VI RI[tYTRULU UV stéoépumrlAu
ANOSkdzlsjls ddzyd ¢ jtemMSdn deOlzC C

dptemMs [ . JTESd<jod<

tory I dm frolrée 17¢ vtfrrRI{r11R,

trsfrdvtuvsArRmu st L1t 1V RM Ot

Y fovtrdr 1vfrtrRYyst o1 0JRYLD T

VidArtve fimorrRYys {4 RLU[ L RU
HU[1 U

[ BCIseMC O HdMjelsOyYyd O

stcOclz" J9o.Oy, 2015



stéqLoumrlAv

R1LrrnrtegsrRm 1 ouso

V)

VY RI[TYTRU[ U

ApsuvfJurwu

l2C€d<jodc<

¢tems [ .

— S
—
R..l B
—t
— o o)
—
[M[M.
e
x
—_—
T e
— o
— —
o
—
x
Ura.m.
..l[ld.
¢ras.-ra
]S.\YS...
.m-URM
rm.._l.
rQR[I
< 5 =
o, B
—
S _
rQUulJl
| -
Jl[rl.
—
T o<
¢S...
raro
e

[ 5C Is stadfr§ Qe lsOyd ™ O

J 9.0y, 2015

stcOGlz°



| . okl

RBI d ftef L dldigs d Ddeengs< [

 Okzds d o3 mMsts s’ jSO: 16. 06. 1987. 1dShd<, Atod

HOHON S ] LOfBMA)  j: AOCEkdsSjls qdj‘ jemMCdn d&OECO &

1. [ 6CkBEMSO HAMjelsOYyd O

L OM&sSe: [ OLOGSEHBHEHY &L 5@0 ez 6 Csdhstztyd & ¢
Odz0dzdL j fesksCO ¢ fosyjdj HBjROddusSse dddsjctedlsjls

ltes® Mmis&Odd yo: 1

Jtes® Mdzdc O: 51

Jtes® BdBdRZSEcOWMEdr fSHOLOSO: 2

UMOdEe O d o) Mt GHJ  j WAEH] A LAeG ) Qlz: s\ 0@ dzlaizlsjj 9sO

1 Okjuysts dzPp sy s ) 004.942:519.673(043. 3) ; 621:531/
JdW stedzOIsdSC O d wOYykzdzOtemSts ddzyj ¢ j emlso ts5)

[ jdzlstste: Hte | SteHOdO mtsadyd<, o90detejHdzad oW j st

11 . {(yjdO dd BHBiOAO

Olskzds { td 10@8. 2015 j d3j :

s GH&EC] J HOLEA §i&dno Ol092D18H08QEEEMS jJ HJMJ ©ls

sdidmMd " © LO tyjdkz fosHsesdtsMmisd Ijd&3i d SOdzHdHOISO:
6 | SteHOdZO mtsead<d<, o0dzej Hdzd HtetsW jMste, AOCLkdzsjls ddayd
1 Okydei tsB FOMIsdEO® BjeH@Fzd €O, 1 toddd ¢ j 20 dJdg¥ stedzOIsd € O
[te | jd2OH Addzdftsed<, tjH. fHtesW., AOCEdsjls ddyj®JjtemMcdn
1 Ozydzj tsBdzOMIsd: 1teddid © j d2O B~ O0dzd €O, 1twdd3j ®Jd dz0 dd
[tc t OHBS9 Odz o dzOo C Shdplsj Is teddey | YjetsMS dn n@ROECO E sttOclz’ jouy
1 Okydej BB&OMISd: 1wddj® jdzO di3j m0ded O, 1twoddij  jdzO dd
rte 1 j?¢ts [dqzEsddtsed<, tjH. ftotsW., [UA 1 JBGCKGOH;
1 Okydz® tsB dZOMls: Oy dzOteMC O IjrndedC O d Jde stcdzkOIsd ¢ O
re | &zOndddte [ ddzstcOHBasls 6Pad yfhidr &OECO k swOck' j
1 OkzydzO tsB dzOMls: Rdzlsj tedz@ 3§ H d yd dzO,
rtc ¢cdzi SMOdzH Ote 1 jEdzd<, oO0OdztejHdzd ftotsW j Mste, AOCLkdsjls dd
1 Okapk &zOfls: t Oy dz0teMS O IsjrndzdC O

= Y| =|—

ssBIMd © LO Byjdk HsClktteMSj HdMjtlsOoyd j:
[te 4 SteH OdzO miwp df<tafsd, | ptOwze JMAE Zdzls j s ddzy § ¢ jemCdn dzOkS O
1 Ok ydzj BB&OMISd: 1tdd  jdd BjRokdSO, 1tddj jdko Jd

rte 14 @OH Adddfsed<, twiH. ftosW., AOCEdsjls ddyi®itemMSdn
1 Ozydzj tsBdzOMisd: EBd di3] i dzD ¢ BIOO kY st dFBOISJC O Oyl
[t | OHBSo Odz v ZOoa S sad<, tWjH. ftsW., AOCEdsjls ddeyj ¢ jtems
1 Okydsj BBd&OMISd: 1twddj® jdzO di3j mO0ded O, 1teddzj ®jdzO dd
rte 1 ji?°¢ts [ dhzksddtsead<, tw©iH. fHtesW., [(uvA JJjBELGOH;
1 Okydz©® B dZOMIs: t OykdzOEMEC O Isjrnded¢ O d ddaW sted@3OIsd ¢ O
rtec | zOHddB3dte [ ddzstcOHBoad<, 90dz. ftesW., AOCEkdaksjls &BIiHY]

1 OkzydzO tsB dzOMls: R dzlsj tedz®@ 3§ H d yd dzO,
[t ¢dzj CMOdzH Ote ) jlzdzd<, oOdatejHdzd el jmste, AOCkdsjls dd
1 Okzap®k dz@ fipsyz z0teMC O Isjrdzd$ O

ssdi3dMmMd " " © LO SHBKBOdRE HBSCIKStMS] HIMJttlsOyd:  J:
[tc | SteHOdZO mtsod<d<, o0dstejHded oW jMmMste, AOCkdsjls ddzyJ
1 Ozydzj BB EOMISd: 1twddyj ¢ jdzO d3j mOded SO, 1 tddij ¢ J dzO d

rte | 4 dzOfHsandff<zd teiH. fJtetsW., AOCEkdsjls ddyj jtemMcdn d&ZOECO
1 Okydsj BBd&OMISd: 1tddj ® jdzO d3j mOded O, 1toddzj ® j dzO dd
[tlc | OHBS9 Odz O Ssoad<, tWjH. ftsW., AOCkdsjls ddj  jtems
1 Okzydsj BB d&OMIsd: 1 tcddgyj® jjddD dfjdi Gdedfifo®,d C10tc d O Yz dz0 6
rte 1 Jji?°6¢ts [ dhksddtsead<, t©jH. fHtesW., [(uvA 1 JjBELOH;
1 Okydz® tsB dzOMiIs:  OykdzOteMC O Ijrndzd¢ O d ddeW stedzOIsd ¢ ©
rtec | zOHddi3dte [ ddzstcOHBad<, 90dz. fHtesW., AOCEdSjl dBjHdYd

1 OkzydzO tsB dzOMls: R dzlsj tedz@ 3§ H d yd dzO,
[ 6 0 OdzH Otc ) jdzd<, o Odatej Hdzd ftots¥ jfste, AOCkdsjls ddayj
1 Okapk dzOMmls: t OykzdzOteMS O Isjrnded & O

[ Obkd BHBE®OM] HGBCKEBEMS,) HOMjEsOyd J:




dpteits [ . T ESd<jodc<  sClststemMC O HMJ tols

tOLots” dBjISBHO L O IstotsHdd3j dzL d 5dz0 dzdzlz 6 j
Olsjted O LO ftslsteijB] dizdgd Y J dp dB&EgH O gz
dqdzls jctedIlsjIsO Misj dzls ©

btefts [ . JkSd<jod<
AOSkddsjls ddpj ¢ jemMSdn OSSO, uvddejtL dls

tdrdad

SsBtesdzOtedzO Odz6 d 56 to O Widts @y ded§L de O de@ls tdf®o OfirCiz dzO te
(Jdecaz. VY B ¢ o deglzo QL H o tSH d d3j daLdeOs dr@ dzdzjj f tasohata/td <
ftosyjH@tyd OcdetsMisdSCtsoa O ) d btjlsdteO)] B tsdzi dzd

[90 HdMjtkOyd O WsCkzMmMdteOdd - j ZzO tOL ot
tej CsdzmistczC yd & s ¢ gL dzi COdzd Btcd MOdzd ~ Odzc d ts@
ftesh dto] fJafOlsROWBE d dBsH j dz W tstc Bdne@CA® , O &kasd w6 to Q)W MIS ¢
to ts dirffiys 4 § dz IsM < d df SAade” tstg dddls dyts@iz -G dzf R © P iz 2ff Ote O«
Cs'"'d sifdhmk ' & ted jdsOyd & EBEtej' 0O 0 ILsisdz O
Ef Otedo OF | dzl Md dzr tc sEL L dSte @did r dz@ totfj O telftph ‘OO0 dzdzets i3 f to
nNdrtsotsd3 dqdzlsj cteOyd sd3, tj CtsdhstekzdmMOd “ j dizdic
ftojHZBY Jd&2O " J ftsyjHkZO LO HdMEtjIsdL Oyd E ¢t
dzO0 ° j HdzsMis O9o dzdf tcjsd3 i dgff s Odzdy ) dzs wis & dzOtE O dzO .

AzLrd B3 BJlssHO L O 6 Cdmistelz$ ydfj Izts H Q Gaels ta O@L
Md c 3] EzB/OJ&zZd C O ) S sdMistczd MOdz * fj £ tizle fRifdzjOdE L d H
delz 34 o S 5 jdftstaitg clmefjtehif * j §f &zOC O (tejMmisjdetst j) . [ Jl
ftose® MfgdtOC O ' j] MdBzdzdtc@®&&SMEEJE OF j i 2P Qd O J
HgWEZL dsd3 " j Hd&z2Oyddesdzs stcOdzmf stels©. [ jIssHtsd3 ff Ots:
“d k2§ Oted o O IYUSHh@ad @3Rdeddr fdlzed d3? 4 dzed » dzOSC tsdz H Olstse

v O’ §, yd? HIMEeEPEdUIo  PBHMHEOO dL HteY? do!
Misj dzZssaile RASLO Mdzj Hj D] bEdd HFBLCPCWOC SO L OWi
ZOof sdzmC d bPHidd PRPJOUYgALO (] sMisOdkzse o CO
ftesctej Mdodtsds " dtej * &z §tefdzd dzfo, Zfitsletg | siftstalts yj @] fif
ttOHO MbtkzSlskztey dL Ay jdad yd§¢ dzd ydzts diitagrtvds j toj < 4 ©
H OcttOdRzO: tjedtsdzO Mdekztedzse tcOH O, L sdzj MiIsOB«
i tc fndzg dz§lz0  dzts Ef slstcjBtsds HtsBd jdedrm HJ @] ySidn
ftesyj HEte®O L O MdBzddtcO’ j tcj Odzdse MOsd O O € st

l OdzdHOYyd 0 BjlsHO dqrLoth jdzO “jJ dO HJcdIls0Odd
te @zdzdfdis H Oy d BO. Q@ADL U Y@ Hitply f dpltz@dgBzdEte d L gteh j dzO
CstedMmisj <d ¢ CyimetefduS@ daPydesmls HBd " j dod = toj L zc
fskLHOdsMIs ©OL od " j dzd B d tfffitdsofsdg jCdzla] Hf tsslsizj Hddry<dd d@ din la. (¢

§°? kydzj O gstsjicupdizO tc dzd Otels j tod ° JIVUS, O dze jd Ssts defiplsi tgf 2 SOy ¢
Mdceodg degsOyd 0, MmMkjdlssod, LOBst, dkzdjtcdysc O OdzC



dpteits [ . T ESd<jodc<  sClststemMC O HMJ tols

Methods for imagebased modeling of coronary arteries hemodynamics
and assessment of coronary stent integrity

Arso M. Vukil e vi |

Faculty of Engineering, Uneversity of Kragujevac

Abstract

Despite their invasiveness and tgionensional nature, Xay angiography (XRA) and
intravascular ultrasound (IVUS) still represent the gold standard for diagnosis amdetneat
of coronary artery (CA) diseas8incesafety and performance standards have become more
stringent, needs for robust computer methods for 3D reconstruction, modelthg a
visualization of CAs are constantly increasing.

This thesis proposed algorithms for thmensional modelling of CA from uncalibrated
XRA projections. A comprehensive mathematical model of XRA image formation was
developed and used in conjunction wathhobust genetic algorithm optimizer to determine the
calibration parameters acrossray views. Furthermore, an approach for finding frames
correspondences between nongated XRA was developed using arpattiaing approach.

By integrating the developgatocedures, the vascular lumen was reconstructed from its XRA
projections. Moreover, a nonuniform rationatsplinebased method that simplifies the
problem of meshing of complex CA trees to the dengask of independent meshing of
connected branches wantroduced.

By fusing the reconstructed centerline with segmented IVUS images CA reconstructions
were obtained and used for further numerical simulation of plaqure progressistentin
restenosis). The finite element simulation of plaque progressiopeviamed by coupling,
the flow equations with the transport equatsnd applying realistic boundary conditions at
the wall. By using a partiahatching approach, the alignment of baseline and fellpwlata
was performed automatically.

Moreover, the ainof this thesis was numerical estimation of coronary stents durability.
The procedurevascarried out within three phases: a) initial fatigue analysis basedMn S
approach; b) fatigue lifetime assessment based on fatigue crack growth simulation using
Pars-power law, and c) safeperation i.e., ndatigue failure (based on Kitagawakahashi
diagram) as well as immediate predictions of the fracture event in the stent. Finally, by using
the obtained dynamic reconstructions of CA we develapptbcedure fopatientspecific
modeling of coronary stent bending.

Extensive validations were performed using digital, physical, and clinical datasets.
Numerical estimation of coronary stents durabitgsdemonstrated on the generic and stent
cypher design. The prosing results showed potential for further clinical validation and
application of our method on a wider scale in future research studies.

Keyword®) X-ray angiography, IVUS, coronary arteries, reconstruction, segmentation,
coronary stents, fatigue, numeriealalysis
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V Bo s djigfH i dkzdsMisd L dydsddtcO® O ftots' j Clstste
fizsetomyd oy jF Hd Ited st qdfaOyup  dd.

SHON S S ZHO? | dasti)®S O LeHstcPH [JAQdgdese sz O O s
Is tc O defy z@trg B j D D [67] . ltoj B3O Istsd3j j € Mis®ddat dts| dzdip
f OtcOd3 Isted BBO, JBOBs LBdedzs 13 OOy sOtcO f 50
fetsdL o ®dzeathts aSEO WSl ), 8.8, dep, PG PCT ).

V L 15u,) “E“—f‘
a) r)

ddzd QO sHj &z s’ JCyd § Mok jeddiz®o GO B0 a3 Oy
E f totsfy)s sdedzd C @OH Hr d o BOtedzs e § sEdzj HO, HtdC oL
Mdflsj B0 k ©Osdd MadCj MOYULOHEOLE fPkdSOM HItDs o
¢ zdn Otedzj of Aste fwddfl jtoj ¢ sdzpz S Qq S HEHEshists
Cjdej Ho ' PE®. ] GEUEF Tt HiisOo ? OLids GLLO, 5t LS fils O

PdPftej HmsBOUYRfRI L dydsddeOd bk ftshksst

RLEY) dzsOtc 1 tod dsO,te(dztize BE0s iy jzj HAC ZOf O MO Sttt
fsyjlsCtsd3 ¢ dzsB Odzdetsé S tststeH d dzO s dztstalzy @ f bipls § RO s ¢ dzj
I,Bd jis@s HO Mj I sGS@OFO HIPO dzj AROL Ssjtc OdzfmiszP yiyls § dzO
Hoj OCoadOgad gEhmzsed Mj Ek HtOCMd k¢ dzOo desdz  tsi
feslssCtsd&0 OCodLdygdiyd Slis* f S @’ Of thlssdzO® MO
ftcjojdyd E @3t 0 dqLtsyjdlste®. v ot HJMj tol
fsedzjH B3O toj dzOIlsd o dzigpi. MW tesjdzlp @ OIS t§ dzid,L 57y jj cAlsdc@ ff tsL ¢
HjWdddmOlsel, 4G,0s0C s HO fj sy 0 fsdLes? dj
fsedzj HO B btesHdd] dzL  sdzOdzdzs d3 M isMisksEhizIsEEisy j d
sted  jdalsOyd O fjCkdHOtedzse GYscEdzjHO HJWdJdzd O da
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fts¢dzj H, b tdddd@pipfifds Sotsjdflls) dzl 50 Odz®@ d f5d3j O O
dLBByJ dzlstc O.

usc 0O, @O shMdssk ftojHdsY jdsd KOlj BOsdys ¢
fesmmtsEtej Hdlsd YL dyd k& (BFeS. s Wits CkO didaddZts  IsfGayj SHA
dL ot Pl ots (PSPYGZO) HjlsjSClstste 5L dydsdedteOdz k&
fsHOydh <Ged M L O wj Y4 kO ooz dyf 6 (F. 3 i
L, (F,.P,):
I“Jll(sh):':l'l' %(P1'F1):F1+ u (3409
tz(su):Fz +5(P,-F,)=F,+ sv (3.48)

10 thdetse 2z 34, si0dg®@ @ffdzjlstc j B Odzts HO dzj 3 d dz@ d3d dzd
L&) & Ho(dH jddes,j ttjBO HO BLEH)S O] ShEo ‘i

ftodC OL Odeth8aHO 5N lsj g Mk Yo g dL,SHKIH @ ffisje detsd izl ©
d SOHO dzd s Of@ic Ofdrg ity d  * § w, of Galmiss) Hdpdt d oizgf & S tizt
fods<k Hafs )Honu§] vOCEWi | tewOddujd H@OBEH]
ftcOo Oy t,sPOCdd ded® Mk L OHBOK? jded Mdzj Hj<d EfMmdztse c

uv, 6 (350
viv, © (3.58)

4 OB d® g d3 J H @6y dd

w=L 5,)-L7(5) =W+ qu- 5 @
HsBd Ok Mmj Heoj Mid depQtcdig { i HaR®G\ d dzj
(ul@r)s, -(u vPs, =W, (3.70

(v@) P-(vv)§ vw (3.78)

t Jh 0o 0Of jd3 3[wmEzOddE@z0z fMmjs, § QPRlsEEHddd L O ttOYL
fsdzsy 0" © OYSd k { tctsQldas tf s gjdzQf Mdlte.dgtCoya] "“jj dzd H o J

p=2(E (5,)+L%(s) (38)
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365 0OdzdBtcOYd O OfEsIstscacdFOlctsdL o 8? dzgj § tots’

10 thdtse s ff teff dEVHBeklz gzO ydfOls | BOIsdysS d dIsaijj &z W ts
Mdzd ¢ YHtOLEBjoa O 29 HOttOd] sOtcOs Oz Hztolf 51O
StsCtsd3 HOJ dzj L Oo d fdzj OCoadL dyd " J. sO¢Cts Bd MMy
tetslsOyd " j] LO ftadBOfibzd s B8@degmj dzed HO BEHE ° jH
f Ot O®dstdg Mz dMSc° Eyddd dL sfldBdL Oyd woOCOj e
ftets” jCbtsteO oj< fdmOdets off@ opa j iy s3OJ dOs dig te O daft2
sHtcjHdIsd tsted " j dzls Oy d Ok toff) jZDlsdpe @Asdztize sHtsAsdgjlz  dz0
s 5dz0 Y dzts, HO Bd Mja ficg jsddBLOdis §f OOl j Hisctedd | tcOL ©
sflsdikdL Oydsdz0 ftesyjHkzted. Ad? flsdddL Oyd "  j
Gty M Cj:

gg«'z, 4,
&P,
argmin ngq)'2 :
© aepf,,
® .
¢!

CH jd dzH ji Osfy dzOyOo O B-fotists * jf GpusdZfgd @ Oo O fstats ‘iz € lied qAlsj
L st Qo @ddjc § tots jJsYy@yVji-sted® Odzc SctOW ik s5° i tc
p,(P) ¥ 6§ H Mi§gjCdacRaBtracing f ets* j Syd & HRSe&z@L PHzj ZOOMS [ ©
LOd {fHeda$Quv tSaghjtclsOyd ff stcjpgj ¢ Sufjism Odeg
sOys¢j BdWktt¢Oyd j fhlsts dn ' jJ &OSCB HjljSCIstsa
MO " dHdd fts’ JEQYEZGSC OH gt (s jCyd j.
Bddzd 3L Oyd " § Wkdbyd j ctjh ¢ TG peddze@yndac 4 J
Algorithm) &3 dzj d3j dzls d tc O dz Katldb RRBOIB@ Madhwatks, (Natick, MA,

USA) GA Toolbox § 2z dz€ 9a) 88 | ¢f tcj HMMIsO8? O dIsjtcOIsdo dzz d3i Is
sflsd B3Odzdztse tejh j O ftospdzj B3O SCt°d dJBO odh j
dHj dzZsd W d¢ 50 OdzO 2 3 H de@BPPdjflsieaOy jd sflsdidL Oyd  j
fpdzj Hi <je dddyd Oddsd S fghtd PO oddyjlnaististfz L
DICOM-O, 1l %zls tc d dzL Qe dfzdia@ste j jojtaly H dazindk©. s tsted fmlsj
KOs zOB tso Iz gabtinEsty do jzdzd ud dzd sty &ZQdap jo te§ H desfls
Gjdzj eOyd ®) dz j &z@ mdnts Protz& MIS j 1 GsOnls O dzd dyaohptidnsed d3j Is tc d
WEdzCyd " d HBHj? jd2O HdWtsdzisdzO otcjHdtsMIs. 1 tetsyjH
0 dz6 s teE{lsfFIPOIdzOz ¢ dBR2ste d Is Bz

n

3lp, - 0, (P

n

i m: N

(3.9)

- O: O: O:D: O: O: Ot
0
b
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O dze StePRRO Gdzd B t@dpd O SEtej ' O 0 Cstdmlsj -

sfdmodz &z §d ¢ pzpddegdtefs3ed] Is O d3

ViZOLLSCEZf das sOy®gd s Oyd ' O L tste CAstacoiisght
ftes’ j YFl3j=1.n}.

VLdzOLR Az yd  Odzdzld oficQs@lGn  d sfdmkz" & f &
xof @, B.00n, 0oy, PA,=10,0,0], RO=[0,0,0] k0,00, [0,

LdzOLJ tets’® G jdaj tOyYd O & jlxzjHsd§ jstadls Ghuizfs ‘tscfc d Is

LA&zOL 1 § &zd yd dz© § s 2dzOyd " ™M i defnls ig ENOERA)O dee

RLEC [ s d3dL 50 Odack{ o, DtpD dsiols

R L dzC

LEjhCO COoddetoyd:" j

1 sjdjCliz qddyd Odd f{EMzEOyd £ ¢j ds
> T B &) dadwBh | d&d o] H dzs Mis
3 fort=1toNdo
4

for all g do

5 vtej dezlsdzts 3 G j dzs Bz gHtsx j dzd o tej H dzt

6 td Ssdemistelz d P =11 Ofulpj{i=12;j 4n} ¢ tsted i
©Jd H dzCB1U-§.8iz)

7 2N, 2

adﬁ,r RJ(PI')‘

RLIOYEZ dzO" cejhCk emg:iﬁi—"ts—d%]#n-ls—ts—z—g
CtstedMmilsj <d 3.9 HdzOy(d dzlz

8 if e< g, then

° ;'minz rﬁn’;( X

10 end if

11 end for

12 tdftesHkCEZ Gjdtsdsy St5°'d dBZO Iz d®jd
fsfzdzOyd " d d WtsttdddtcO' deseoj 6 J desd3y
13 1 Od3d ded G j dats o3 MO dO dzshd dd3 tejL
G J dzts 3 d3O

14 end for
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3.7u j B3 5te Odzdz® ) o izt GB ji ;3®0 O  fydad d3° j da
Hed fws" JCyd J

[jbsHO L O Ctdfffp@d@d Zk ftojlshitsHdesdy f ts@ dzOo ? Lz
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yd® jddyy HO Mk fdikjtctd 0 dOMsOdzO EmMdzjH t©WOHO
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sots HdMjtelsOyd d, fsdkzOLd M tH ftojlsfsmisOs ¢ j
dimsdd3 MeyOddd d ©iMfdeOsseddd WWOLOBO) fwisd
COdzdBtcOYd “ § FteiC W O ds dtcd S\ s@zistglzso 2 Ists¢ O, ]
Wi @ O M By i HESC S OlsdOdiEQ@ SUJEOREELO daiittso @ .

ltojlsfsMisQo? O <d HO MY to]j zi3EnfO Isfydif dff dglz=O * dzL,
ftes JjCPYtcj  dBsoaO dqL MjSkdHOtwd] s jSyd 4, Ek
EfslstcjBtsds dB3j stsH] §Otyd Beebsc fted € dzR® @d®, mndp
ftejHEZEY jd2O L O fkteiBj dOOYJ ¢ O MPO ey’ jCgzdzs 6@
Ctsdis d dzkz * § DTW jozsdssdjle€d (j dzeldmgest Common Subsequehd81]

BjlssHj COCB Bd Mj HBBJ&ZO &jlstgHE: dno (BB  Cxizd
2L O tOL &zd uf&H:E HEYddOo

a=(a,...3,)db ¥ b) (3.10)

yq? WeeOdzj d3j lstsH, Oftimal QubshgiencizBiecionQOSB),j fls j
fosdzOdkzOy j S §iSEd Zd cORGH @ s O § tod th PEE =izd L b
Hanjai d b 3 ' EMse ds )98 £ f40d ®Odzdets b Otedo OF j  * j
feddydilk dOdOyjS 0 dO Ctd<j §klOT ] d85sted  j dak
10 e OoCd {f ek Wdpnob@, dL OYZ®RO] Mk Mizdj |
©OMists OF 0 dLdj' & jdzj B3j dz2OO § sdkdzsy jdzj MO Okls:
jdzj B &zO0O LOJIBPHLO&LPT RO YkdSyd B St B fj
dL &3d ' 2 J azg bi3d dzOls O

D((q,w)(k,|)):§J(k-q 9 @ Wcl)zc(a,b) D(&.h) Ofilzisqm":jzéi (3.11

31



dpteits [ . T ESd<jodc<  sClststemMC O HMJ tols

) 6 B3O, tsslaRf B3O dzdzts §f Ot o OF j My MetsHd dz@ 1 Isd o
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g
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4dzd 6L Y Otcdo OF jO)dzdDLT® @j IssHO; B) OSB i ls

10 ©OL&JSE BH 5isd cOBR®izEzsRHCs whzdiddemd ¢ stedh
soets’ HJMJlsOydn ls§fO Y@L Glzde dslolate CEHY d * Q dzdindizs{qiidé Q@ WkgiC
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fiod BOLdzs G PfC dajiots® f 6 sso O fozd &? j)dzd B e[ 1 @G €

“J i HsmB®pAESsE  k  3.50n d2® piftedj=Lnk=1m} ¢
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= ., e r fori=1 (06
1 Emin =¢ dZG ste @|Q,e®z-|2,]:1,n,k= U pre
| ¢ i

|

|

I

1

._, uo oo

tfori=2 y.  OCltr gm @ t¢ p¢

0 if(r & t@0=( w+l= t pal) (3.130
E fmkftetsis dats o

D(rt)= 4

@j Mk k& 3330 dz@uddign j Cd fesdLes? dzdt W] BSe
ftod BOtdese d Mj S bk din Qtc dafsctn JUSHE dig @S | Ok L 5C o Odg,

Wie s ) dedZlst®)s C j  dzd Lt o) OBHEET W @S0 @Sy J
Cstedh <jdz L O IstedhH i ixgsiies 6 @dedibzdzz j ¢ sdzflsteCyd & s ¢

Vb Bet' HdMjtsOoyd d, fjlsfsmsOo? jdsxL' G HO

) Gl e yd & dd L@ obOfsQiag ] dzdE Mg jj fJ HsBd j
e NCJ fJtoddzditsds L DAYLZdOrd3Ad ] Oy B d MJ
e d0 Sokf kkjwhtO &GO ©OL o0 ykEmds § @i |
Sk Oyd 0. 0hdds 0 Mj &GO bsdj HO C6idhdds
] ks O (dO dJisEMmMed CHEXRjWLs d M JeOSE Ct
CORdB O] bx.{ OBB&GEBOLO 6] Hdshlsd D) zd@s tsPyud ddts,
COts:

= ==

e.2 . 2
ra dp;- n(R)
i=1 j
i - OC&I¢F gm @ t¢ pt
D(rt)= 4 0 if(r & t@0= (Um+l= t p@l) (31 3)
} E fmkf tetsls dats o3
i
t
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ddze st dIBAA B stcOdzdes 2§ Otcdo OF j] Wi Pl Eat
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VLAEOLLEEZfrEsOYOC O BdW ki Oyd ' O dde ] tiste@ic it
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3

RIGOUL O f Ote OdggCs tasif detsmjty G208 516 d s O ¢
RL L OUL 2O ¢ @BOKHO &M kss k31 3 s O] dj

else

RLtcOYlk dzO ¢ a0 ytzmdetso 231 3 & dzOy d dzj

N o 01 b~

RLGOUE ZO '  f Ote O tsteo) ) sk tecjq’ Of @e W 16
BOtedgdh Cj HBBJd | d0zdEHpdszOrz cdiddrd t
ind i

L0 d ddfmlsk kf OcPIBPT) de j 1 fY3tste O 311 H 2O

(0e]

©

3.8f j Cliplstacz S yd ° © vy delsteOdzdzj dzdded  §j s o

1 sH o] s 5Oz Y tsdf to @@ ilzdzYy g dzg Md Bz dzls Odzets,
Md dzm etsdzd L 59 Odzj dzj Stsdz Bj IstsH 5, fted ydLr dz0 tej
BW s Oyd § Mmjs eHsdy <dilpghid sslf d MOdzj & IsHfge dzOo ?
O¢ts My dMsO BIJIBSHO fwddjdd LO tj Cosdhistikzs yd"
Otelsjted O HtsBd<j§ MJ dajftejydL dzO tj S tsdemistclz S yd = C
Mo e fts jJSyd J BHEto OO IOYSd MO Htokzej
feBdzj 3d, d LOHBot? dts J dzj dzj dzls Otcdzd Jadipdettoo QHEED
MOks * jHdAas® soOoycd dui Htockze] s jJSyd dj, C Bte
YyJ destcOdzdzdn dzddzed © BOL OO dO ftesyjHbkzted s

fetsdL oks dizdf Ots Y tej fBsc@L dzd oz s Gy dj -] dpleetts® drcejy d
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dzdf dzdf © § o L W eOmiejddRjq) ted@ieitt onli, W vt d 3O & % § dzis @ O tzizO

dzd e, Ozls j b SREOWOIMO HO j &O Hiket s j¢
Ps, d dals § tof t5dzdhtdORaOH i 57 j dzd B ot SOUOROGLSS §f
tOL BOISteOded 7 aczy {i=%;9=0g Jld e {iF2j=1h}  § dLteOykdOls ¢ Ot

C(ab)=\Zem (314

[ 8¢ Mk otj H deidyd Cbj @ Ma@fppdizOls ] € Ot
i OC®16Tjlg @ tehe

O¢s(r9) @O0 (Ug 2 + hol (3.19)
. b MEf 6l dzs ds

—>

é‘pl,r' plr(Rt)‘z -H%t ﬂt( Fr)t)
D(rt)=i 0

—_—— —

V JHdAYPded] IStesHJ A dzL d SO ZAZO ISOYS O-sigj ¢ sdzl
(p,) sOYS< j gL f tc d d30ttdsizts ¢ Is @mikdfdzj HiE) Sdz dzH Ot ezts€  f S G «
P, (P)dp,(P)ftej HNlsO8? O kB dOe®Hj ZYydeOp.Odz ftets” j S Istste

SEROYmRE, L bdsk " k<& Geaucy Ssttdh<jds LO Hjb
dzj 2 dzd W ts to dztiz® tc frOaix(@gh dzddn-uniform B-spline)[93]:

P()=&B'N,(l), ¢Hjo ¢ j¢ 2 kei+l (3.16)

LV j HdBAG E'dElz € ts dzls otz kis @ifls] o f 5 ZOyki-s g W b dat
6] HOf Slste j B tsHigj S JttEdis @ Cozedle Boo) t6j C ZteL d o dzts ¢ 940 dze s te f |
qazls j e scOydsdey WkdSyd j Mk dLOykzdOkj SO

_Ql £B§¢U§+l I

Ni,l(l)_:,0 y fnizlfthSf (3179

Ni,k (l):(l_sl) N,k-1(|)+ (§+k 'l) N+1,k-1(|) 3.7

Si1 79 f TR

GHpF ftoj HMIsOo > © 9o j § ldas Wnol) ypLstdc@wwOdzO(s @ dzdilsdsQ B 53
tcOYkzdzO® O H Iz daf@wrdléntgthcalgQrithin95].
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