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l Introduction  

Thed叫ectiveofvisualtrackingis tokeep the tar－  
geto叫ectatlheimagecenter a111he timein the com－  
plex Yisiualenvironment．VisualbLaCking has fbundits  
applicationsinareassuchasaircraftandmissiletracking，  
rotx）tmanlpulationofo叫ects，naVagation，tra伍cmonitor－  
1ng，CellmotionandtrackingofmovlngpartSOfbodyin  
biomedicine．More recently，with theincreaslnginteresL  
inactivevisionsystems，Visualけackingbecomesanindis－  
penSablepartintaskssuchasattentionandgazecontrol，  
WhichselectLheprocesslngreg10nreS打ictivelyaccording  
toits10Cation，mO山）n，OrdepLhsoas10uLilizeLhelimited  
COmpulationalresources【1】  

Mostofthepreviousmeth∝lsarecomposedofthree  
mainsteps：targetregionselectionandftalureextraCtion，  
fbature corresrx）nCenCe，and depth struCture eStima也on．  
ne fbaturecorrespondenceproblem，althoughdiscussed  
extensivelyIn many eNly works，isinherendy difncult  
andtendstobecomputational1yinlenSive．Asanewb’end，  
SOmereSearChersLrytOutilizevariousstochas也cmodelsas  
predictorsandaltema也velyachievethecorrespondencevia  
Predictionandveri負ca也onprocedure．Asimplifiedmodel  
Ca11ed”stochasticapproximation一一isproposedin［2］toas－  

Sislinthematchingasafastpredictor．AKalman仙ering  
basedappoachisexploitedin［3］fbrtokencorrespondence．  
However，tOmaketJleSemOdelseffective，thetargetmo－  
tionis undervlgOrOuS COnStraints，thatis，thetargetve－  
1∝ityshouldremainreladvelyunchangedthroughoutthe  
Samplessufncienttodeterminethestochastics．  

Vkpresentinthispaperanalgorithmfbrtrackingtu－  
get叫ectinthecomplexvisualenvironmentfromabin∝－  
ularimagesequence．AcomerEtaturedetectorproposed  
in［4］isappliedtoeachimageto10はtethsecharaCter－  
isdcpointswhichyieldhighcuⅣatureintheirl∝aledge  
pronles．AsthepreprcN：eSSlngStep，WeuSethecorrelation  
based methd tomatch the fbature points bothin space  
andintime，Lhusproducethepartia13Dtrajectorieswith－  
OutpriorknowledgeofthetargelmOdon．AsdleO叫ect  
motionissu叫ecttosomeunrevealeddifferentialequa也On，  
Weinbducethe ARMA m∝1elto丘tthe modon叫eC－  
tory and to re月ect dle driftin stochas也cs．neARMA  
modelisinitializedby thepartial3D叫eCtOrydbtained  
from thepreprocesslng，andthemodelis usedtogener－  
atethepredictedpint，andcorrespndenceisestablished  
by companng the prqjections ofthepredictedpointand  
theactualimageftaturerx）ints．Thespacial1ccationsof  
LhefeaturepolntSareCOmPutedfromtheirprq）eCtions，the  
trajectories areextendedand the ARMA modelparame－  
ters are updated．Weimplemented the algorithm on the  
UniYerSityofIllinoisActiveVisionSystemwidltWOmO－  
（0rizedCCDcamerascoupledwiththecameraposi也Oning  
units，Lheimaging parameters（tilL，pan，tranSlation，and  
independentvergence）andtheintrinsicparametersofthe  
lenses（f∝uS，aperture，and zoom）are COntrOledby the  
highlevelroutinesthatcouldbecalledinthevisualpro－  
CeSSlng prOgramS・  

Wesketchtheoverallalgorithminabriefmannerin  
Secdon2，anddescrit＊theprepr∝eSSlngpr∝edureinSec－  
1ion3．TheARMAmodelpredictionandcorrespondence  
areeXplainedindetailin Sec也on4．AsthelasISeCtion  
befbretheconclusion，WepreSenttheimplementationof  
Lhealgorithmanddemonstratessomeexpenmentalresults  
On realimages．  

2 TheTbrgetTrackingAlgorithm   

In this research，WeWOrkonabinocularimagese－  
quencetakenbythedynamiccamerasystem．Wede丘ne  
thegoalofthevisualtrackingasto丘xatetJleCameraSOn  
thecentroidofthevisib）eo旬ectsurfhcerepresentedbyits  
ChaJ7ICterisdcpoints．  
TTIeblockdiagramofthe仕aCkingalgorithmisshown  

inFigurel．rIlleimagesensorscapturetheleftimageand  
therightimageundertheconb’011edsystemconfiguration．  
The comer fbatuTe detector extracts the edge profiIe at   

TTtis rese8rCh w＆S SuPtX）Ttedbythe Defense＾dv＆nCedRese＆rCh  
PrqiecLS＾8enCyandtheN且LionalScienceFoundationundergranlIRl－  
各駅）272g．  
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丘rst，andthen6tsthel∝aledgesegmentswitharcs，the  

CenterS Ofthose arcs whose curvature values excecd tJle  

thresholdwi11becometheftaturepoints［4］．TheARMA  

modelisappliedtopr∝lucedleprediclionsin3Dspace，  
and the pardal叫ectories used toinitialize tJle mOdel  

訂ePrOVidedbythepreproαSSlngStepViathecorrelaLion  

based meth∝l．The ftature point correspondences are  
determinedbycomparingtheprq】eClionsofthepredicted  
3Drx）intsandtheftaturesondleimageplanesobtained  
什Om the comer fbalure detection．The3D10Ca山ons of  

lhefbaturepointsareconstruCted什om theirprqjections，  
andthecentroidofthesepointswi11bethe触a也onpoint  
fbrthecameras・InthemeanLime，the3DLrqjectoriesare  
extendedLOincludetheresultfromthecurrentslepandthe  
ARMAmodelisupdatedbasedontheextendedL画ectory．  
Thecameracontrolmodulecalculatetheoplimalcamera  
movementnecessary to丘xate thecent∫Oid，and sendthe  

newcameracon伝guationtotJlemOtOraCtuatOrS．  

CauSeSOnlyseveralpixelsdisplacementduringthepreprひ  
CeSSlngPhase，aS thecorreladon based melhodsearches  
thematchingpointsintheYicinityoftheexpeCtedlm－  
Lions，althoughthe targetcould beacceleratedlateron．  

Fundamenta11y－thetargetshouldbetexturedsoastopro・  
Videsufncient托aturepolntSthatcouldt”eXbTaCtedbythe  
COrner ftattlre detector．  

3 Prepmcesslng  

Assume wead℃glVen theleftimage sequence Ll，  

L2，・・・，Ln，・・・andtherightimagesequenceRl，R2．．．．，  
Rn，…，We apply Lhe comer ftaturedetectortolhe負rst  

什ameoftheleftimagesequenceLltOPrOducesufficienL  
numberofftalLqerX）ints．Letusdenotelhei－ihfeature  

POlntOntheleftimageplaneattimeinstantkas軋，  

and thei－1h ftature polntOn therighlimageplane  
attimeinstantkas侃・Letusconsideranarbitrary  
trajectorythatstArtSfrompL．，fbreachsubsequentimage  

エた，た＝2，3，・‥，〃，in山eler【s∝luenCe．WeeXけacta  
templatecenteredattheEbaturepointpL．inlheprevious  

imageframeLk－1・denoteasALl（s，t），Wheres，t＝  

1，2，・．・・・M・Sinceweassumethatthematchingpint  

fbrpL＿11nimageLkliesinthevicinity，Weけyeach  

Candidatepoint，Calculatelhenormalizedmeancorrela也on  

funcdonofthetemplatecentredatthecandidatepintand  
theoriginaltelplateAL．＿．（s，i）・Thepointwhichyields  

themaximumcorrelationYalueischosenasthematching  
POintof軋＿1，i・e・PL・Thenormalizedmeancorreladon  

functionpoftwotemplatesAandBisglVenaS  
A＝A（β，り  β＝1，2，…，〟；f＝1，2，…，〃；  
β＝β（β，f） β＝1，2，…，〟；t＝1，2，…，〟；  

〟〟  

∑∑（止り－揖ト（βり一陣）  
d＝1f＝1  

〟〃  

∑∑（Aり一拍） 
2  

d＝lf＝1  
〟〃 ∑∑（βり－〃β）2  
∂＝1f＝l  

WhereFL＾andILB arethemeansoftemplatesAandB  
respeCtively．  
ThecorrespondencesoftheleftimageEbaturesand  
therightimageftaturesareperfbrmedinthesimil訂Way  
bycalculatingthenormalizedmeancorrelaLionfLlnCtion，  
exceptlhatin therightimage－thecmdidatepointsare  
l∝ateda10ngtheepl匹1aTlines．nLe3Dlocationsofthe  

featurepolntSCOuldbeeasilycomputedafterweestablish  
lheFK）intcorrespondences，andlhepartia13D叫ectories  
areobtainedfromtheinterframecorrespondences．TTLeSe  
trajec10riesarethenuseda5theobservationstoinitialize  
the stochasLic ARMA models．  

4 theARMAMode）mrFeaturePrediction  
and Correspondence   

SeveralapproacheshaYetmndeve10pedtodetermine  
theftaturepolntCOrreSPOndencesbasedontheassumption   

Fig・lBl∝kDi＆gramOflheThr！etlhckingAlgoridlm  

Somecommona5SumptionsaJCimpliedinlhiswork．  
Howto伽doutdletargetObjecLandderiYethetargetre－  
glOnisadifncultbuttask－Orientedproblem，Whichbelongs  
tothecategoryofpatternrecognlt10n・Vhhypothizethat  
theimageregionthatcontainsthetargeto旬ectaregiven  
iniLially，theleftimageandLherightimageareregistered  
atthetx：ginnlng・OncethetBTgetisl∝kedon，itsprqjected  
regionscouldbeupdaledautomatical1yinlhesubsequent  
imageftames・ThetBTgetO句ectismovlngataSpeedwhich  
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thaLtheimage叫ectoryofacertain ftaturerx）intsub－  
stends some一一smoothness一一．Forinstance．SethiandJain  

SuggeStedin［5］theGrecdyExchangeAlgorithmtomaxi－  
mizedlepathcoherencefunctjon，Whichtendstopreserve  
themagnitudeandthedirectionofthetargelvel∝ity・But  
as7X）intedoutin［2】，lhisisabruteEbrthse訂Chmethod，  
withvigorousassumpLionthatthet∬gelistakingapprox－  
imatelyrecliline訂mOtion・  

勒PrOPOSeanautOregreSSivemovlngaVeragemOdel  
fbr3Dftaturepredictionandcorrespondenceinthispaper，  
andithas severa）advantagescomparlng tO theexisung  
methods．From the theory oftime sequence analysis，  
we know that there always exists a high order ARMA 
modeltofitanarbitrarydatasetwithrequiredprecision・  
Basedonthisfhct，thearbitraryobjectmoLioncouldalso  
beapproximatedbyanappropriateARMAmodel・Which  
renectsdlemOtiondynamicsandtheobservationerror・  
Generally，fbrasl∝hasticpr∝eSSXi，i＝…，－n，… ，－  

1，0，1，…，n，・・・，theARMA（q，q－1）modelexpresse畠the  
dependenceofXtonthepreviousstatesandtheprevious  
伽血gerrorsaq－1，aq－2，…，at－q＋1・Whichmaybewritten  
inlhe fbm  

ズt－¢1ズt＿1－¢2ズt＿2－…－¢9ズt”＝  

αt－β1αt－1－♂2αト2－…－ ♂9－1αト叶1  

（4．1）  

αmdαt～〃Jβ（0，J三）   （4・2）  

Where4・1，4・2，…，4・qareautOregreSSivecoemcients，  
Cl，e2，…，Oq－1aremOVlngaVerageCOefncients・andthe  

飢血gerroraiissu叫ecttotheindepedentnormaldisLri－  
butionwith varianceJ。．  

Suptx）Se鳥（ck，yk，Zk）isthe3Dpointattimesample  
konanarbitrary叫ectory，Wherek＝1，2，・・・，n，Weけy  
10鋸r，y，andzcoordinateswiththreeindependentARMA  
models，thatis，tO伽dmodelparameters4，c，1，¢c，2，・・・，  

¢∬，q，♂り，♂。，2，‥，β。，9－1；¢y，1，¢y，2，…，¢＝，βy，1・βy，2，  
…，β…－1；¢り，¢z，2，…，¢z，9，βり，βz，2，…，βヱ，9－1from  
threeobservationsequencescた，yk，andzk，k＝1，2，…，n・  
nerearestandardmethodstoestimatetheARMAmodel  
paTameterSfrom伽iteobservationsintheliteralureOftime  
SeriesanylysIS，andweuse”mothodofmoments”protx）Sed  
in［6］．TTIeaut∝OVariancefunctionisestjmatedffomthe  
SamplesandtheⅥlke－Walkerequa山）nSareSOIved・Since  
thestochaslicsarechanging，WeCalculatedtheautocovari－  
ancefunctionn■Om thelatestNsamples．  

ForagivenARMA（q，q－1）modelinthefbrm   

ズ‘一¢lズt＿1－¢2ズt＿2－‥・－¢9ズト9＝αt一帰t－l－  

β2αト2－…－ β9－1αト叶1  

（4．3）   

wherea，～NID（0，q三），thefbrwardpredictionhas  
the fbm   

ズ什1＝¢1ズf＋¢2ズト1＋…一十¢9ズト叶1－β1dt－  

♂2αト1－…－ β9－1αt一叶2  

（4．4）  

andthepredictionerroreL＝Xt＋1－Xt＋1issu切ect  
to〃丁β（0，ケ三）．  
Asasummary．theARMA modelbasedprediction  
andftaturepointsmatchingtAkethefollowlngStepS：   
1．determinelhe modelparameters fbr r，y．and z  
COOrdinatesofeachpointthattx：10ngStOthesameparital  
trajectoryusingthemethodofmomenlS・  
2．detecLLhefeaturepointsinthecurrentleftimage  

andrightimage．  
3．makeafbrwardpredictionbasedon theARMA  

modelderivedinsteplorin step6．   
4．prqjecteachpredictedpointontotheleftimage  

andchooselheneBLreSLftaturerx）1ntaSilsCOrreSPOndence，  
SameprOCedurefortherightimage・  
5．derivethe3D10Cationofthefeaturetx）lntSincewe  

haveobtaineditsprqjections，andextcndeLhe3D叫ectory  
related to this polnt．  
6．repeatStep2withtheupdatedtrajectory・  

5 ExperimentalResults  

Thetrackingalgorithmdetai1edindlepreVioussec－  
tionswasimplementedontheUniversityofIllinoisVision  
SyStem［7］．¶edynamiccamerasystemwhichconsists  
Ofapairofhighresolulionmon∝hromeCCDcameras，  
POSitioners，andlensconLrOllersiscapableofchanglngltS  
tilt，Pan，VergenCe，tranSlationsettingsandcontrollingits  
lenspaTameterSSuChas aperture，focus，ZOOm什omthe  
host workstation．  

Initially，thecamerasweremadeto丘xateancylindri－  
CalobiectrestlngOnaSlidingrai1andagainstatextured  
background．TheoqectwasmovlngatanapprOXimately  
COnStantSpeedwhilethestereoimagesequencewasbc－  
ingtaken・Figure2shows fburimagesofthesequence  
WhilethealgorithmwasatthemodelconstruCtionphase，  
andnocameramovementwasmadeatthatstage．．Figure  

3showstJleimageofthesequencewhilethealgorithmis  
inpredictionandtrackingphase，andtheo叫ectisbeing  
Centered aftereach cycle．  
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（a）．rrh亡6rstleftim＆ge．  O））．The触trighlim＆8e．   （C）・TT］eSeYenLhleRim＆ge・   （d）・Tll＝CVenthdghtim＆ge・  

Fig．2Figures（a）and（b）showthefirstinagepairandthocorrespondencesoffeaturepoints；  
Figures（C）and（d）showtheseventhimagepairandthecorrespondencesoffeaturepoints・  

（8）．TT）elenthleftim且gC．  O））．TTtetenLhrighLim＆ge．   （C）．The蝕ecnthleftimage．   （d）．TTteRfLeenthrighlimage．  

Fig．3Figures（a）and（b）showthetenthimagepairandthecorrespondences  
Of feature points：Figures（C）and（d）show the fifteenthimage pair．  

‘ Summary   

In dlis paper，We descritx a ARMA modelbased  
trackingalgorithmwhichadaptiYelyutilizesthestKhastic  
modelfbr3Dftaturepointsprediction，andtheresultsare  
COmbinedwiththeactualobservationtoobtaintheupdated  
estimates．  
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