSH (8mbthed aircraft such as

cation o the target in the sceng; (e) - acquiring a
airerfifk 28t panchromatic i mage of the scene; (r) designati ng

a anchromatic reference . wi.ndow in the_ fi
pesmRac of hRmgesentgyertiog s fo E@neaalé?écG%@ as defined in equations .

OSBRSS S 05 0 oo

_ spectdrietigeaid @ Seﬁ@ﬁﬂ? spectrhleftﬁge O'D'hﬁlliypeg:o&emw%l&‘slmtm account the
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function; and (i) conbining the hypercorrelation -

presehonct earh index pairifly) of erspedteel images iHeTRaion: HoBERGP rthaai one spectral.
e t |, at f t :
b bffi R HRE  ob I PR ok e Bl st » of

- equa@c;nst(@

DEtnd et Ro&scd) Wit (B %ﬁhg}ﬁ)nﬁﬁtgt HiRelPeB®eind their inner

|nven?| on there i s provided a method of trackin

producds. ghost pifferablyl titi pigel veetss epsshofied, Dy emguon mﬁ’getavectors prior to

i ncludes t

 taking ghefopl D0yt S BerH SOSRBE OTRR YASHEF Bircavelabay Sifher of all the

15
- _f‘]magégne spectral reference wi ndow with. the second spectral

20

€ scene; and- yper orre

spec

'. pmel'@cﬁ:%k%n{ the % Pﬁz[%h of BRGSuitAkd s %\g.‘)& | 49 &ef@ m the spectral'

i mage, thereby obt ai ni %ma hypercorrel-ation function, :
a I’iw rasuliingt hypescorrelasion cnetiamnis sved R b oimen®Ry as the prior art -

- ?'cerre gu&%ﬁdl nqttt“ﬁé‘iectt?ggegtt%ﬂb&?ﬂ?’trggm%‘g by g{&ré correspond tothe

- _target tsrtatenSﬁﬁBé K s aFikdl GlebidisEenfibd orame! tt%&tob@ﬂﬂ\ﬁ)r Whlch the -

about 720 nanoneters and above:about. 605 manonet er s;
hypextmyelan@eﬁmndomtsenwmﬁzeﬂand including only 5 = :

%ragg' équ% \%{{E b?}}lg?tgﬁréﬁgqqgg% %gge}c'ego%dmg pam(,ﬁx)omattc images of the -

. scene are acqmred, e1ther mdependently of the spectral images (albeit smultaneously vnth the o

- -'acqutsmon of the spectral Jmages) or by “staclung” the spectral images. (“Stackmg” a spectra.‘t o
| : nnage means summmg ‘the specu'al layers thereof along the wavelength axis.) ‘A joint
: from the panchromattc images, with the hypereonelatton funct.lon, preferably by selectmg, at

':correlatton ﬁmctton 1s constructed by. combmmcr the prior att correlatton ftmctton, obtamed

S 1’ each pixel of a panchromattc tmage and af each correspondmg pixel vector of the'_

o .conespondmg spectral i image, the smaller of the correspondmg correlatton and hyperconelatlon '

N values. Subsequent processmg is applted to the Jomt correlatlon functlon rather than to the
hypercorrelatton functlon - : ' ' B

' Because of the Im:uted computattonai power typma.lly avallable toa real tune weapon orj .

[ surveﬂlanoe system such as aucraﬂ 20, and because of the relattvely hlgh cost of spectral :
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B target

L
R '__'arrerai’t 120 of the present mventlon Aircraft 120 i is identical to aircraft 20, except for the

'-_DES

wavel engt hs bel ow about 605 manoneters. According to
the present invention there is provided a systemfor
tracking a target, including: (a) a spectral inager
for acquiring first and second spectral images of a

Bénsbhatit id ﬁfek’é#ﬂﬂ@ td ke oAk &ko drlthred rRRERER ﬁﬂefﬁﬁacent spectral

designating a spectral reference window,-in the first

" bands0 Iﬁmwothaads areaugped, thhpreferred Inwebnghrlnmpéwmenween the two bands is-

abouf i Seibefe. i Steeepbers wiok e bl LF R e $amdanes weat
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spectral images of a scene that. includes the tar get
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B spectral images ofa scene. Speor_ﬁcally, the present mventron can be used to track a battlefield -

S The pnnc1ples and operation of spectral trackrng accordmg to the present mvennon may o

| be better understood with refererice to the drawmgs and the accompanymg descnp‘aon

Refemng agam to the dramngs thnre 5isa schematlc diagram of an unmanned -

inclusion of a SPectral imager 122, along with panchromatic imaging me@hamsm 22, .for'

- acquiring spectral images 40 of the scene, and except for 'the"subsﬁmtion ofa proce'ssor 124 of
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B ;__: spectral nnager 122 in drone 120 is opnonal The present Invention is descnbed below n:utlally o '



wavel engt hs bel ow-about 720 nmanoneters ‘and above “about
605 nanoneters, (ii) a seceond spectral band including
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; Hyper(zj) (Note that the hypercorrelauon function Hyper is called “H” m the Append1x ) The

argument of this hypercon‘elauon ﬁmcnon isa pan' of pxxel vector mdmes i) For each pixel

vector (if) in. the next spectral image 40 for wlnch the reference window can be centered on

_ | that plXCl vector wInIe still bemg contalned W1th1n the next spectral 1mage 40 Hyper(z,;) s
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a5 where x,, & is the (h k) p:xel veetor of the referenee wmdow Le,a vector of L plxel mtensmes'

x;, Kb le [1 ,L], y,, x 1s the (h,k) plxel veetor of the next spectral image 40 ie., aveetor of L p1xe1

: mtensmes y;, x5 le[l L]' the notatlon < a,b > represents the i mner produet of two vectors- a

= and b and the notatlon uau represents the Euclidean norm of a Vector a. In other words -

e Hyper (z,i) is an average of normahzed mner products of p1xel vectors of the reference w1ndow'



correlation function to track the target: the |-ocation .
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e ofﬁset vector ;11,,1,r ~One preferred common oﬁ'set vector that is subtracted from the plxei L
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only two or three rel atively w de adj acent spectral .
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Another preferred common. offset vector that is subtracted from the ptxel vectors of the

o reference wmdow is an average over a smtable subset of the p1xe1 vectors of the reference

spectral 1mage 40, for example an average over only the p1xe1 vectors of the reference wmdow' :

25 1tse1f One preferred cormmon ofﬁset vector, that 1s subtracted from the p1xe1 vectors of the next

' spectral 1n1age 40, is an average ofall the p:txel vectors of the next spectral image 40:

DI L o ', '-_-.._.'(5)_ 3

' J’a
f- -U BELESLT



15

A system of the present invention is sinmlar to the
prior art systemof Figurap2, with. inmagi ng nechanism
22 replaced with an appropriate spectral inager, and '
w th processor 24 10 The invention is herein

| -Anoﬂ%ﬁ g?éﬁ&&f’ corholBEEf veR¥ R kL] \Aﬂ.{b‘&acféﬁ Lise %Ie%ﬁél%cﬁo?s of the next

acconpanying draw ngs, erein: replaced with a

) spectral emge&to i hﬁhvera:gel mveea seitdbhe sullsgoss tha @E:ebﬁfedtom of the next sPectral _

present .inventi on. BRI EF DESCRI.PTION OF TIE. DRAWNGS

mgeﬁ%%eﬁdmgme@ﬂpelﬁép@@%e FIG 2is a

~schematic depl cti on _.of a. pEi or art syst em-of _whi ch the |

P glly indent Hi7d-1 -k omat i
I ?de \RPt Hﬂé,,l,_g_ek ﬁp _WQJFL,,C;;_L&%J%‘Q@%AF spectra
image; FIG 5. is‘'a sche tlcdeplctlon of ‘an

 URTBAR it o Ris tprédedinaC fad  AER PMixel REGIBE 170N the common o%et vector
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tracking a targét i'n successive spectral inages of a

E _ only thepixel vauae iof itledskotiated El p Kewirdowd. Y2 pt iin eqwtion [(6) thsnbecomes a .

© to track a battlefield target. The principles and"

- ﬁmcu@i)@fjéﬁﬂ@j of spectral tracking according to the -

present i nvention nay. be better understood with _
r 81l betterresgis are oetemdrbgsacawoneﬂve ewheemﬂc@ages 30 and spectral -
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rcratf except fo

'_'the sensitivity of Hyper(z,]') to the spectrai 51gnainre of the target. (Note thai the joint '

correlatlon funetion Joint is called “JHC” in the Appenchx) The preferred _10!]11: oorrelatlon

| funchon isa plxel-by-pxxel minimum of Corr(i,/) and Hyper(z,]')

Toint(ij) = min[ConCiy) Hyperi)] - oo

_ 'The preferred Corr(zj) is Corr(z,f) of equanon ). Panchromanc 1ma.ges 30 are acqmred 3
Separately from spectral images 40, usmg panchromanc nnagmg mechamsm 22 s:multaneously B
o Wlth spectral mager 122 as descnbed above Altemanvely, only spectral nnager 122 is used> |

| 'and panchromauc nnages 30 are synthesmed from spectral nna,ges 40 by smnmmg sPectraI

.20

: nnages 40 along the wavelength axes thereof If the mten51ty components of a p1xel Vector X, J

e o of a spectral n:nage 40 are x;; i then the mtenswy of the correspondmg synthenc panchromatlc

| nnage 30 1s xi = Zx, e By analocry to the - correspondmg operatlon in exploranon-:'

I-LL

| geophysws, ﬂllS summanon is refened to herem as “staclong” specn'al n:nage 40

Because of the Inmted weight and electncal power allowed to the on-board systems of

| an alrborne platform such as drone 120 and because of the high cost of hyperspectral SEensors,

it s preferable to. use fewer spectral bands in the present mventlon than in conventxona.l

5 .hyperspectral nnagmg Although spectral Iayers 42 of a scene that are acqmred in adjacent‘
oo '_spectral bands are usually expected to be sn:mlar, it has been found empmcally that for many
L ."terrams of mterest, there isa relanvely sharp break in the spectral character of the scenes at



the present invention, for prior art processor 24.
Processor 124. |nplenents tpe algorlthnB of - ach|r|ng
spectral inmages 40 of the scene, and except for the
substitution of a processor 124 of |nclu5|on of a-

L tral ge i i6ke. See. f
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pectral.- 1 mager 1227 and then - wth respect

- Transmrwfont%s:ﬁememddhmwm&gsmg ag]eﬁa@p Wephl368- 1379 The Kenton et
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1andco%1aﬂ§&hﬁ3§1aﬁsﬁ,cdnﬁahey appgentlfQlid actjnotiedhd wtilityeafi thg breaks for the a
mechani sm 122 to console 16.. Panchyomatic, i EV‘ Appendix,

priori anergén Dfréﬂp@?lwogﬁlab @ gins é@étqcﬁlmm?ﬁ-g eds gyserd

. anothef,ﬁﬁseg; noxﬁfc%&ﬁ fﬂg%}r@ygéc 1:241'9&? dJéflgﬁet é%&hg?&[%feﬁ)f&ﬁld at about -

605 naﬁeﬂl%%lr? Ferotdfic Sopel itloges Moﬁﬂﬁq;r@senmwdﬁonmfembly include only .
I-mag

e that includes sumred pixel vectors correspon

ng.
. two 01’( thrdseaspec&él, banger &t preferzedi Qxam gﬁﬁif@épqcﬁ?éhbar@m%p st Wide band

| from 72 mgﬂorggfétsttﬂg

' veaéggéstegﬁstb%?@ﬁ&%\éﬁm | ?‘?08]1 ppg@%gﬁﬁisﬁ%ﬂ Sﬁ? n%!is)meters to 885 - |

'nanon}te gl Qo 1% gegl%a %gaﬁa] cor?gifﬁieé Qndd2$ Sandids G SHsta@d from 430 nanometers -
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ansmni O Vvi-a communi cati on channel

. wi ndow;. anal ogous to window 32,.is defined in the
5 PARAFEEOIS: t hat contains pi xel -vectors
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40. The reference w ndow .that is defi ned in. .

'ofﬂlehiveniﬁmnmaybpmﬂeal image 40 is an - HxK rectangul ar

~array of .pixel vectors centered on the pixel vectors-
- corresponding-to the target. Processor 124 '
hypercorrelates this reference wi ndow with the next
.~ “spectral i mage" 40 by constructlng a hypercorrelatlon
- fuhction S _ :



prer(if);.(hbte that the hypercorrelation function
Hyper is called "H'" in theyAppendix.) The 20 argunent

:;-of this hypercorrelation. function is a pair of pixel
- vector .indices (i,i). For -each pixel vector (ij) in:

the next spectral image 40 for which. the reference

wi ndow can be centered on . that pixel vector. while

- still being contained wi ARPENDBext spectral i rrage-. :

40, Hyper(ij) is deflned-‘—_"HVEEF(rj)l : '

- <xh; k, YE- LH12J-I'+h,j - LK12J- 1 +k > - K h-1: H k- 1 K Il xh, k
L yi-[H2 -1 -+h, f-L-12 f 14k II - xh ki, 1. e[

1,L]; yhAis the (h k) pi xel vector of the next

:spectral |nage 40, i.e., a vector of L prxel (3) wher e

KING.OF ASELECTEDREGION _

| :represents the lnner product  of. two vectors-and b and

the notation lid represents the Euclidean normof a-
vector ‘F z. 'I.n other words, Hyper- (ii) -is an average

of . nornalrzed i nner; products of - pi xel -vectors of the
~reference window 9 and correspondi ng pi xel vectors of

t he  next spectral image 40, w th the normalization .
factors . being products of the Euclidean norns of =
the rel evant pixel vectors. The |ocation of the pixel
vect ors of the neat spectral imge 40 that correspond
to the target is taken to be the set of pixel vectors

H:ﬂCentered on-the plxel'vector (ii) for which 5

- Hyper(ij) is maximzed. Only pixels (i,i) for which
-'prer(rj) exceeds an adaptively deternrned threshol d

.~ are consi dered.” To avoid false p03|t|ves only a -
- -portion of the next spectral i mage 40 in. which the:

',,-targer,rs,rikery t'o be found a priori-is considered,
~This _hypercorrel ation procedure’is repeat ed for

- .subsequent spectral images 40 to: track the target
' subsequent'spectral rnages 40 : :



- 10 Hyper(i,), as defined in equation ~ (3), has been
~found to give results, whgp used with spectral inages -
40, that are only marginally better than the results
- obt ar ned using Corr(i;i) w-th panchromatic inmages: 30.
cussed in the- Appendl X, the reason for this is

- 8Y ]II the intensities x,,,i are positive, sothat

all the pi xel vectors x7, |, "tend to be paral lel .
~Therefore;, .instead of using raw pixel vectors in the

Thrs irghart samimaiizes af stadyattiaas OBjectivdivias to @Exaaliny do quose:brlrty of
- explditiry ehe siditionel dimessibh erpvided e Hypes-shechsl Bénszng in order to

attast &ﬁar rBvEIeRE ih Qﬁé erFUﬁmahbé%f MRCERKGSICA] Al |thms in computer

- vrs:ér’?fl Su O Wi foea{ﬁigbéﬁhrﬁ BN K] ‘é fs thatare
| ""éﬁotre Q%r il
- conggptsy Eﬁs .;P [m%raqr?grpal pﬂrgel tg; @%E ﬁ%ﬁ these, the

| trac[srnﬂeqf thera-gdinensional dlataskordh @epwn@oema new grthematigr! expression
is specified, am bypeseorrelstionribab ises epeeﬁairlofarmaérpodogeﬁher #ath spatial
informatipn #0orderth.dbtain an indexthakrefledty the comelation between two data

. cubgé.cTies repbrt presents te essultscittained bytcomputeniprocessing of real data

 phofogPapRdte 1y X! hypreispesiral sehor. - TRECFSLMR $hodohat she spectral
| dzmér?!sr@l’{ aba8a Most rnﬂ)o?kéﬁt%l% RibBHES % 8@ffohﬂ§n9éxe' vectors

he reference spectra i mage 4 or exanple an

R M e

- possjblecior iduces dreﬂase caysed Qgmance. (e rr;gephanne!s by this

- redugengnethed Srromc ration | g@ontrlbttmnpaﬁ)waéras the ability to

implpmené thard vatinanailablef am inexpensivetseasoiss subtract ed
fromthe pixel vectors of the next

And finally, a third mechanism is defined, Combined Hyper-correlatlon which, by
definition, offers better performance than the other two mechanisms. The results of
~applying the new mechanisms on two layered cube, for thirteen randomly chosen
. representative targets, show an improvement in performance equal to more than one
order of magnitude when compared to classic two-dimensional correlation.
e performance rn terms of false matchrng crrterra for seven thresho!d values -

- Due fo the addrt:onal dimensron the two mechanlsms defined In this study require a
-+ smaller number of pixels than are normally required in two-dimensional correlation,
- therefore tracking of re!atrvely small targets ‘and under more difficult condrtrons is

. made possab!e

" In addifion to the imp'rovement in point (target) traCking, Combihed Hyper-correlation
permits an improvement in area trackrng This is due to its capacity fo reduce the

" number of false matches, to the chosen image windows .(“correlation window”), for a

- given threshold. Another advantage derives from its ablirty to overcome difficulties

B _that two~drmensronai correlatlon technrques encounter in certam scenarros

:. Due to the dramatrc 1mprovement in performance and because of the poss:brlrty fo
- Implement algorithms through inexpensive sensors, this study opens the door to
o ample and most interesting oppo_rtunities that should be promptly put into use. -



- Two-d

spectral |nage 40, is an average over a suitable
_ subset of ‘the pixel.vectoms of the next spectra
i mage 40. The resultlng hypercorrel ation function is:

._'_”Hyper i 4 xh, k x," YI-LH 2i-~~ h.f-La | Z~-~+ . Yoe
~(6) BKhl&klx khyk - x I H2 |+h,f4 /2J-1+k Yoh'
("j= 1~ ~111i ~ . TABLEOF COMEEMES ant of this

-*procedure f.or ‘each pi xel vector y,,f the comon

- offset vector that is subtracted fromthe pixel -

- “vectors of the associated H x K window is an average
'lnﬂodgﬁﬁﬁ1 onIy the pi xel , vectors of the associated. H x K
‘Wi ndow.  "Yo8" ‘in equation (6) then becones a. -

PRI S AT R 011

_ es_40 of t Ce and conbi ning Corr(ij) and _
- Defnlﬁlxg;bgtfﬁl%ﬁ P’f‘f“%n?'%'i’at Ia?glpﬁﬂrﬁhéPﬁﬁ‘ﬁt'PBn Joint(i,) .
- t hat exploits both the sensitivity of Corr(ij) to the

. Comparsambdetwasn he tPrerformanee of Twosdimensiarted Cemslation iangd Three-'_ o
- dimensional/Hypéi-conelation ireAsuat Phatossi gnat ur e of .t he ta_r get o '

(Note that the joint correlation function Joint -

" DefinitoH bﬁ%pr&b&i Hyﬁe?b@rréﬁ.s‘ﬁ@ﬁQ‘.Bc%'nblnTrigeSBéﬁéleérfoeSPeéﬁéltlnfonnat:on )

correlation function. 1s a pixel- I xel

oS S i O e Pt fmorovsd
| ly fromspectral 'usages 40, using _
oS B iRt indy e Vemiasseayel e’ "

. Al ternatively, only spectral imager 122 is used, and
' .Applyupgaﬂtmlmpmved HypegeonaiationeorsRethesd Layerfsr Oobapect r al’
i mages-40 by surfing. spectral 20 inages 40 along the

The RewIBHEDEILtoRNErbRITANTdd Spédifal BHm@eSi ty conponent's of

Co a pixel vector xi f of a spectral I mage 40 are x,,,,l,
C Combnﬁ@@ ?MJE? {JHEE?iBht Vugég Eﬂ?g@?&ﬁt@&%&? 'Ea%hwgé%lélﬁ .
"'”'-n1n [Corr(ij), prer(lj)] XU-YX; i, By analogy to the-_a

SR : correspondlng operatlon in. explorat|on
Annex o R i



geophysics, this summtion is referred to herein as
"stacking" spectral ‘image140. Because of the.limted
: wei ght and el ectrical power allowed to the on-board
R -systens of an airborne: pl at form such as drone 120, ;
- fNI%EﬁQ@Eﬁﬁéﬁf of the high cost of- byperspectral sensors,
i . erable to use fewer spectral bands.in the-
- present invention than in conventional hyperspectral -

- i'magi ng. Al though spectral layers 42 of a scene that : '
Theaspeatrglidiradnsion added ehot-thes faot rspatmlaldd'eeaslens:smalhyper-spectral

- seneingeatidd ihforimation nfhizbrshould masre beigehodefine various areas of the

 picteriglaga ﬂoyparidh?émﬁﬁé sEB8Mg. ThisHsautptieh vy Qééifés a basis for the

* study'@¥a8 id Rerdil BbRYI NéBbied h‘i"h@ e?c%e'o? &8 méé take advantage
of tig'8 ?&?élr ln %WFESO dt 8H§'Bﬁéfscorrelatlon |
me Iag\du roAlgIPl #’ rg?o%lof three-dlmensmnal '
corelgion e Eﬁf amd F%G?C%m'% Yeh &XPeRsIoR: nation

performance" .. Proceedi ngs of the SPIE on Detection and -

| SpecEal W@anﬁthijhmpéﬂ!‘lﬁaﬁaﬁlf%% teng oflayess/pighiiress and because of that it

- weighsr dews the cashpulalies systerad.olvadditiony it Idepeads.orSeensors that are

still aegpexpensiexaml mot Suffitiontly sfall Therefotdes tssbon@objective of this -

sty $ite eRAiniks thed posdibiiiied bfra lirited Liss B fthé &bketaldhformation, of -
| _upt YRBISRRRL aharlls narhﬁﬁ’ér bf6ad AU F?‘H‘ﬁ gg mﬁrﬁ%@chat it may
| &F 'Fi%h?l hQi@e chP oSl SendorBPin id i will still be

thdf’
S et e e

S byt their focu postl dec 03|t|on of
| Twoﬁfijm&é@! coﬂrrqﬁmwﬁpﬁs B Wilesposd T Varkmienamputer vision
- systeinse amengstitham agint ((akigchp rr@lﬁtw trackers angoarase tragkers. The
. presgntationy off at pessjblealcéea‘rmut ravement to these algorithms through
inexpensive tools, as presented in this study, will allow. for an increase in their -

. performance possibilities and a response to problerns that are cons;dered dlfﬁcult' 3 .

- under the exnsting condlttons



i'o priori nerger of hyperspectral bands in data..

acqui sition. As describedjén the Appendix, another,

| ess pronounced break in the spectral character of

these .scenes has been found at about 605 nanoneters. .

Therefore; spectral .inmages 40 of the present invention

. preferably include only two or three spectral bands.
A preferred exanple of two spectral bands is a first .

- wide band from 435 manoneters to 705 nanoneters - and a
. second wi de band from 755 nanoneters to 885 15
nanonmeters. A prsf-rred exanpl e of _th pectral- :

‘bands | ERINEIRLE OF JVUOT G ORN s LRAGKING
nanonet ers, . a second band fron1605 nanonet er s to 720 _

nanoneters and a third band from 720 nanoneters to 975

I

| CORDRIS Bhser Wblidt S8 RV ARt REnRRRIO R ORIk
sdth (ﬁrgnﬁ%ner}ﬁ;?i; @irldol f%er%&@ﬂ&h%xelseﬁ%g% BRI cint W wishto
i Mk, R hAERRE Yo M‘%rﬁg@ﬁ Weddw in every consecutive
inhaye! rﬁ LicBhela Pkt i thdto di&tion su&g::e, -
. io s Tor '
:_g ; I ateh, i dyn that

ose ok?J ective vvgs te(t:)‘3 ei’gercr{%g%%nc%oss 0 ity of R
- RLARnS r[eﬁ ﬂﬁr'c{rérpig rvegr' St é\? %ﬁgggorpé/urface values
ra TR§ (groﬁpg ta i [ﬁr’rd1 ut Rorrelation

f“ é"gr i n lgo relt%g nvé@&orﬁng partr cul’ gg Sh]a" later

udy attends to rratchl ng and tracking mechanl sns that

. ‘are ‘based on correl ation nmethods. During the study,

| rrrhe:rbanaﬂ-qrmh e v(ealn) A2y k5 XD rmu LA V(ies?)
~“and the ways'in-which it can be optinally u%rlrzed are
~anal yzed. New concepts of -t hree-di nensi onal

o wihage Céinent)iivihe apaeldtion fundfioravalua for pixgh(m.hkisdhe chreent i image,

- X(1p) de Kieigteosityt valusdngixeb () ofthe trdaking witslowt K s - pur pose

Y s thewintewtaround gisgl (enmrire i awrent imagpgeci f i, ed, -

- Y(hypdis-ictensiylia(hah, of hafvases; asrpdegtn-a:l’zﬂlﬁ“f or rrat | on :

antiqgiettivels fod ladgesiiategat smalfdrdramed.i on in order to obtain .

- an’'index that reflects the correl ation between two -~

- Theadcaeptance threshold value is automatically-set in an adaptive manner, and -

~ depends on the information contained in the fracking window. The threshold
detemnination mechanism takes into consideration 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 towered 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 whereasalarge

_' search area may be required and th:s will i increase the danger of false matches

L A possrble way to allow larger search area, and at the same fime to keep low the
.. potential of false matches, is by making the tracking window contain more unique

: information, and by developing a technique that can exploit this unrqueness Such 3 |
¥ _unrque rnformatron is engulfed in hyperspectral imaging. _

RN Before exp!amrng the technrque we wish to estabirsh crrtena to judge its performance.
A 'goed sign of the success of the matching mechanisms will be the quantity of false o

© 7" 'matches on the entire original image. That is, the number of points dver the
" “acceptance threshold, on the full auto-correfation surface that is created by correlating

'4 the tracking window with the windows around all the points in the original image.



cubes. The report presents the results attained by
-conput er. ‘processi ng of reak data photographed by a
hyper -spectral sensor. The results show that the ‘
spectral  di mension adds a nost. i-nportant contribution
to performance.. Later on, the report presents vari ous
~possibilities to reduce the number of channels to a - -
-mnimum of two channels. It shows that through a IR
COEFIRETIONNOFCEH RIEE-CHIAENSIGH ALtSFP,%TIQQGSBEGTFEALCBQEHEEATION '
the danage caused to performance Choosi ng. channel's by
this  reduction nethod takes into consideration their

. QH'Ih perapédte sassivgwe efchanbe tebpandhyorhgtic fwopdimensibndlrasge for

. adYiBb] T eulsdld sttaiesd Q081 MR gRRIthe sameAend sinalithyeotsly in
i trhaﬁwl:dmgbé\m safrdve spsbeirbrntsmds Cabsynatsblithinestaciang b dhages one
Vi 6P of e otH&r TRislcuB® has Bfd SaiabPAIdsel amel fadrigetrhads S.
o thencBl farkvd a@éma&umﬁas pER ) F@bu blesnetlts spppBbWeRris
. t&éﬁnél:?lﬁ& RG @ﬂbﬁa’é inGAe LD phxalian e L GtRked iBRgdd 1§ MThis third
| IARsRRY aﬁ%@%fofn@&bﬁ%{@é t¥sb i BRIcP to PiHAUVARe uniqueness
- o?'g{ SR wihBow Sl KiSH ARMERoP BB a tRCRRE Subdlah aliBe of mterest :
i Qfdrn

Qﬁsﬂﬁﬁﬂhﬂu ﬁel&‘ﬁﬁﬂv@%@éi‘a@%dﬁorﬁ RS 84t8-cube. -
msnS| ona corre atlon -performance, in terns of

- %Et?rﬁl rfhrai &ldratel ApedfitifadtbleBhe bﬂth&fﬁw@ﬁed scene,
_ L gﬁmgﬂ éEn @F ﬂ'ﬁ'éé’ end ?oﬁﬁrgﬁhgféﬁoﬁ 'ﬁﬁ)&l&ﬁ \Wﬂ ?d?;le§ \‘Fﬁo account
- AR eﬁﬁ‘él drsﬁgﬁ‘a\l ‘irffo& R %fackih g cube, fo
L if sﬂBr IVedn€ d“cﬁ Q%t‘?él ion L
| 'Lﬂ{cﬁg %H:EH" ecfe élecJ E enr i h§'§§ -_ :
o Sof i Hs (‘1) Hﬁ“ Sun ¥t r[ér%Po%ucissbft ectral
| &81133&'1;?1‘111 e e ipr overren | S
ar & trac |ned Hyper - correlatlon permts.

--an |nproverrent |n area tracking. :This is,due to. its

 pHmin6TR B hEX T (e HEYane) to

K09 e secelralaipenionsion dhb At 56D G

_-'-the chosen i mage: wi ndows - (' correl ation w ndow'), for a -
- given threshold. Another. a ta ives fromits - ..
e Hinppisdhe PWOHPPF’P‘& 95% far the\8e3f aﬁgﬁéﬁ%{m nin.
Berqusiest d3a-aubenni ques encounter ‘in certajin_scenarios, . -
hgpfegn ector

- Kdighitss bansiposBe possibility t

_ to
- Yis the sub cube around (m n) in the eurrent. data-cube =
" Y(m,n) its spectral vector in location (m,n) ,. :

me=m-[k2+1]+H jand n= n-[h!2+1]+j .

R [lo]] is the norm of vector o,

- and [g] stands for largest lnteger smaller than .



~ inplenment algorithnms through inexpensive. sensors,
“this study opens the doorigo anple and nost. -
interesting opportunities that should be pronptly put -
into use. Introduction Principles . of Two-di nensional
Correlation Tracking Definition of Three-D nmensional
Spati al - Spectral Correl ati on Conparison between .t he
Per f ormance. of Two-di mensional Correlation-and Three
I &%hﬁ%?der@éﬁ%faﬂ@@fdn@h@t a8 Refinedint (2 wePbarfos: altmmbined
LaHdiibn thodalcamtag W eesiBpetihe ahg8drtiesen every
' dté}ri LUHR T R Ere Bl AIRY the @brressdriding paehiainieatprs in the
jg@ Sm% g:rlgrthetrémms OThe VNIRAGT 1Aie hy Bert-swrtation
\Fiﬁ

m&gs beiwdeRI SHET WHERS theoiliet ridielesatlabsolute
HA rove Two-di nensi onal Correl ation Differences in

‘the Information found in the Vari ous Spectral Channel s

SRBFesE drabializsureie Besteagdintina -
REUbELthInald MABtch Usb BErfbiAea tracking in

o R'vb’éﬂ%!f&s LY
| SEaaeRaaG
SRR it an
«%}E&h ?%‘E%e ﬁ%@ﬂg e{? I eéee%' rtSdBférﬁHfé'éh A
a % i@?‘% cH& &ia Pﬂ\?’ehp mreDthQ{ItHé‘%aﬁ.lE o'f‘ltthé!ﬁybér-corretatlon
B it <+, BPErbPRKberdocapiod as a
: %Bjag%‘f’}%é erein being reported.. :

Ol%tf the st udy vvas to take advant age- of.

' he uFRREHE R s GRS e8RS ool PBARSJANA
Ot
?@P,{ﬁﬂ%‘-’@ot gg e ;%?ﬁi)rhﬂﬂééj 5 sEQﬁﬂbr

age‘?]t an:F' on.o

=

~logigelee-.di mensi onal up to two or ‘three channels,. ‘narrow

or broad, through S|ft|ng of fusion, so.thaf it may

T e A e AN SHRWOTIRENSIONAL
i S

on.  Two- di nensi onal correlation met hods
are W des

The database ﬁlch 'w% ;\J/ea olr:%gg the ?rh%a%tw‘g t%sto Between the correlation -
- and hyper—con‘elatlon matching mechanisms, was acquired by CASI, a commercial . .-
‘push-broom camera, in the VNIR (VISIBLE+NEAR IR) range, in 48 spectral channels
" and also in19 spectral channels. The set of data-cubes of 19 channels was chosen -
- forthis test. The correspendlng panchromatic images, needed for the {est, were
' generated by summmg up the Intensmes of the 19 dtfferent layers for every data- -

J%no*

s cube

- The Iocatlon of the channels in the spectral aX|s and thelr wndths are given in the
'foiiowmg table: . _ D



systens, anongst them point  (object) correlation

trackers and area trackergg The

presentation of a

possi'bl e clear-cut inprovenent to these algorithns

t hr ough

I nexpensive tools,

as present ed.

~study, will allow for an-increase in their
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foon cdBr el at ilof8% 1L ABRYMRIS 3 Y,
resul ting correl ation surface val ues fromo
. to 1, where 1 indicates an-absolute match. Anot her =
.. correlation function used frequently will result i n -
- To piforiifhd #29'ahd the@alyeid, @ fFrackingywisthabs dheten. Theepatial are
~of the wi
- ftracking point. That is, the window of interest is o
- . “image. In accordance with a spatial coverage of 5x5, a 5x5x19 cube of in
* selected from the corresponding hyper-spectral data-cube. :

hce of 9

rangi ng

“The test was supposed to determine in which case the uniqueness of the information

ey ‘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 - correlati
- thresholds.

indoi 87 TriEbrekt kiasl shéciiéd s two pixels in each direction from the .
f 5x5 pixels in the panchromatic - .
terestwas

on, “or hyper-correlation, value exceeded the.acceptance - -



~ Y(n,n)/(h X(iJ)2 *E, = .kj I:h Ym~2)to where C(mn) is
_the correlation function yalue for pixel (mn) in the
current image, Y is the wi ndow around pixel (mn) in
the current image, X(i,l) is the'intensity value in

pixel (i,j) of the tracking wi ndow X, '
'- Thelad@hwettyrreshdldmyhawerm & eal\!gr( gﬁﬂn&_&?\' {Iﬁezqzqqretatron and

- hypernsbristhtiost furstsionsy We&tegmpectm@gdﬁ” and ITE: Inharley. to check the

o sens‘v‘zmy% AEeBreshald Haluee and rtodalam thditscly whetkithe re gefness of the

gbrréiaties mBERAigsms)peebmenees wepalsoochecked with 2 - _.

thred e
thres l,E'[ttya-r dpyszver, situation may exist whereas
he. system In V\hr ch the tracker oper at es,

e a%&nmgr ?t he estl §ﬂ§ t#%ﬁgégﬁ,t;ﬁ | n%P S ; sed on more

would iy rrcq

_ informatione dpth tb?e%esi-‘g VB[R OISR, dPaipiye L Elrgérr’sel ﬁ? reshold
charigesTlas wewwillcepa heloyhoCantimiing therseearcppwe wer 3ble o find an
explanativri forcthis and 46 defiaenatoont andtmersAfferie bpﬁaef-%@rrelat!on

or éﬁcyn mechanism

-~ funcBoRNti zati on -- location of pixels, electronic noise,

: 'andthelrke that will cause the correl.ation value . .-
“in T rtﬁeﬁ@siﬂts be e rhesimensionalheorrelation function whose
valu ﬁgﬁgér e @eé 4t qj n‘é@ WES hnBhsiRedalasa i pnzhromatic

o imagé, ang, also, f Rospurse {é B¥sCeSaclepipidss which
repree@ts,h Ip,e,pgrgqsg fatic' 1) enQ iR a narrow
banc&u'[lmraesdg’qa tgrgthr lbag the ESHR meg \s 3,60 each one of

~ the fonf tmages mere sob pgepntEdyidiiereph AvYSa W an PPRER pigsented different
- inforpetiont izal“‘geenlalayermat '811{@%” layerpanelifhg ‘QYI% ft“i‘ & fyage that -
- compiiSsiothecsuthaf therd Odayersq High semsmwmtoatrghaﬁhaages in the value of

the &S8R fteshold Fnblteabidaand ircamspticin exponential increase in the -

. numbBt Cﬂfeﬁ& fs tl%tcéxéem itthe ehisthold) Thisoindicatgsra statr correlation 5

'su Fefrbirthd Qstéﬁ%@t@ai RieddifeRenty ef the surface:
aver E? ?1'(1%% BT o) fttﬁe‘?ﬁ% ARINS Frofh the @vérage in
%‘g@ftf’rbﬁ'? ' .

e rmance. -acceptance reshol d, on
'Sta”fjﬁﬁd #%) at i on surface that is created by
: correI ating matches on the entire original inmage. That

is, the nunber of points ayer t he
TP _099_TP7 - 0.9TP | Average Standard MAX

SO R . , . : Deviation | Distance
Panchromatic image | 30 | 3095 | 192626 0.9010 | 0.1270 -} 0.7797
'480-490 nanometer. | 11 | 2719 - | 0.8961 0.1292 0.8037
.| 545-555 nanometer 25| 2784 1 0.9012 0.1277 0.7738
: 795-805 nanometer 32 3040 181779 | 0. 8934 0.1270 0.8398

Table 1 Number of pornts that exceeded the threshotd ina 512x512 photo under '_ |
- two-drmensronal corre!atron and correlatron surface data e :

S "'_..The number of prxels that exceeded the threshold lowered by 10% in the
o panchromatlc rmage reached 73% of total prxels



. A-good sign of the success of the matching nechanisns
- will be the quantity of f-a] se the tracking wndow w th
the wi ndows. around.. all "the points in the original
- i mage. DEFI NI TI ON OF THREE- DI MENSI- ONAL

SPATI AL- SPECTRAL CORRELATI ON i n_hyperspectral sensing
c::ompamd tox Ehenrige-dimengioneh comaiation: wkde rd MEEIRHE h)ﬁﬁ*&g@orfelanon
~ performandat #- shwed TN Svenbdespserasensiindy to dhiashalil ehanges, which
- demonstiaies svenensienldtnase ondhg Hyper-cameglation $ianss asaaarohe seen
 also frofPBetdiaceagisticenBveiy tHlghcik! norsfoivdred dhtesholdngrpasus less.
false Sigﬁﬁs %hér? offip ér@@ ot h@di-duﬁ@h§oﬁ§b%oh@£aﬁbh0 ikpaisz! that the

higher itivi tg nl:teé‘” Eeﬁ@&?éifa naxé ﬁnfench'en tvﬁdlﬁtmenssonal
_ corre!at@ patial coordrnates pair ement s
éectral vector is defined bythelnten3|t|es in the

(j) pixels in all L stacked inmages-- layers. This @
third dinension adds the informtion we hope.to.use

in order tp ifprovd-#REHuni §RHdss Avsraga¢ gﬁﬁ@%ﬁn’é
wi ndow, ‘whj ch turjns now t ¢ be a tiacki ng ¢&evatien [a Distance

19 layercabe of 1 nf2rest,| 54992 di pde882n]K98AS pil 0e1208 halt0.5105

3 layer CEEE: . extracged Triosa7sse d@QﬂﬂsggegW hO. BY7 NEoRT7738
NIR, Blbg@regﬁner tes repeat edly dat a-cubes of . t he obser vied

STTITC, = bll to UCI 1 IIl: ad 1 T cT UI lll:‘llbl Ulldl -

 Tabie 2SRk zsag&;g@%x'gﬁg 468 o Wﬂgewww cube,
eX|st|ng|nt Ypﬁfﬂoﬁ"&l surface ch it with the
L i ght sub cube in consecuti ve dat a- cubes. Such a
we keepnn elinditbat therfotal pejntswheekatkisdelid squared, then. the lowering of
. the threshaie bycl@% gleamits most of Hievpaints; approxintately 84i¥s, towxceed it, as

'__'-.canbeafmmmbtameensnles in (1) is replaced by the sum-

of i nner.. products. of the spectral vect ors, nornallzed
by their |ength. (2) L
"H(mmn)=(1/k*h)*Ei =l 1h(x(| t) f 11X J)I)*
(Wmn)fllWmJH)Mme{mM|stm‘ :
-~ hyper-correlation function value for the spatial
i " location (mn) in the Current dat iJ) is the

. Of coursepétdemss{béetq)pse RyPecerelation matc mgtfrgé Gt-léé%k}'fh nyupige L.
. as long>gs &nis targer dhawr1. This also mcludes cubes obtained by reduction -
" through sifting channels of another cube, or those that are obtained by reducing the

| s 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-dimensionai correlation). The results 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—correlatlon '
- ona reduced cube that contams only those layers w:ll be expla;ned below

B '”Attemptlng o explo:t the obvious difference between these layers in order to :mprove '

| results, an altemative matching mechanism for the cube was devised. In this
- mechanism a logical “and” of the two-dimensionai correlation results, obtained for
* each layer separately, was taken and the surprlsmg result was a 3|gnn‘" icant

B :reductton of the accepted points.



X (i,J) its transpose, Y is the sub.cube around (mn)
in the current data-cube, ,Y(m ) its spectral vector
~inlocation (m n) , mm[ki2+1]+ ;and n = o
n-[h12+1]+ . , Ilofi is the normof vector o, and [(g]

stands for |argest integer snpller than g. 18 | yi
 Namil’, Kbpes peints dhatisisRefind GImy @n%usdsé.%ﬁ%gueﬁhegg%ny 5ch one of
* the freeedmagesc epieneomples fat Bahrashald reduesast by 15, 'B# Iggical "and” of

' the redutts| aftthoge that cxeseded tie thresbolgdior b thres imagey gave a fotal of

46050&t! Ahikaatachi ohd beparatsly dfieienwere stfeanitioubands of points that:

excESHdE P Re8RoRIP a8 tdezh MeTEbIs 1i Thehgood hestiiiedof the logical “and”

are BRLC e &) ri@h‘\fr LA S h@oﬁr’thﬁéké 6. ’ltjoTtr!ﬁe \Q%}ﬂé?»%oﬁélatiqn resuits
(5437 RoIRfe ghaf fas Sl reptio [ llctid by TP a5 GF be cbsenved in
: lute -match. When we hyper-correl ate a.cube of

i nterest, extracted d n poi '
' Thedgiet cliferonaBEHIn RETOBIAINE DDA o T s e layers in the two

. diffenentomethedspare puraling: itesamg that the weigge ipiesmafipr slpes exists in
- the pafious spéchalt layemsantharwise, theslogical Handwyould nekheve kyvered the
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i seemBhifihO YSariSRSwhiER 168 hyprofletation’ was difinedsiarnot suitable.
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" SPECTRAL INFORMATION

‘We B ?c? cj'hﬁ'% auREd S LR LHWkEhuIRIRAL iCloytheX it hyper-
Acorrgé lfj’éc%f' @tgq,, gﬁ‘ 'ﬁgg]gs: é}?%}gﬁ e €5 h8' ingbfty) 99 define a robust =
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" DEFINITION OF IMPROVED HYPER-CORRELATION COMBINING SPATIAL AND

" Inthe hyper-correlation function definition (2) we Included products dependent on
 the angles between spectral vectors These are the angles between vectors in the L-
" dimensiona! 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
- 24 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 maiching points and the non-

. _"._'_'factors: .

'- - 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 prob_le_ma_ﬁc
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~ angyl 'ﬁ%@f reél eore:gﬂéerli-ﬂéléa(@ctof’é?r every data- cube. The

ron of the channel's in the spectral axis, ‘and

B its e%ﬁié§émggﬁ§i§§%§pg%?ﬂr Lgfcéﬁteveercft ofclli_gf?wegg%;g ﬁ%aé%%t{éi spécg, |
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o Ts) fﬁ Hipjpeting” it
- perpendisiaryrorpsomeady the wonsiinate Rlanasn Sfreaeds Q.Péanes ofthis .
©typenandfiszrenvi® withobtain epnnections between pairs of spectral layers. We wili =~
- choose four pairs, out of the 171 possibilities, as an example, all of which are firstly

~ taken from the visible range (VIS). In Figure A1 it's possible to see the elliptical .
- shapes whose behavior is exactly as we have described. e

The reason for this behaviour is the high correlation between adjacent layers that
causes the ellipse to be narrow, and in the direction portrayed. See the Graph of
Layer 2 versus Layer 4 in Figure A1. Even when a pair of layers is at the two
~ extremes of the visible range, the correlation will still be high enough to create an
ellipse that has a large axis difference. See the Graph of Layer 2 versus Layer 14 in-
- Figure A1. e ' Sl SRR '

. This |s also correct for pairé* of _layersl taken from th_e'Near Infrared Rangé, (NIR), like )
_ 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. R TR TP S S

CA more exact analysis, by wéy' of Principle' Compbnent Anéinis of the data, prdvide_s

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. ' e T e

o i ,.'Ccimment: This behavior is also charactéristic in the individuél case of standard color

- photographs, and justifies the conversion from coordinates Red, Green and Blue fo

- coordinates Hus, Saturation and Intensity, so that the intensity axis I is in the main
axis direction of the eflipsoid, and in that manner a better sources allocation forthe

~ datais achieved. =
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" For a geometric-intuitive explanation of the need for change in the axes origin, the -
- characier of the change and its significance, a physical explanation can also be
given: when all the vectors crowd into the first quadrant, the test of the angles
. between them only shows difference, or similarity, in the spectral shape, “color”. But
'the angle is blind to the difference in intensity that is expressed by the difference in
~ the vectors length. The invariance to intensities is an advantage when we search for
the specific “color” in the picture, whose normalized signature is found in the
- signature library. But in the problem we have here, the relative intensity of the

signature of the various objects is predetermined, and stays constant in fime-
consecutive pictures. We wish to exploit this relative situation in the hyper-

" correlation mechanism. The shift of the origin toward the center of the ellipsoid refers - :

_ the vectors to the intensities average and this expresses the intensity differences to
L __sor_nedegree.-__ BT ST R o

. ‘Based on this principle, the hyper-correlation definition was changed so that it

S expresses the relative. condition of the intensities. This change brought about the

B expansion of Hyper-correlation values into the -1to0 1 range. The adaptive threshold

" mechanisms remained as they were. The mathematical expression for normalized

En .'hyper-correlatipn through the moving of the axes origin appears informula (3).
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©of the maxi mumfrom the aveage,” m1ln Table 1 are shown -
-'--the results of the two-dinmensional correl ation _ .
function ose val ues range bet ween O ar d
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B rwhere CN(m n)is the normalrzed ccrre[ation functlcn va!ue for p{xel (m, n) in the '

current image,
- X(i,j) is the intensity value in plxel (i.j) of the tracklng w:ndowx

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

”: Y is the window around pikel (m,n) in the current imags,
Y{m,n) its inensity in (m,n) , m=m2+i}H ;and p=nfh2+14, -
and M, the mean of intensities in the current i image, =

T and [g] stands for largest mteger sma!ler than g

"-"_COMPARISON BETWEEN THE PERFORMANCE OF NORMAL!ZED HYPER-- '

CORRELATION AND TWO-DIMENSIONAL CORRELAT!ON FUNCTIONS

= In order to check the eﬁ’ects of this change on the results the process was run aga:n '

on the samée data, replacing the correlation functions for the new ones. Indeed, there -

- was a-significant |mprovement 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, fowering the acceptance threshold by -
- 10% gave 213 matches a resuit that is better by several order of magnitude L
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. Table 3: the number of points that passed the threshold in the Improved Hyper-
Correlation versus the number of points that passed the improved two-dimensional
-correlation, with similar threshold - mechanisms, and aIso hyper—correlatlon /
~ correlation surface statistics ,

" The low sensitivity to changes in the acceptance threshold values shows that the |
hyper-correlation surface is less problematic, as can also be observed in the

i criterion of the surface maximum distance from the surface average, which stands at

' 2.5 units of standard deviation. This improved behavior can also be seen in the
~histogram of surface values shown in Figure A3. Analysing the histogram one may -

" notice the existence of natural threshold points at 0.8, for example, which can be

taken as an alternative to the existing threshold mechanisms, if needed for some

" reason. In comparison, the histogram of the surface before the improvement showed

‘the accumutlation of most surface poinis at values close fo 1 and actually proved that
there is no possibility for a robust automatic threshold mechanism for that same

- o correlation functxon as can be c[ear!y observed in Figure Ad.

:-.At the same tlme on Tab!e 3 are presented also the results of operatlng 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 genera!iy used, and

" its advantage is also in the fact that it can overcome the changes in 1llum|nat|on-
o Ieve!s in consecutwe |mages (though ’the mean subtraction) o

- 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 essentlal addltron for .

L computer vision systems
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" DIFFERENCES IN THE INFORMATION FOUND IN THE VARIOUS SPECTRAL
" CHANNELS S

__'--_'_l'n'this_ soction we shall discuss one of the central problems of hyper-spectral
- sensing, which is mainly how to identify the spectral channels, their location and

* width, which contain the information we require in order to perform a specific task.

" There are a number of approaches and methods, but it is hard to state that there is .

. already a satisfactory solution to the problem. In each one of the 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
- thelr width through fusion {(merging). The data that we have is in a spectral resolution :

R of 10 nanometers of better, and thisis a reasonable starting point.

- During th'e:stages of this_re_sea'rch' we adopfed _a_in 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 unigue information

. 'th_a_t is not found in the other channel. And, when the similarity is very high, they can
" be unified or one of them can be relinguished ~ 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 1 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 - N
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. on top and inside the main - “blocks an addlttonal “b!ock” structure WIth Iess '

“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
SLowas checked Flgures A5 and A6 below are exampies of the “block” structures '
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ual rant on

. ih -
AL megﬁer{neet uadr kd’{@h? L:%fger %Jt%drﬁietr ﬁr‘?’aago Ae%m%an maybe be

explained as consequences of the vegetation, inasmuch as chiorophyll has a
" number of other weak and narrow absorption/emission fines, 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 consecufive channeis whtch ylelds a wnde “block”, as can be

L seen in Flgures A5 and AB.

'.’A possnble explanatlon that the orrgm of the phenomenon is in atmosphenc
- 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 lmages at dlfferent

S ' places and condltlons
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 Now, when we have |mproved the hyper—correlatlon itis mterestmg to check it on -
- the same reduced cube, and see if it is possible to obtain good results near o those
- obtained on the full cube. And if this is pcssmle then we are supplymg a solutlon to. '

CInd %Ellepi :sEg ed‘cgéf’ﬁ’%e WsicReORINE0EUbS t6Xasde B eisaneels made

S spectral tracking that is apphcable and less “expensive”. -

- We also wish to check the various atternatwes 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 representatlve channel, which .

was taken from a “block”, with a W|der channel that |s obta:ned from the sum of 5

L “block” channels. -
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- portrayed. See the G aph ef Layer ‘2 versus Layer 4.in
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- guBg Layer In Figure A-.. This is also correct for pairs’
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o 'panchromhﬂcd'aage provides. the main axi's d| rectl ons, and also

denonstrates the narrow di-mensi ons of ‘the hyper--
~ellipsoid when it shows that only a small nunber- of
' axes, out of all the axes, have an data is achieved.
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{19 layer edbaed. ahd i By PR S o288 | 2.4525
| 3layercube: . | 11 26 | 3_09 -0.1366 { 0.4352 24869
L NIR Blue Green _ ' . - B S ' '

Table 4; Nurnber of pomts that exceeded the threshoid under |mproved hyper-
correlatlon of afull cube, and of a cube reduced fo three representatlve Iayers and
" lmproved Hyper—Corre!atlon surface stat:stncs

ltis possnble o conciude that

:'__-:':At the cost of a shght reduct;on in pen‘ormance .'t is possrble fo reduce

. : . the cube to only 3 spectral layers correctly chosen from the given 19 -~
= layers, for tracking using Improved Hyper-correlation, and to still obtain -

noticeably better resulfs than in using Improved Two—d:mens:onal o

) :_Correlat:on on panchromahc lmages
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-~ the NIFo¥sdkeal  expl anation can al so be given: when all the
: vectors crowd into the first quadrant, the test of: the
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Table 5: Number of poznts that exceeded the threshold, and data statrstlcs of the

| Hyper—Correlatron surface, when applying improved Hyper-correlation on a cube
- degenerated to two and three !ayers .
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‘expresses the relative. condition of the intensities.
Thi s.: change brought aboutssthe .expansion of

“Hyper-correlation values into the -1 to | range. The
~adaptive threshol.d mechani sn$ remai ned as they were.
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' The gesticaneh ebyidﬂhié&qlctﬁiﬂ%ge&? TSl Popts g«@@&?&bﬁ" 88mera or with
ashalh sefet i that guestien BalW - on is . R
expressed in (i}. normalized two dinensional
-~ correlation function will also range from-1to 1.
. this. ‘expressing the pixel:s intensities relative to
that nmean. The val ues of such-a was similarly
normal i zed by shifting the origin to the nean
BLPONINARROREOR WIbE SPECTRE

T4 oMmn) = ZEs1kj=1oh ((X(1.0) - M) * (YW -
or

M X(i,j) where CN(mn) is th i Z¢ -
: During%l‘@( m(dwiiénmﬁ@@ee@m @p%qldgpubﬁv}g |a gL%é Zw%&r 19 layers that cover

" narrow bands of 5-10 nanometers, and we showed that it is possible to reach two

 levels of reduction, three layers and two layers, wherein each one has a cost, which

. rises accordingly, in reduced performance. The aim of the channel reduction was, as

- can be remembered, to enable a short-term implementation with inexpensive and
"available technologies. When we check the possibility of implementation with “off-
“the-shel” cameras, we could encounter the problem of narrow band filtering fo
‘match channels as were tested above. Therefore, we have to examine the .
-application of Improved Hyper-correlation 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

S 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

o threshold mechanisms used on the full cube, produced the results indicated on

'_Table 8. To permit easy comparison, Table & includes, once again, the resuli gotten
ofthe full cube. - S o - e

A céfnpaﬁso’n ‘with '_:the' results of Improved deédimensional Correlation on the f'

B - ‘panchromatic image, which are noted on Table 3, show that despite a lowered
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function being gener al | y Y- and its advantage. is
also in the fact that it can’ overcome t he changes |n -
|IIumnat|on s _

" } : _The graphlc desonpt!on of the results is shown on Flgure AB And in conciusnon

- At the S/!Q’hf 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
o match.'ng, compared fo Improved Two—dfmens:onal Correlation. E

COMBINED HYPER-CORRELATiON USING THE ADVANTAGES OF EACH o |
L MECHAN[SM . ‘

'_ Untll now we have shown the lmprovements aﬁamed from hyper-correlatlon 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 mformation was [ost The spectral mformataon is -
' composed of spectral shape . . . o o




| evel s in consecutive |nages (though the mean
subtraction). Fromthe cogparison of results obtalned
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In offlen tpcbenaft frompthay@dvaniages, |and cyeid tdﬁsa@@@&agf ?the two

- mechahismpiwe Wit npmhemesﬂwm infpicgie fupctiey thet presaives e good traits of
. eacls ulijecof themh separately. Keeping in mind that false matches is the main

- problem, we generate the simple combination that will reflect indications of no-match

" obtained from either mechanism by applying simultaneously a Hyper-Correlation,

“and a Two-Dimensional Correlation on the sum of the two layers. At every point
- {m,n), the minimal outcome from both’ mechanisms will be taken as the Combmed .

- ;-:ji"j_'Hyper-Correlatlon outcome at that pomt namely

- (5)-_ VJHC(m,n)=m|n|mum (CN(_m,n), HN(m,n))

Thls mechanism remains very mexpenswe computat[ona!!y and rt 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 bemg that the points of diffi culty of both mechamsms do not comcnde

ol We w:ll check, for examp!e, two of these real situations.

1. A problematic situation for the Hyper-Correlation Wwhere an almost homogenous' _
~color field cell is checked, but with shadowed po:nts A simple situation for Two- .

- ... Dimensional Correlation. -
-2, A problematic situation for both of them is when we check a ’r‘ eld ce{! that is

o -._'_'aImost homogenous in co!or and in lntensﬂy



. This r’ﬂ

di scuss the interesting'phenonenon of hyper-spectral -
to derive the reduction

sensi

ng,

: of channel s.
- THE VARI QUS SPECTRAL CHANNELS In this section we

shal |

di scuss one of the central

fromwhich we w gh
DI FFERENCES I N THE | NFORMATI ON FOUND | N

‘probl ens -of

_ Figure Rp&how e val histoemaimsoof thii Tato-Dimeasiohgl Gewetadion znd Hyper-
Correlétfé@ﬁ%hﬁ&céé‘%ﬁ@%ﬁp’eﬂﬁ sinadtiel; Sihat Istiess¢odhei advanidge of one

rbhmnn&ﬁé @bwnnthm hstogianes ifor a type-2 -
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method”
'sﬁuaho

| hxstogrtamgt
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exceedenl dhatfhrashold,t’
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Naturally

%“‘H rs
@ baddratgh

rathe Mamys #resheld nlé@lﬁfSan'a?Qﬁme
t heir_wi dth through fusion (merging).
data that we have is in a spectral

ﬁtﬁﬁ Ffoﬁﬁhh@é olstathddihsoligh the €esbiredd Blyper-correlation

S, BIRAHE

fﬁ‘\es

el e

ag égﬁ dr8d Kdiffic _
§ ?rg féh(é‘iatfof it fdi'mstPa?tHai At easy to

HioANvdiBes in the

tn a clear-cut
Qpéﬁa that
ramatically

The. . -
Tesol ution of -10

rd\)é?néiﬁﬁea?eﬁftrdokln‘g ffRit alsovhandles |

Ié bsiié shdwnAA3se ‘Pn'leﬁo

ah exam nation of

?fams on .

t he rmst prom Si ng dlrectlon was

an examnation of the simlarit thev ug th
Finallycwenwdll perfosia reepak iR qm, S yHEgRSh ? oe e
 additiohalhirbpiowemenpives @B@sgebbvaﬁﬁé'hﬂngnﬂ'@i F*PI@P ogreiation
. The averade eesultsffof ftivs sevdnthrgsholthvalues que prasemtﬁdtmbﬂ’ able 8, and |
- they sﬁcﬁ\@tthaﬁarmitlcéabladmprovéﬂmenbtv&as attgined epplying, Cmmbmad]blyper-
| Correl Shbhsed o ¥R HyPesCoridigtiorn;aand be imprévertent obnwore than
" one ord DdQeﬁoh\fﬁz%rBB%bs'hﬁé Dnné?fs‘ibﬁéﬂlc&réléﬁdn batHis is a very -
K IFC% @‘9 @%BF of 'simlarity wth other channel s. -
_ s:gn. ds, Channel | and Channel J will be. -
- nerged or one- of themwill be sifted out, if: 1 and J
“are highly sinilar, -according to the specified .
L measuﬁg gq%hnd| ?\g\%dp 1 hzam mé-l\I;r@Ify“hL of iﬁ?\m h—anyv pAvg o
- Threshold ot h_er & e | 0$ t % V. .
- in f of points.
z?gjsr?e?gﬁﬁgﬁq n ﬁ?gsnti’d"" ThFr'erh @%?;s i %@f %?gggldo L ﬁuord Threshold
7 I=o085 |=070 |=075 _|=080 _|=085 -090 = 0.95
- | Combined 1739 |- 836 - 398 160 53 1
[ Hypercorrelation | 9039 | 4955 | 3476 | 396 - 136 33 2
- .| 2D Corelation 20708 | 14627 9496 5410 | . 2530 848 73




:eagl'fntp

~the other channels. The last condition is. the
condition that seemingly" §|sts whenever the first.
condition exists, and thaf conmes fromthe definition
itseif. A 28 the sane or at different, data collection
flight. They delineated in the CM bl ocks -of -al nost .
- Conmuﬁumntgray scales in which the elenents. differ from:
. ~each other by snmall percentages, |less than 4%in.

'.Méﬁlg : #f‘é%@"i@@@ mﬁdm@téﬁ'tﬁangelmt‘@@wtayers and using

- Cq Wz@’}’ % f%b%){‘?gsfg‘?b é}ﬁeftﬁ ofmore than
ONFateRdar i CREGEIIRE | Tidhe @naancre,smﬁr ge 5 of false

malctrestritarion) somparad to Smproved U W@tdmmmm(l anmelation.

correlation- betmeen the- plcture of Channel |- and the

' _!n i Ewrn ofro SRAMRra thFE’ie areawda@@a oIS, ot s, the
' as values, 1or
f ? &@Rﬁ@cet g&’ o Ii%‘}g?foﬁ r % hows the

imnrarnasl@a %dar e@oPeffl THNPHPRSH §>P d HYPef' o

Vfumaﬁaaem} | uckily, to.. be a gray scale picture in-which

white represents val ue 1. Choosing.this type of
Thelisipiificanicestfeatiabie predesfedagbove i thatives are sugpestinghere a new
" meeKaniBig  casyC in applye dvhich evffers nowtsEmiding imbeovementnpossibilities to
| exiS@itp icofreldtionO nibeRismyli Agalol its ihiplérbnation, we nwisttsee how to
obi4f rtt%ﬁm 3PReHd @rrﬁHSB&%n{é"@@Baﬁ?ﬁéta fhat ddRerdtife 450 — 1000

| & %"ré &1 %ito é%f d’ Near & &%‘8 through the
e e e

the dlagonal in. each of k
‘the four-directions, as was actually observed since -
“then the distance in the speCtraI axi s increases. But
-~ anot her -phenonenon that -was di'scovered was -
- wavel engths in which the transition, or the reduction.
. in gray. scale, or a reduction in the simlarity rate,
'mere stronger and .sonetines even sharply so. These
’ break Irnes returned and appeared nDre or Iess




at the same wavel ength even when dlfferent and
di stanced areas -are examnm ggd, .at At if -structures.
-was checked. Figures A5 -and A6 bel ow are exanpl es of
the "block substantial differences may appear. These
structures did not recur inthe CMof the. different
~ areas ‘whil st the.basic structures recurred in every.
-'Reﬂﬁ&nnésevery area that " On-too and inside the main
"bl ocks" an.additional "block" structure with |'ess .

[1] eveTharia eamRall's IFTRIS Tiné Lherinosh enatbarF IR Spbatiometer”
| chr@WTYé\%ifSrrstecfcﬁéc ANt SionATohibipiceabdiddby 9.A.
Qinth l))éﬁdS' C&8Rdnte Pfoctegﬁﬁ'@g@(wq@bs pp170-

| .18 |C|pa €.1n the creation of “tha

Sub natrlx of the CM" Thus we deflne a'block' to be a

o tri X lff ence bet ween of
L -2] chg'h% élﬁTkPﬁ’., g%ld§oﬁﬂ\§ﬁ Qhition and
. _renenbering that the linear nDdeI |s accept ed.
~ [3] apprdsentan ebal. t“dotrﬁt&‘rnegtmbRegmawed baad Mise Dj&@fﬁﬁ@éﬂon o
- Perfdnmapbe™) dtreceadings of SPik oni DetgetiomandiRéreediationfliesbnelogies | for -

S "'Mmeé ant INfinelile Wargats Vo dtildrhg € 036{ Apeh2es0,pp210e212! | ed

out by the mathematical A possible explanation, that -
the origin of the phenomenon is in atnDspherlc

i nterference whi ch was not renoved, is not acceptable,
being that in the CM.the the S|n1lar|ty in the
consecutive channels which yields a w de ' block

can be seen in Figures A5 and A6. Since the. blocks
are characterized by hi gh and al nost unlforn1values of
‘'the . correlation between the part|C|pat|ng

channels ‘they actually offer a fornula for a _ o
reduct.ion in the. nunber. of required channels, or -for -
t he nergi ng of adjoi ning S ' g



channel s. Meani-ng that, if there is a channel "block"
with a high correlation, - representative channel
can be taken within it and the rest can be abandoned,
or it is possible to -sumthe "block"” of narrow '
(‘T@gnel s into a wi der channel, where the - information
AN 3 in those procedures is srrall due to a high :
: correlation. And this is h0W|t was done | ater on.
. But let us first try to find |'ogi cal explanation for
In bider iapheck thecrepetiabildy of the nbemmenomaé “Wocksien the matrix of the
 nofmalidede Covalibneakvibirixe SCM)f abbat aehick|wei wrotbl inckids i report, data
 colf<ted At othee decyraphitogreakr andt diffeldr®, ewirdriphenthl gbhditions was

'- takteﬁ EE%H\& mpeaifréraht Fﬁe@ of da9 UaRtetdift SEBoRaEHERES bN.

|on at IS exact vvherethelargereflectlwty

o ln E@F Qéltl%: gbge drg%%cﬁ te Ct rt?oundanes-:.
i af% $né~ = Pece Rz Ipés” in the
' suweesmeo Cobeldenors veae aan ﬁ' 3 melraéaree B Clbes of 45
spediedtlayars. wetsc: takeng Thesarlayerst wate Jeaged dn oecia bards of 10-12
naneyetess ivdde, whiohr ¢evetgd ycensechtivelghdhget3thte 990 nanometer range.
- Thaihisp dine Misiblebrangeeand she. N Rcrangeu IApproxiswtelyHaenty datas cubes of
A3¥BIGhRe IM wérey exbptinddid (Fart eattesond . ofv dsset then normalized

- CoPériad vitﬁémﬁ'réa‘sure@w& ivitis cAloglabst, spdnprasantedrthrough a

. E-gr sdlé éﬁ&k rn 'vﬂﬁcﬁQHe ntéﬂ@a‘ki@ﬁgﬁés' RakR BEYGhiest The data

cu%su a%‘”drééfﬁr whith B8najor road
cm@é% a Wgnl_ a&; e R‘«F’? describe
eﬂﬁegtt% of ge,gpg'ga Iglg dative areas,
- whighr ae, diiferent & pba ?%‘ne%%’h 'P%rur %P' r?a?e between
, them bt musérbe asswmed rthat ll‘t each @remeinciusing Gfo 384 a vegetation
exi¢tsegitheiughria varjous! quartiities. Thisdactisl mgtedrmneeﬁsra rasswmed that the

cleapstt sibirlihaisteepettralobelaviex pf athat vegethtiont fepredsnis can important

i _ corﬁﬁetﬁéﬁt inGhe ¥RIChAE dfeRe Mommalilsd ovaiiance M4thie, as spbbrﬁed in the

ﬁgl on in around 600 nanoneters. At the sane tine,
I's break line toget her wi th other break |ines can

O W%é?’%ﬁ&i g‘ke?(fké od]ﬁgr;eﬁ r—ﬁ@@%‘é%&%ﬁ%@é th&E alf %atﬁeotnree basrc'

- “block re, on. whic X'rore comfgﬁicated “block” patterns are superposed,
. seemingly derived from the special contents of each field ceil The behavior is
‘ ‘_:-accordmg to the specrf'ed in the report ' o ‘

The . “break line” that represents the clearest demarcat!on line of the “blocks”,

L  appears between spectral layer number 26, whose center is at 715 nanometer, and_ :
- . spectral layer number 27, whose center is at 730 hanometer.  Meaning that, the
" "preak ling” 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 respectlve!y, that is, its location 1 is approxrmately at nanometer 605 :

- _These “break lines” appear in all the normahzed Covariance Matnxea 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 humerous and common
landscapes, field cells of sandy areas were not checked and nelther were desert

: Iandscapes

o additron to these two "break lines”, there are other, less notrceable Ilnes whrch .

z __demarcate “b!ocks representlng charactenstrc components of the specrf’ c field cell -



: nunber of other weak and. narromrabsorptron/enrssron
~lines, ‘as for exanple, a 4pyaxi nal. absorption at 443
‘manonet er and 665 nanoneter and. on the opposite a
peak at 555 nanoneter, and that is actually where we
find sone 3f the break |ines between the bl ocks of
and ale ol equallyipticeaRla nnbie GHerend saatHxes, axis pgriickiary nonceable
- in Figies Mm% gncbA16l aces and conditions. 30 It nust be -
noted that until recently, there was no mention in
. intefnational technical ' literature of the interesting
~patterns in CMor, of course, of the possibility of
‘using them Recently, in April 2000, an article was
‘publ iished [3] that presents this. phenonenon as a .
part of research results’in the detection of land
mnes.. The inpression is that the group of - -
researchers accidental l'y found this phenonenon, just
. like we have done here.. They .don't exptain it '
sufficiently, but they note that the phenonenon’
- shoul d. be. lnvestlgated I'n" the-exanpl es they present,
‘'we find-CMof ~ very vegetated and slightly vegetated
“areas, - and areas without vegetation (a gravel road).
The. break ['ine for the 700 nanoneter area strengthens
‘according:to.the contents -of veget ation. Fromthe @ -
very poor pi-cture. quality it is hard to judge whet her .
‘the break line for the CMof the gravel road totally
. di sappeared..but it is obvi ous that it weakens -there.
- above crlterla and the options to reduce down to a
“minimum-of ‘two.layers. We W ll also check the
‘inplications of substrtutlng t he narromrrepresentatlve
‘channel ; which - was. taken froma "block-, witha . o
wi-der channeJ that is obt ai ned. from t he sum of - Ve al so '
W sh to. check the varlous alternatlves of reduction.:
in. accordance to the the. sane reduced cube, and see
if i-s. possible to obtaln good.results near to those -
' Uobtalned on-the full cube. And if this is p033|ble '
*then we are supplylng a solutlon to



plo2 versus plc6

' pic2 versts plcd | L

ispectraIVtracking that is applicable and |ess

"expensi ve. Now, when we haye inproved the

'hyper-correlatlon it is interesting to check it on.

degenerated cube, on which we tested hypercorrelatlon
before inprovenent. These channels wer e not chosen

i ncidental l'y, but were - chosen as representatlves of g
“the three dom . nant fd recurrifng "bl ocks". Therefore’ = -
it. coul d.be observedjthat they represented t he
. 19-channel data: cubej{well. The|channels ghosen are the
“\parrow channel s thal appear in Tabl e} ,3 annel s that
| ?N call ed Blue, GeenZ8and N R-L Indeeii_‘»‘ -§
N&t the reduction of“the cubejto thegs
N, al nost no change to the level 3§
X was pretty bag) appl yieng th \Q ¥
N\ relation te _the fuld jcube. °
! NI |, “and onl*cchloroébrlL, i 18
g, it is still verySjorth ) i
phenoneha, beca@sf vegeriy
ms, i$ expect&dfto. exi
g bui f &= up areag and =
- P Bt plents exisfs. 12
"_descrlbed pi NSl ylwe actual |y aIready :
~correlation "bl.ocks".| This occurtet— s
t hree channel s thosen for|the "bl ock” channel &&
31 APPLYLNG THE | NED HYPERL.CORREL ATI ON_OH . REDUCED.. o
2 2 .BLAER SUBESVe S | 19 r st exadi n@ t h& pe or BancB 8 <
s ®  \ften %pplyi ng the of. Inproved Hyper- "tor el afion"on a
‘three-layer cube, Blue, Geen and NFR. As anticipated,
" ~according to the above analysis, the reduction of 19
-layers of the cube to three layers, which" '
approprrately represent its . contents, gave. results
- that ——8 8
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- g B} e
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- picis versus pictid

"'pl_e':i 8 versus pic16

. Hyper-correlation ongl9-channel cube and_on three - 2
——¢hanhel cube, for The& variou§ o
*\\conparlson- with Tabl e 3 shows :
\V\-pplylng Inproved jper corr N
&\ g | ayers §
5 et ts of appl y| n
elation o :
SlgwaMmgilstance‘
. §092. 453 R 3
70.45522: 4969 NIR, R G een - :
u0|nts t gt exceeded NS hreshol d -
correlg\lon of a ful be, and o
- ahree repr¢ ‘and - 1R
elati onyirface statisticgglt is o
. that At ; 3 '
- reduction ce, it s p033|ble to redu le
- ~layers, for ® usihg i fproved | R/ m
‘Hyper - correl 28 nd to stilll obtain the cube. to%
only 3 spectral .1 rs.correctly chosen fron1the glve
: .. 19 npticeabl.y bett-wc;esults han : 207 e \VZ=Ye o
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“were rel atively close to those of the full cube. Even

if there is a certain harmto perforrmncelevel this

i's negligible when conpared to the great savings

~obtained when relinquishing 16. channels. In Table 4

are presented the results of applying the |Inproved
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- possi bl ef{to-‘use only {two chandel s on'the'condition'

32 The questl on that nust be- asked now is whether it
I's p035| ble to reduce thegpunber of channels to 2 and

- still mnimze further reduct i on in pe_rforrrance l-evel .
: {Eeo':ﬂ? wor ds; |s It [RLE§I| annob ] rsh‘mqane__-of.
“are th--,s_'se_-nti al channel s? The test was. rrade by

o executing Irrproved Hyper- .correlation on a -two-layer
"~ cube, whijch is obviously the-gbsolute mninmum . -
'_p_os'5| bI*&[ in the three possifile Lon‘m nations. In

Tabl e 5 4re shown the result’s {obt i ned for the three
pairs: (NR Geen), (NIR Blye) and (Geen, Blue). As
expect egh the reduction  in pgrf of nance becane. nore -

significant, and in one case ijt bpcame essential. This

-..occurred V\,hen we removed the cha_nhel fromthe. N R

- "block™,

whi ch -shows how esserti al it is, and
t her ef 6?: "“The-conclusion is tjhat| at the cost of g
-~ addi-ti ongl slight penformance {redlction, it is

.that ongLof themis tfjaken from the NIR bl ock". From.:  ._
the three.. channgl-s, thhat représenf the three nain :
bl ocks, 1hei cha

e
——

el [ hat repiesepts the NI'R:" bl ock"

‘has “a hi ghest i nfi&id @&hce, undgr  fhe criterif ;f : _
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2l ayers: Blue, G een3604221663-0.13660.53182. 2129 3
'ayer cube: 6580346 0. 15599. 49272 3461 Red, Blue

G een Hyper; ¢ SR eR-—ay

-Inproved prer- 2
~of poinfs that exceeded%ﬁhy‘
*statlst~c§ of the degen&tafed:¥o"l
33 I's ig#possible to coggg@a 4
M R chajinel by taki ng t Freei i ehiimel
range? [THe natural choice i's -t he. suﬁﬁ%
-of the ?{ﬁﬂthat correspond tothe réé
the qu*<,n a color camera, which - .T"
|nned|a i
resul t sg

show th idegd ‘the. ‘addition of'the.thl
i npr ovepERie, ger f ormance | evel, but “did no ly
conpens hé&zl'ack of the - NI R -and_ what ' e .
perforn TIeVeI of the two layers, one o :
NIR, %ﬁﬁter in many aspects At the s as
S E he- shaugm tion", .when the
canera g, it shoul d be.c as
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~ checkedg ghy of the wi ik of
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- ifit Teduced pertor man(ze ~ne armof, the channel

Tabl'e 6. To permt easy conparison, Table 6 includes,
once again, the result goiten ranges: a FULL-VIS Iayer
obt ai ned by the sumof the channels. up to 700

- nanoneters, and a FULL-NIR | ayer obtained by the sum

- of the channel's from 700 nanoneters and up. - Merging-
all the channel's in-the visible range, we nmerged two

~of During the reduction process, we started out with a
~cube with 19 layers that cover narrow bands of 5-10
~nanoneters, and we showed that it is-possible to reach
~two |evels of reduction, three'layers'and two | ayers,
~-wherei n each one has a cost, which rises accordlngly,-

-rleduct & Bn vms as cgn E%' rer:rerabergad t,0 enabl gl a
ghort -g &r ma rrpla,e nt & EQQ%EM Bhz hegxgens%lye anE
gvai | abfe t:‘échr;@ 0gi §s 3; .,vv@ BReek ghe possghi | i tly

5

df i mat gner ati on \M—t—;h;%%—f-{ Zt BeZ ghel  canerag| we
-'couI d tRcount ef The pr oB em of nafrow band filt Pr i ng
< tlo- ‘mat gh. . channel's as & re.{ested above. Therefore,
~Me havep 40 %gaﬁngne ghed gppﬁl catian of 4 nprovefl
~Hyper - cgra‘gla@ DIE onvvg‘ Etwg Iayerhspe@ral cupes.
Fromltf-"v\éﬁnﬁl‘ al 3¢ Be2abfe to &trapblate tp cube
With thPee W|de Iaye?§r£| nce we antjcipate the|lowe
dgorrelati on between thegkl uster: of visible rangg
hann@ e M S, ang the gl ger z0f3 8l R range chanpel s,

wn
MECHT

fon
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S vvebb%sgagved 2 d t:hg g,egl”z)ﬁs gsgction regardihg th

D

oWy

ehavisog oFf the%:M angj ﬂretnf‘oueced by the repul tg %{;
nTaI§e 5, we will cré teaclﬂ’b%vmthtwowlda-_ _
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Di stance 19 Iayer cube919213- 0. 12790, 45992. 4525 2
"~ layer cube:2339648-0. 1362q751002 2278 FULL VIS, FULL
NI R Table 6: Nunber of points that exceeded t he
threshold in the Inproved Hyper: .correl ation cube, for
di fferent threshol d val ues "and hypercorrelation o
-surface statistics: that permts a significant -
inprovenent in performance, at a veryIOM/COnputation
. "cost", which. exhibits lowrequirenents in the sensor .
~and in hardware. In order to verify this: assunptlon a
conpr ehensi ve and nore specific test must be S
perfornmed. For this. purpose, thirteen different
‘obj-ects were randomy chosen. On these objects a
~tracki ng poi-nt was taken and around it a 5x5 w ndow
of . ‘interest |f these proni sing results represent a
‘typical situation, then we have. a powerful tool.. and
_a 5x5x2 cube of interest, for the two- dlnenS|onaI

' corr.el at.ion an .on, :
oo SRR R L LS Y PED AL O mppr s o
- t hr eshol'd, whi ch does not ‘pernit a "transparent o
~.conparison between perfornance l-evels, since its value
i.s.different in each of the two. nechanisns, -seven
._threshold val ues were chosen, beginning. at 0.95 and T
down to 0.65, in steps of 0.05. For these thirteen R &
obj ects and the different threshol d val ues, the nunber .
of points that exceeded the threshold in the two
mat chi ng. nechani sns were added up. Their average
val ues are presented . in Table 7. The results -
definitely show the. i mprovenent . obt ai ned t hrough t, e
~hyper-corretation,’ even: inits nost degenerated ca e.
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- of two-dire

' Ayérage n
- nunber of
~applying

unber of points that exceeded theANerage
points that excggded the threshold upon
of “hyper-correl ationthreshold,upon_applying

-~ ALL, corre
- thirteen
‘and seven
0. 90. 860.
. 331363963
‘Tabl e 7w
in Inprqy
two mnd&
- L.nmproved
N objectsw
'rdescrlpq
~in concldy
--450- 100CE
of . Inprd@

perfornence i nprovenent
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obj ect's and seven thresholdthlrt_a
threshol d val ues. values. '0.95 :
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ed Hyper- correlation of the=
| ayers, Visible and Near |niE
Two- di nensi onal. Correl ationg,
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. -expressed .through the direction of the spectral
~vector, and also an intengpty  expressed through the
‘length of the spectral vector. There was only partial

ref er ence’ To The ihtensity in our neti+4ﬁthrough the

origin shift to the vectors' nean, as j

in previpus sections. Full utilizatiog _

at t ai nedj when the vector Iength O !

explicitimanner .

“theoretitally harnt perfornance in sp&

@4 OUE O

situatimhs, as will be described bel 0% c@npari son,

- the twoaﬂlnen5tonal correlation i s basages Igtﬁ-ém-the
intensit|es. We coul d describe a hypots cak ¥ ¢
“situatiofi in which the two-dinensionaf :gefbmibn
wi || hayk an advantage: over the. hyper -3 el at Yof,
.and otier situations in which both c=azEbl aki na'
anbl €, ~a

.nechan|§hs.;mktt rave dr ffrecultires.
-S|tuatr§n i n.which the 'w ndow of int

' 2 h¥ cube'
ok

- of intetpst. isTaken from an 1 nage. of . @re made
~of "honogenous mat eri al., whereéas part sz MVhi ch cgeate .

~ shadowif, or fromregions of veget afFoM whErg &
“typicalfy light and. shadows play. | e Shdow g
~areas we]will ‘obtain the sane hue t hZE=F f@uﬂ

- lighted jpreas; but in:lower- intensit'. d?lous
‘intensitjes create a.situation that.i=s tt daby

the two-{di nensi onal correlatlon Ch t

@

~the hypelr-correlation will have difficuldg BT hIS
si-tuati.on. Wen the shadOMAng I's | ess pr#&hou ced ~also
“-the: two-gh -__,.. OF BGel at 1@ ages preblens. In
-order td“beneﬁlt from th& advantages and avoid
-.di sadvant ages of the two. nmechanisnms we will conblne

- theminto one function that preserves. the good traits
~of . - each one of thentseparately Keeping in mnd that-
f.al se matches is. the main problem we generate the

~sinpl e conmbi nation that will reflect indicatios of -
. no-matc obtdined Trom el ther” nects :oy apg}ylng
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o (m -n) v

~ - ~that point-

worst case
Correl atiup

, the
be taken,

HN(mn)) T
conputatio

better per
'~ pr obl emat§

m ni mal - out cone from both nechani sns w ||

~as the. Conbi nedsdiyper - Correl ati on outcone at

narrely (5) JHC(mn) mn| rrum(CN(mn)

i s mechani sm.renai ns very i nexperjsi ve.g
nal Iy and it guarantees.'to perfgrm ish the.
~scenario, no worse than the Two- BEmenst onal
I n al mdst - every case, we expec to Rave
and bel i eve that even i mt hose
there will beasnn‘gcént

f or mance,.
C situations,

; being that the p0|nts of difiZ ulﬁ.;y”o

|nprovenen
‘bot h' mechani sms do not coi nci de. V& Wi Ll Ee&k for
exanple, gmo of these real sit uati ons. Q o, _
~probl e'rrat§ situation for the Hyper- Col # OR. vvh@é-
an al nostg hormgenous color field cell i c-k%iz t
W 'th shai d points, A si npl e situat.li - Twp &
Di nensi ol Cor +etatton—ATpr obtemati TIOI’]F-fo :
“bot h -of “t&lem is'when we check a field hat. dsa -
-al nost  hd@yogenous T cotor—amd T Tt ENsL Ly §T$ 3
~smaller. gHi gure A9 shows. the two histi® 5' of khE®
Two- Di-merggi onal- Correlation and Hypek==t afi &nf
-surfaces &fjor "a type- 1 situation, that- oes{;&{t ﬁe”
advant agé of -one” ‘met hod over the .othefz Fi.guh e~A10
are shovvr&-the hi stogranms for a type-2 s d.i ongt -%nd_
~they shoWwja case of shared difficulty. FE e &\I%‘ by
-shows the{ histograns of the Conbined , XN 4
' Co,r.re'l at.i_cns) for situations 1 and 2o 'as; Eod
realize hqw nuch t he resul.ts were F¥pe i Where the
_correl ati gmvatge e-g eI TEeG Poi -.. weTss “Rushed”
to the 1eft- and‘"recel‘ved | Bw val“’ues ‘Treating a
clear-cut  division between the good and bad rratches
-rreanl ng that the nurrber of p0| nts that
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9 5 ——POAts-pf—pot-Rts—pf—potnts—of—pormtswf—pormts. vof

- exceeded the threshold; for. the various threshol d
“poi nts, became dranmati-cal ky one order of magnitude

. conpared-to Two-Dimensional Correlation. This is a

.'very gives us a tool for performance i nprovenent in
area tracking, since it ‘also handles field cells

-“whose distinction is not sufficiently clear, as is

~shown inthe histogranms on ‘Figures A9 to ALl :

Finally, we. will performa repeat run on the thlrteen
objects . in order to see the additianal inprovenent we
can get by applying the conbi ned Hyper-Correl ation. :
‘The average results for the seven threshol d val ues are
presented on Table 8, and they show that a. :
-noticeabl e. inprovement was attained applying Conbi ned
~Hyper  Correlation conpared to the Hyper-Correlation,
and an .inprovenment of nmore than This enlargement in .
performance, obtai ned through the Cbnblned R o
“Hyper-correl ation significant inprovenent.
- Threshol dAvg: qt yAvg. gt yAvg. qgtyAvg. qtyAyg qtyAyg

x 10711 Y AhBrage FiisMis Vi 19665 dayiol ypeni—pphessooi—pandbsicof-o-)

correl ation. ThresholdThreshoIdThreshoIdThreshoIdThreshr
»-0l.dThr eshol dThreshol d- : '
'-O 65=0. 70=0. 75=0. 80=0. 85=0. 90=0. 95

. Conbi ned1739836398160534. 51 - :

Hyper correl ati on. 903949553476396136332 2D
Correl ati on20708146279496' 5410. 253084873 38

i mprovenent attained, and in. partlcular the .
i nprovenent of Conbined Hyper: matches criterion,

conpared to |nproved Two- di_mrensi-onal - Correlatian.
o "Figure A12 are shown graphs of t he performnce
 L5- ‘indicated on Table 8, that is, the average of
- performance | evel on thlrteen objects for sey
threshold values for .
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~each of the three nmechani sns. -The graphi c description.:
‘clearly shows the .Wien sghitting the 450-1000
“nanonet er range’ into two | ayers, and using, Combined
Hyper correl ati on, we obtained an inprovenent of nore
than - one order of -magni tude i n performance, per the
number: -of  fal se Concl-uding: The significance of what
. i's presented above is.that we are suggesting here a
new . mechani sm easy to apply, which offers
out standi ng i nprovenent possibilities to eX|st|ng
correl ation mechanisns. As to its inplenenation, we
mist see how to obtain from.a standard nonochrome CCD
canera, that covers the 450 -- 1000 nanoneter area, a
‘division into two ranges of. Visible and Near Infrared,
“through the correlation. use of.fllters3or an '
- equi val ent- mechani sm References 111 Charles L.
~Bennel |l "LIFTRI'S The Livernore |magery FTIR -
Spectroneter” Fourier Transform Spectroscopy: .
| nternati onal Conf erence, edited by J. A Haseth ,
g Anerlcan Instltute of Physics Conference Proceed|ngs.'_
1430, 1998,  ppl170 186.. [2] H Hecht, "OPTICS", Addison
Vsl ey, Th|rd Edltlon [31 A Kenton et aI -"J0|nt '
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normal i zed. Covari ance Matrix (CM, about which we
wote in this report, datg collected in other

geogr aphi ¢ areas and dlfferent envi ronnental =

condi tions was taken, as for exanple di fferent tines
of : day,.dlfferent seasons, and so on. In addition, in
“order to have the possibility to define nore o
accurately the boundaries -of the "blocks", which are
- the wavel engt hs on which are the "break lines" in the
‘succession of correlation values between the adjoining
| ayers, data cubes of ‘48 spectral .l ayers were taken.
~These layers were imaged in spectral bands of 10-12
nanonet ers w de, -whi ch covered, consecutively, the.
430 to 990 nanoneter. range. That is, the Visible
‘range_ and the. NIR range. Approximtely twenty data
cubes of 48x512x512 pi xel s were examned ., For each-
. one-of. these, the nornmalized Covariance Mtrix, which
“;neasures 48x48 was calculated, and presented through
: 1 was
areas,

- road
DN,
Tive
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nough
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according to the specified in the report. The "break
~line" that represents-thesgLeareSt demarcation |ine of
the "bl ocks", appears between spectral-|ayer nunber

- 26, whose center is at 715 nanoneter, and spectra
‘l'ayer number 27, whose center is. at 730 nanoneter.
Meani ng that, the "break l'ine" is found approximately
at 720 nanoneter. A weaker "break |ine" appears

 between l'ayers nunmber 16 and 17, whose centers are at
~600 nanoneter. and 612 nanoneter respectively, that
is, its location is approximately at nanoneter 605.
These "break lines" appear in all the nornalized

-~ Covariance Matrixes presented herein which represent .

© field cells with different gonten and al-so in other
“addi tional eevinalized aagef %@fﬁ&tfe{tw tB¥erSeven i f the
variety of cells was great and they coul d be

‘- consi dered .as representing. numerous and conmmon

“landscapes, field cells of sandy areas were not
checked, and: neither wer e. desert Iandscapes In.
addltlon to these two "break lines", there.are other
"l ess noticeable |lines; which" denarcate "bl ocks"
‘representing- characterlstlc - conponents of. the e
specific fleld cell, and are not equal ly noticeable in

fln Fi gures- Aa ¥
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FIG A -51: THE "BLOCK - STRUCTURE | N THE NORMALI ZED
_ CO\/ARI ANCE MATRI X OF AN AREA W TH VEGETATION FIG A-G
'THE ' BLOCK' STRUCTURE | N THE NORMALI ZED COVARI ANCE
MATRI X OF AN AREA V_\I'THClJT VEGETATI ON x- 104 aver # of
poi nt's above. thres: #1 (.95)to #7(.65) for 13 o?src'r5
_hyper_.v_is&nir_-lpan25f15056234567 I G
“A-8 Guwup ;~c I?E. "r-11P7/0 vF 77+ "AVER1IG - X .jc- -
-7S°T1 AMPRoO-' C ADr kr'" Q ~ Dt ~t,~s r~|~d
c-C.t'~-G.-"~m( Sfo) fit 1N'sp|tutp '
% YP era F~~ ~ *F ~ O 1.. Ay 11 ... g 48 Me= 49 51
X104. 25 i- 1.5 0. 5 aver age results for 13 oas5 "for-
2D corrf-+-), hypercorr(-), and j.ointcorf--0-) ' '

| normélized | Correlaﬁon of (i) fayers .

600nm->612nm

715nm=->727nm
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~I'S: A nethod of tracklng a target; conprising the
steps of, 2. acquiring a first spectral inmage of "a

- scene that i ncl udes the target; designating a spectra
reference window, i:n said first spectral ‘inmage, that
includes a respective plurality of pixel vectors;
acquiring a second spectral inage, of said scene, that .
includes a respective plurality of pixel vectors; and’
hypercorrel ating said spectral reference W ndow wi t h.
said second spectral i-mage, thereby obtaining a
hypercorrelation function, a  maximumof said
hypercorrelation function then corresponding to a.
| ocation of the target -in sai-d scene. - The method of
cllaim 1, wherein said hypercorrelating is effected by

o stepsy dbﬁﬁbﬁﬂé&%or?@!@z‘@w&vﬁﬁ) dajl!e)@l vector of said

fsecon spectra |nage

600nm->612nm.

715nm->727nm
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. 4. centering said spectral reference w ndow on said

~ each pixel vector of saidsgecond spectral i-nmage; for -
each.sai'd pi xel vector of said spectral reference
'wi ndow, conputi-ng an inner -product: of said each pi er
mﬁggpgﬁéﬁ%ﬁgoectral reference window and a -~ . .
d pixel vector of said second inmage;’
and- sunmi ng .sai d inner products. spectral. The nethod
- of ‘claim 2, wherein said inner products are
- norndl, i zedA nEsdaftttnokingfa tariget, corAprisihg theei srhepsaxfﬁ
- hypercorrel atlog is effected by steps fijrt:
i ncl W@l ng:acquiping afus scf%*ﬁ ngagepliasaene §S the target

 divi gtjﬁof dggga&g;l[g( éc%‘a[j rdf9BRL RELOMELA ﬂfsﬁi 9{3&'{1-31 Image,

- nunb .vectors of sal d’spectr

~reference mmﬂamesthebuveml grdsﬁpmel \EeStoEs The
met hod of claim2, -wherein sai hypercorrel ating is

" effedeed un@ﬂﬁp% se@mdhe:rec imegchpf said sesem thag dncludes a
- pi xel. vect or of s ral,.image: prior ‘to :
~said corrpﬁ?ﬁ R %?Pﬁsge}%g‘re@ %"lfds (iv) shifting . .
sai d (diy Xe'hyié@r%ﬂé]ﬁ SaRl dp&esp&éefenbefeneaeemn 608/ second
by a‘first” common of fset vector;: and g
spectral unage thereby obtammg a hypercorrelatron functlon, a
maximum of said hypercorrelaﬁon ﬁ.mcnon then correspondmg to a_

- location of the target in said scene.

| 2 The method of cla:m 1, wherem sald hypercorrelaﬁng is eﬂ'ected by :

o steps mcludlng for each said pixel vector of said second spectral image: " '

' _(i) o centermg sard spectral reference wrndow on sard each pzxel Vector of

~ said second speciral image;

(i) - for each said p1xe1 vector of sald spectral reference Wmdow computmg' SR

: :an mner product of said each p1xel vector of szud spectral reference -

o _ 'wmdow and a correspondmg sa1d p1xe1 vector of sard second sPectral RS

' unage and

- (111) 7' summmg sa1d1nnerproducts o
- 3. .' The method_.of_ cla_lm 2, where_il:_l sald inner pi'o_dilcts are 'II_IOi.'n_:'le.]iZed_ SRR

7 E 4 - The method of claim 2 Wherem sa1d hypercorrelatmg is eﬁ'ected by
steps ﬁn‘ther including: ' ' : ' ' -
@iv) d1v1dmg sa1d sum of sa1d mner products ‘by a total number of sa1d prxel -
| vectors of said spectral reference mdow thereby provrdmg an

. average of sald mner products



(v) shifting said correspondi ng pi xel vectors of said -
second spectral image by agsecond common of f set

vector. 6. The nethod of claim 5, wherein said first
~conmmon offset vector is an comon offset vector is'

_ | f et v
_ : Beg ?;?g. %E %PP gglala %|‘9< %E%e%e%ﬁgﬁ%? rgeaﬂgx%fllsregected by |
BB R e g o foar et

twmdmmpmbfs:eﬁammbr@mdmts of f set vector is an average -

-~ of a subset of said, pjxel ve tors of aver a
- subséW) of shifimg WQEPPLEWQTF r‘F {eng%gvg?c

|mage an@oﬁ@@nﬁﬁﬂ% ﬁ@cﬁ)rs&gond spectral inage. 59 8.
acquiring a rirst panchromati c i'nmage of said scene; - :
| ocagon ehiffidtesaide@aispomlisppikeb oators oﬂsarétsdammdtspecu'al nna.ge -
tracki ng a target, conprisi ng t he steps -of.

~_acqui ri ngbstafseeond copEranyaffSet VRERRS of a scene that
“includes-the target; desi gnating a spectral reference -
~window in said first spectral image; acquiring a

“secopd. SPaRE hRkhdd R0t 5SAheELORE S\ PRIl 6flcaveaer is an'
~said spectral reference wi ndow wi th sai d second

- avepaeget ofabaid pingd verionr efbsaid irsti wm@alamgpgam;bwh@m padh second
o f t f | t
: qui'g‘%“'c%"?ﬁ%é’ﬁ%tgg K ByBhed ey #ZBW Yo i Bl

o mﬁfgfeer ence window in said fi rst panchr omati c i mage;

O3y {Jy a ﬁrst. |

_ - 7 The method of CI&IJII 5 Wherem sald first common oﬂ'set vector is an
o average of a subset of said p1xe1 vectors of said first spectral m:age and wherem said
" second common offset Vector is an average of a subset of said ptxel vectors of said

- .second spectral nnage



acqui ring a second panchromatic image of said scene;
correlating said panchrongﬁlc reference wi ndow with"
~sai-d second panchromatic inmage, thereby obtaining a -
-correlation function; and conbining said

lncon BB AEkRR deld e Rufy B SR EE o,
maxi M Of pcfititlg b FrdtlspEcial dmsf;eﬂ&hmﬂcm@rthetar get;

'_correspondlngtoalocatlon the target in The :
" met hdl) of deigiating 2 sphefral |r¢femcdmnﬂom inceidrigsiapeeral i image;
~function is a.pixelw ' aid -
hyper(ﬁ)or r SCATBH2 P SB‘#E?E %Iaﬁ?%%eatu on

functggpn. hw&ﬁélﬁhg%r QhidC bitciaP vreféfé‘ﬁ&@ 'vﬁn&@\krdmth said second

- - acquiring irst ~ panchromatic inage is
~effected $p&35ﬂahntrmgé,l ;therelnmld‘tﬂmmgs by hypertorssdatibn function, a

acquiring of said pectral, ge, and wherein '
sai d acquiRPHEuH! 0 %ﬁ@%’é’@%‘”&%‘? m Rtgen P%@S@m@ngto a.

effect ed |t ously with said
b 'acqw ri ng§%ﬁé§%ﬁgggée§h%dsg%real i mage. net hod -of
"¢l ai )8, whgighdla fft fanteethitichagt of iid séenest

panchromatl c image is effected by st acki ng said first '
- speciPal idasignatingnck whenchroiatis dreferorpgi r Wingowr i spid - first
~...second panchﬁrhgrratx G _image is effected by stacking said.

second A & TGS RE e k ng a target, conprising: A

net h@ of aéc[uﬁ'z'ﬂfg Débcand phitBlomARTBIALS bf'¢hid fiRnst eps of
" (a) a‘first spectral band including only wavel engths ,
3 bel o(h)aboumrrelafﬁhg sald panchromaﬁc reference window with - said second

- panchromahc Jmage thereby obtalmng a correlation fumction; and.

@ comb:.mng said hypercorrelatlon function with said correlation funcuon o

" {0 obtain a _]omt correlation . function, a maxmum of sa;d joint -
- .correlatlon ﬁmctlon then correspondmg to a locatlon of the target in. -

Sa.'[d scene

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

) .'pbcelﬁ}ise mlmmum of said hypei'cor_relation fmictior_i and said- co_rrelatioii function.

100 The method of clazm g, ‘wherein said acqumng of sa1d ﬁrst-

3 .' panchromatlc n.nage is eﬂ'ected substannaliy sunultaneously Wlﬂl said acquiring of

L Sal 4 ﬁrst Spectral Jmage, and wherem said acquiring of Sald second panchromatlc

o ;mage is eﬂ'ected substanually smultaneously w1th said acqumng of sald second’

- spectral n:nage

o 11. The method of claim 8§, wherem sald acqumng of sa1d first: -

. panchromauc image is eff'ected by stackmg said ﬁrst spectral image, and wherem said

: _'._acquumg of sa1d second panchromatlc Image is effected by stackmg sa:d second :

'_ pectral unage o



wherei n each said spectral inmmge includes:. acquiring a
‘first spectral inmage of agscene that includes the
“target; designating a spectral reference wi ndow in.: -
~said. first spectral inmage; - acquiring a second

spectral image of said-scene and hypercorrel ating
~said spectral reference wi ndow w th said-second .

specty al rrelation
o f unc{ A o&éﬁﬁcﬁﬁé %grb%gﬁm?atl oﬁfslgbgnctl on
t heg( or r@aﬁ@ﬁgla&sﬁ sedtral B6ad dfscohe thheintmdegethetarget;
S

sai cene;” nanoneters; and a second smﬁ%;ral Pf%](nd
i ncl i n@%@@%@%ﬁ@tm&r@@@%ﬂmms

: e nmethod of claim vvher ectral .

: wrag@g HEoE 2 éﬁ?@@Féﬁﬂ%ﬁo érg%n spectrat -

ban epahiut fe@élceaﬁmmhﬁﬁﬁth anid second
?@n\e%? glg%spectra o

o whe ‘I mage 14. The. nethod of
claim12 spehmiemmgaltﬂen‘ebysobtepmg raa|bypenserrelaton dasction, a

iggl_gwa ;Ik}%%gmiggg},rfgl h%a)glgqolgg nl(fflg onlﬁﬂ va oa
SR Dbl TR Rty 20 1Lre] second
- Wik ichiieid spebtraldndgs brhn@s:spect ral i mages of a 60
@ " a first spectral band mclud:ng only Wavelengths below about 720
S nanometers, and ' g |
® | ‘a second spectral band meludmg only mvelengths above about 720 :

* - nanometers.

3 | 13. 'The method of claim 12 wherem sald spectral 1mages mclude onIy -
szad ﬁrst and second spectral bands

S _14;___ The mefhod ofclam:t 12, whercin said first spectral band includes only
Wavelengms above about 605 nanometers and wherein each said. spec‘lral una‘,e‘ |
| "mcludes a ﬂ11rd sPectral band mcludmg only wavelengths below about 605 '

o nanometers 3 -

o 15 | The method of claim 14, Wherem sa1d spectrai mages mclude ol:\lfsr e

B fsald ﬁ.rst, second and third spectral bands.

_ ' ".'_16. . .:A system for traclong atarget compnsmg
- | @  a sPectral mager for acquiring first and second 5pec11-a1 Lmages of a |
- | scene that mcludes the target; | | '
T (b)- L a mechanism for des1gnatmcr a spectral reference window, in said first "

B spectral 1mage that mcludes a resPeetLve plurahty of plxel Vectors, and



. scene that includes the target; a nechani smfor:

~designating a spectral refserence window,. in said
~first spectral image, that includes a respective
plurality of pixel vectors; and 61 a processor for

hypergprrel ﬁt‘obébgoﬁﬁir %3@@1%6&5@*.111& Shidr B6iEal WeRAGN: \Mrﬁﬂow with

'sai d 'second spectral immge, thereby Obtaining a

- hypercorr akidt isevond ustecivaln imageyastieraby whigindeg a hypereorrelatton -

. corresponds to a | ocation of the tar i
A Syst b TBRCHOR o RERGHS PHRGRAE CORBMBRTSIo o oatipn of he figet in
spectral - |gﬂ fLnef Or - acquiring first. and second

- spectral i'mages of a scene that includes the target a
panchromatic i-magi ng mechani smfor acquiring first and

“second -panchromati c. i nages of said_scene; (c) a

 mechddi smﬁaﬁt%&f&iﬁﬁklpﬁetﬁggﬁeé%mpwmgeference wi ndow

: |_n said first
oot Th | BB TERO0 i TP ot 301 SRR e ot o
first pangﬁgﬂgmlﬁcm@%m@g&& (e) a pr ocessor f-or.
' .(| ) hypercorrel ating said- spectral reference w ndow
W t h(lsh| da panchromatic Imaging mechamsm for acquiring first and second
- ) panchromatrc images of sard scene;
| - © a mechanism for des1gnatmg a spectral reference window i in sard first

" spectral i 1mage

SR (d) 2 mechanism for deéignatiﬁg a panchromatic reference window in said =~~~

: 'ﬁrst panchromatrc 1rnage and
e aprocessor for: -
- (i) . hypercorrelatmg said spectral reference window with said
| . second spectral trnage thereby obtammg a hypercorrelatton_ _
 fimetion, - _ | o ' o
.' (11) correlatmg sa1d panchromattc reference wmdow with sald .

o | _second panchromattc 1mage thereby obtammg a eorrelatron. |
|  function, and T ' o
g (iii) combmmg said hypereorrelatron functton Wrth said correlatron_ -

| _ ftmctron to obtain a. joint correlatron functron, a maximum -

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

18 N .A system for trackmg a target, compnsmg 7 o _

o @ a spectral imager for acquiring ﬁrst and second spectral images of a - |

o s scene that includes the target, each Sald speetral image including: - E
.(i) -~ a first spectral band mciudmg only wavelengths below about -

B _ 720 nanometers, and

= (ii) | -a second spect:ral band mcludmg only wavelengths above about L ,' |

720 nanometers, :



second. spectral inage, thereby obtaining a
‘hypercorrel ation functionegz (ii) correlating. said
‘panchromatic reference wi ndow wi th sai d second
panchromati c.image, thereby obtaining a correlation

f unct gtgn, gﬁ@cﬁmgn) feodd iatiflg 3peothy peferats @imiovwom said frst -

_'functl on with said correl ati on unction to obtain a
}j Oi ntcor r@%ﬁﬂéﬁ%@iﬁ@dl on, a. maxi mum wher eof

o0 RO ot SRSl b BB Bl s it

“spectral i gnpagcdmr sﬁé‘o%dl r of 'tﬁ&ébjﬁ%taiﬁﬁ%nﬁ hypercorrelatlon

- spectral images of a scene t i ncl ud e target

each sai d fepelirin; almaximge wh&rbmﬁhamgsp@d}toab)ca’umsof the targetm
spectral band including only wavel engt hs bel ow -about
720 nmanor ¥Nnd (ii). a second spectral band |
©-including only wavel engt hs above about - 720 - '
~manoneters; (b). a mechanism for designating a

“spectral- refer ence w ndow in said-first spectral g

i mage; and (c) a processor for hypercorrel ating said

: _”spe’ct'ral reference wi ndow.w th said second spectral

‘i mage; thereby obtaining a hyper correl ation function,
"~ ‘a- maxi mum vv_hereof corresponds to a Iocatr on of the

SR _target in



