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Inthispaper，tOincreasesuccessrateofsingleparameciumtrackingfurther，WeCOl－1binecondensa－  

tlOnfilter、、’1threglOn－basedle、▼elsetmethodmodellForthecondensatlOnfi1ter，aSySterndvnamical  

modelisbuiltuptoestimatethelocationoftargetparameciumonimagecoordinatesystem・And  

alsoanobservationmodelbasedonlocationandintensltySummationoftargetiscreatedtoupdate  

Particleweights ExperilTlentSCOnfirmedthatwiththemotionprediction什omcondensation，We  

extendthesingleparameciumtrackingdurationandincreasethesuccessrateoftracking．  

Kq）勒7てね：Particlefilter，COndensation，1evelsetmethod，Visualservolng・  

1INTRODUCTION   

FailureratesofsingleparameciumtrackinglSSti11  
52％afterdisplacementcoITeCtion［1］．Thesere－  
Sults are not good enough fbrbiologlSt aPPlica，  
tion．Sofar，Wehaveincreasedrobustnessofsingle  
parameciumtrackingbydecreaseboundarydetec－  
tionerrorafterelTOrhappened．Therefbre，WetrytO  

usesomepredictiontechniquetoincreaseourSuc－  

CeSSrateS・Therefbre．wetrytocombineparticle  
fi1terwithourprelTiousworktoincreaserobustness  

Ofsingleparameciumtrackingduringcollision．   
Sinceinourtrackingsystem．disturbancessuch  

asmeasurementerrorsfromcalnera，meaSurement  

errorfromservomotorofstageandcontrolpreci－  
Sion ofservo motor，itis hard forusto describe  

OurSyStemaSalinearmodel，Wetherefbrechoose  

Particlefilterasourbasicframework．CondellSa－  
tionfi1terisusedinthischaptertocalculatethe  
targetcentroidbasedonestimatedlocationuslng  
dynamicmodelandmeasurementsfromPR－LSM．  
Theproposedmodelisimplementedinworksta－  
tion（anonparallelhighspeedcomputer）．Theex－  
PerimelltreSultsindicatethatcondensationfilteris  
helpfulfbrthecollisionproblemandraisesuccess  
rateoftrackingandprolongthemaximumtracking  
duration．  

tem at time k（discrete）while a set ofobserva－  

tionszkisavailableovertime．Ultimatelyltisre－  
quiredtoestimaterecursivelylntimesomefunc－  
tionf（xk）ofthe object statewhichistheloca－  
tionoftheobjectinourtrackingproblem．Particle  
nlterrepresentstherequiredposteriorprobabilitv  
densityfunction（PDF）asasetofrandomsamples  
Withassociatedweightsandtocomputeestimates  
basedonthesesamplesandweights．TheConden－  
Sationalgorithm，OneOfthemostcommonparti－  
Cle且1ter．isbasedonfactoredsamplingwhichhas  
beenintroducedfbrnon－Gaussian、nOnlinearcon－  

tourtrackingproblems［2，3，4］．Giventhatthe  

processateachtime－StePISaSelf，COntainediter－  
ationoffactoredsampling，theoutputofanitera－  
tionwillbeawelghted．time－StamPedsampleset，  
denoted（xと，i＝l，・・，N）withweightswk，reP†e－  

SentlngaPPrOXimatelytheconditionalstate－denslty  
P（xk［zk）attimek．  

3 TRACKING BASED ON CON－  

DENSATION   

3．1 MotionofParamecium   

lnordertopredicttheprobabilitydistributionof  
theposeofthemovlngParameCiumafteramotion  

WePrOPOSeamOtionmodelwhichdescribestrans－  

1ationandrotationinfbrmationoftargetcell．The  
motionofa cell什omtime ktok＋1is shownin  

Fig．3．1．Thesimplestapproximationofthemov－  
1ngPrOCeSSistomodelthismotionasatranslation   

2 TRACKINGBASED ON PF   

O旬ect trackingbased onPFis describedas the  
problemofestimatlngthestatevectorxkOfasys－  



alongltSOWnaXisfbllowedbyarotation．Theori－  

entationofthecellatthebegiming（locatiomAin  
Fig・3・1）wouldbeO（k）andtheorientationatthe  

end（locationBinFig・3・1）isO（k＋1）＝0（k）＋Ee，  

WhereEerepreSentSthealnOuntOftherotationsthat  
OCCurafterthetranslationmodelingbythee能ctof  

noise［5．6，7］・metranSlation△p（k）丘omtimek  

tok＋1ismodeledbythetranslationfromtimek  

tok－1plusunpredictablenoise．Thentheparame，  

Ciummotionmodelcanberepresentedaseq・1・   

芳（た＋1）＝ズ（斤）＋△p（た）cos（∂（た））＋ら（た）  

γ（た＋1）＝γ（ん）＋△p（ん）sin（∂笹））＋ざ、・（ん）  

∂（ん＋1）＝∂（ん）＋どβ  Figure2：Schematicdiagramofparameciummo－  

tionwithtl・anSlationandrotationinfbrmation．  （ズ（斤）一方（た－1））2＋bや）－Jノ（ん－1））2，  

（1）  

△p（斤）＝  

tionofparameciuminimagecoordinatesystemis  
representedas（xi，yi）．   

AswecallSeeillFig．1．1nputfbrtrackingsys－  

temis the differences between reftrencelocation  

（x）・，y）・）andparameciumlocationonimage（xi，yi）．  

（xr，y7・）isthedesiredlocatioWherethetargetis  
kept・TheparameciumlocatlOnOnimage（xi，yi）  
Canbemeasuredfromourboundarydetectional－  
gorithmwhichistheconsequencesofparamecium  
movlngOntheslideglassandstagemovlngOnthe  
COntrOltable，Thestatevectorfbrtrackingsystem  
attimestepkisdefinedascontainlngthelocation  
Ofparameciul一一OnSlideglassattimestepk＋1and  
locationofstageoncolltrOltableattimestepk＋1  
anditisthereforewrittenas  

xr＝（J∫フ（斤＋1），ル（ん＋1），∂笹＋1）7ズ∫（斤＋1）・  

乃（ん＋1））r  （2）   

Theoutputvectorisdelilledas  

y∫＝（ズ′（ん）．γ′（ん））r  （3）  

Systemdynamicmodelsarebuiltasnon－1inear  
inthestatedynamicswithnon－1ineardistufbances：  

Eeindicatesrotationangleand＄randE、，indicates  

unpredictablevelocltyChange．   

3・2 SystemDynamiealMode］  

1nslngleparameciumtrackingsystemwearein－  
terestedinlocalizlngtargettO keep targetinthe  
CenterOfl’isualfieldundermicroscope by moヽ▼－  

1ngStageinoppositedirection．Thestagemoves  
Withincontroltablebycontro11inglnOtOr．Aco－  

OrdinatesystemforstagemovlngOnCOntrOltable  
isdefinedandthelocationofstageinstagecoor－  
dinatesystemisrepresentedas（xs，yS）．Theslide  

glassisfixed ollthe stage and mol▼1ngl17ith the  

Stage tOgether．Parameciumis swilnmlngWithin  
Slideglass・Acoordinatesystemfbrparamecium  

mol’1ngOnSlideglassisdefinedandthelocationof  

ParameCiuminslideglasscoordinatesystemisrep－  
resentedas（xpLyP）・Themotionofstageon？OntrOl  

tablecombiningwiththemotionofparameclumOn  
Slideglassresultsinthemotionofparameciumill  
theimagethatiscapturedbythecameramounted  
Onmicroscope．Acoordinatesystemfbrparame－  

Ciummoヽ‾1ngOntheimageisdefinedandtheloca－  

Sysle汀1  Paramec川¶l＼ノ田Ilnn St褐e】oc昌仙n（川  

Ⅹ杵1＝f（Ⅹ斤）＋Buuん＋叛   

yた＝g（x舟）＋V斤   

u舟＝k（r－）r斤）  （4）  

Herexkisthestatevector．fandgarefunctionsfbr  
StateSandmeasurements．uklSmeaSuredinputs．  
VklS the noise modelrepresentlngunPredictable  
Changeofparameciumtranslation．yklSthemea－  
SurementSandvkisthemeasurementsnoises．The   

Figurel：Schematicdiagramofdynamicfbrslllgle  
ParameCiumtracking．  



estimateduslngSyStemdynamicalmodel．q＝1  
is the variance keeplngalltheparticles withina  
Circle（Centeris（x；（k），y；（k））・radiusisl）andGo  

thevariancekeeplngallthetherotationanglefor  
eachparticlesnotmuchdifferentfrommeasured  
One．Thenparticleweightscanbeupdatedbased  
onthislikelihoodas：  

resultingsystemmodelis  
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△p（た）cos（∂  

W左＝β（y舟怪ん）・  （10）  

3．4 TrackingBasedonCondensation  

Ourproposedmethodworksiterativelyasfbllows：   

1．Preparetheimage］（x，y）ofthetrackedo叫ect   

（imagesi子eissxs，）andinitializetheparticle－   

Set〈xb，W♭），i＝1，…，Nwhere  

lさ）  

1  

、、・ 
．＼  

（11）  

（㌶）＝（ 

1 

1 ）  
ト
 
ト
㌧
‖
 
 

か
か
3
6
〇
一
〃
和
布
 
 
 

、り  

右（0）  

γ∫（0）  

0
 
0
 
0
 
0
 
1
 
 

0
 
0
 
0
 
1
 
0
 
 
 

（7）  

2．ByuslngSyStemdynamicmodelsabove、We   

Predictthelocationoftargetparameciumon  
imagecoordinatesystem（ズi（k），j）i（k）），∂i（k）   

at the next time－SteP Which helps coITeCt   
boundarydetectioneIl．Orduetothecollision．  u＝（怒紺（；；二）－（㌶）］（8）  

Wherekr andち′aregalnparameterSfbrpropor－  

tionalcontrol．  

3．3 0bservationModel   

Weusesdetectedcontourfl▲OmPR－LSM－DCasthe  
measurementcue．Basedondetectedcontour，We  

CanCalculatethecentroidofcurrentdetectedobjec．  
Locationobservationmodeloftargetonimageis  
proposed as 

文机」＝f（釦）＋Buu舟＋£舟   

夕た＝g（主舟）＋¢舟  （13）   

Weassume尤oknownand△p（k）insidefunc－   

tion fisfixed as certainl▼alue for present－  

1ng ParameCium veloclty．In6k．We aS－   
Sume nOiseらand qltO be unifbnnly dis－   

tributedrandomsindicatlngunPredictableve－  
locitychange withinト0．1，0．1］micrometer．   

どois assumed to be randoms drawnfrom   

unifbrmdistributionindicatlngrOtationangle   
Withinト0．5，0．5］degree．vkisthemeasure－   

rnentSnOisewhichisdrawnfromunifbrmly   
distributedrandomswithinト1，1］pixel．   

3，UsingPR－LSM－DCmodel．detectedcontour  

isobtained．Whencollisionhappens，Wedo   

notjusttranslateprevious¢（k－m）according   

todisplacement，Wealsorotateprevious¢ac－   

COrdingto O（k）－0（k－m）．Basedonthe¢   

1 ＿′（ズ′（ん）一項斤））2）2  

ク（yん釦）∝  exp卜   
∨／至言q．‾‘－「＼   2qヲ  

レ／（杵り榊））2  

1   ′（∂′（た卜亘（ん））2  

），（9）  
、／扇¢∂‾‘－「＼   2ロ∂   

Where（xi（k），y［（k）），Oi（k）is the pose of  

paramecium measured by uslng PR－LSM－  

DC．（ヱL（k）．j）i（k），∂i（k））istheposeofparamecium  



Ofcorrectedcontour．thepalliclewelghtsare   
updatedusingobservationmodel（9）as：  

wえ＝p（y斤l‰）．   

Whereob＝1，00＝0．5．   

4・OncetheNparticlesethavebeenestimated．   
thelocationofsingle targetparamecium at   
time－StePkiscalculatedas：   

〃  

g［．／（Ⅹ川＝∑w搬   
．・1   

（14）  

5・CalculatethenonTlalizedparticleweightsG，左   

andcumulativeprobabilityek・Checkoutif   
resamplinglSneCeSSary．   

6・k＝k＋1．gotostep2．  

fbrt、VOSituations．Wedefinesuccessfultracking  
andfhiluretrackingasthedurationofparamecium  
Staylnglntheimageisover60sornot、reSPeC－  
tively・ThesuccessrateoftrackinglnCreaSeSfrom  
48％to66％duetothecondensation．   

Thereasonsoffailul●etraCkingarelistedasin  
Tbb・1・Forreason（1）・thefailureraeisim－  
PrO＼－ed significantly by uslng COndensatlOn．Sug－  

gestlngthatcondensationimprovestherobustness  
Oftheslnglepal‘ameciumtrackingamongafewob－  
StaCles・Forreasn（2）？thefailurel’atewithand  

WithoutcondensatlOnarenearlyequal，thatindicat－  
1ngCOndensationfi1tercannotsoll・etheproblem  
Withlargepopulationofcells．  

5 CONCLUSION AND DISCUS－  

SION   

Tbincrease success rate of single paramecium  
trackingfurther．＼1’e COmbine condensationfi1ter  

withPR－LSM－DCmodel．Forthecondensationfil－  

ter．a system dynamicalmodelisbuiltup to es，  
timate thelocation oftargetparamecium onim－  
age coordinate system．Andalso anobservation  
modelbasedonlocationandintensltySummation  

Oftarget calculated ftom PRTLSM－DC modelis  

Created to updateparticle weights．ExperilnentS  
COnfinned that with the motion predictionfrom  
COndensatioll、thisproposedmethodalsoincreases  
maxilnumtraCkingdurations．averagetrackingdu－  

rations，andthesuccessrateofsinglecelltracking  
amollgOtherobstacles．However．stillcannotsoIve  
thetrackingproblemwhentargetamonglargecell  
population．  

4 EXPERIMENTS   

4・1SuccessfullytrackingduringCollision  

ToconfirmtheabilitvofourproposedlnOdeい1■e  
COnductexperimentsoftrackingtheslngleparame－  
CiulnWithcondensationinanon－Parallelworksta－  
tion・Wecheckwhetherourpl●OPOSedmethodtrack  
Only target paramecium even when the tracked  
ParameCiumcollideswithotherobstacles．Fig．4．1  
isconsecutiveimagesequencesffomthetracking  
lnOVies．Thecenteroftargetparameciumiscal－  
CulatedbvuslngCOndensationfilterwithPR－LSM－  
DCasmeasurementsshownasreddotinFig．4．1，   

Fig．4．1is the result of tracking the slngle  
ParameCiumnearaairbubble．From371［ms］to  
377［ms］，thetargetparamecium swims close to  
theairbubble．During379［ms］to387［1nS］．the  
trackedparameciumcollideswiththeairbubble．  
After387［ms］，thisparalneCiumswimsawayfrom  
theairbubble．Duringthewholeprocessofcol－  
1ision．the targetparameciumisillthe centerof  
theimage allthe time，indicatlngthatthe slngle  
parameciumtrackinglSSuCCeSSfu11yuslngCOnden－  
sationfi1ter．  

4．2 SuccessandFailureReasons   

Tbclahfyhowourproposedcollisionhandlinglm－  
PrOVeSthetrackingsuccessrate，WeCOmPareSuC－  
CeSSandfailureratesoftrackingwithcondensation  
fi1tertotheoneswithoutcondensatiollfi1ter（Table  

l）．50trailsofreal－time trackingare conducted  
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Thblel：Successandfailureratesofparameciumtrackingtrailswithandwithoutcondensationhlter．  

Reasonsfbrtrackingfailureandtheirfrequenciesarelisted．  

Result  
With  Without  

condensation   condensation   

Success   33／50（66％）  24／50（48％）   

ねilul・e   17／50（34％）  26／50（52％）   

（1）Co11ision（Obstacles≦3）  10ノ50（20％）  15／50（30％）   

（2）Collision（Obstacles＞3）  6／50（12％）  8／50（16％）   

（3）Losingfbcus   1／50（2％）   2／50（4％）   

（4）Limitationofthesystem  0／50（0％）   1／50（2％）   

（5）Unknown   1／50（2％）   0／50（0％）  

Slty・エビcわげe∧bJピ∫f〃Co〃甲‡ノ柁r5’cJピ〃Ce、   

1064：343－356，1996．   

［4］M．1sard and A．Blake． Condensation－   

COnditionaldenslty PrOPagation fbr visual   
tracking・］nter77atiof7aljournalQ［co7rPll［ervi－   

∫わ〃．29（1）：5－28，1998．   

t二5］Ⅰ．M．Rekleitis．A particlefiltertutorialfbr  

mobile robotlocalization．1nIn［erf7ational   

C叩斥7－e〃CeO〃加ゎoJた・∫d〃d月乙血椚α／／肌VOl－  

ume3，1－36、2003．   

［6］J・Borenstein．HREverett、L．Feng、etal．Navi－   

g〟JJ〃g′”0占メ／e′′0占0′∫．・恥招〃7∫〟〃d柁C力〃7すZノe∫．  

AKPeters．1996．   

［7］J・BorensteinandL．Feng．Measurementand   

COrreCtion ofsystematic odometry errorsin  
mobilerobots．IEEET［a〃SaCfionso］7RoboTics   

〟′7（ブ」z血／77αJわ仇12（6）：869－880，1996．   


