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2- Relatcd worl(

ln tilrlL'serics llrirring conlrllrrnrtiL's. clLlstcling t"1sli l1"ts JI\(IiVs
bc'cn lcccir,irtg nluch arrL'nrion. I{ol!cvcf. lltost lvo[lis ibcus on
c ht st L.r' i n g i ncl ivi du.r l ti rll c sL't'l L's \,vllcre Js cl 1.t s ter i tt g s u bs cq u ettcc's

ola singlc long trnrc scrics, the pr'oblcnt considcrcd in rhis lr,orli, is
not rvlrL.ll tesolvcd. The rttost rc'fclcnccd \irlor'li is lltc orl(.'tltit usc's

STS cltLstc'ring as .t strbLotrtirrc for't'ulc'discor,,cry l4l. Until IL'cL'11tl,y.

it h.rs bccn discovc'r'r'd thaf thc STS clustcring uscd itr th.rt r,'',orli is

nrc,:ninglc'ss ll3 |. Bt-c,rtrsr'rhqy try to clustct't'vcry single'c'xtt'attt'd
subscqtLcltccs. thcir oulpllt funts otlt to .tlt'lavs bc'irt sirtq'w.rvc.s

rL.g.rrdlL-ss of \,vhit tllL' input sL'qucr'tcc looks lilit'. This ptobltrtt
h.1s thl'lr bt'r.'rr arr,rlyzt'd by nt,rny Juthors I8.l1.2 I l. II ltotrr contc's

to J cotrckrsion tlur clllstL'ring L'vcrV subsc-c1ut'ttcc' L'xtr.lctL'd by
rliovulg a fix slidurg tryirtdoltr lc.rds thc clustL-r'ccrrtels to corlvL'1gL'

to silrc r.r.rvcs. I\,l.ruv rrrthor's havc ptoposcd .llgorirllns to solvc
this ploblcnr 12.61. btrt rhosc algolirhrtts rcquirc'.: fixr'd v.rluc'of
rlunrbcr of clusrL'ls k .rnd length of subsL'qucllccs ur. ltrhich .rr'r'

nof suitnblL' in rLnl world problorts.

3. Bacl<grourr<l

In tlris sL'ction. t'vc' pr'ovidr' dcfirtitions .rl]d b.rcligtourld kno\\rl-
cder'uscd iu rhis llolk.

3.1 . DPfttition ottd rorariotl

Defi llition I . A tirnt' sc'ries f of size tr t is .rn or'c1cTc'd sc'que'rtcc' ol Lc'.rl

valut d.rf.r, lr,hcr.t f = (t1.f2.....tn1.

Or-tr .rpploach t.rlic's .r st'qucncc oI tinrc scrics f as .rn irtput.rrtd
cxfracrs it to a st'r olsubst'clrtettces.

Definition 2. A Jubserlr('nce ol Icngth tt of tirttr' stlic's T ts

Ti,n=(li,ti,r.....firu r),whcr'e I r.ir:. lll ,l+ I,ll<tll.
As nicntioned in Sc'ction I. wc- adopt an iclca ol sirtiplc c1"rt.r

L.ncryption to dL.tcfulinc propcT clustcrs IIY cntrlJtillg thc clusrcrs
as a codt'boot.

Definition 3. A ctrdeDoo/i is .r d,rrr strrrcturL'used to stor'r'coclc'-
r.r,'oLds, r'c'plc.sr.nting rcpL'.rtng t)Jrts irr art irrput tl.rt.r. TItc input
data cJn be conrplcssr'd bV sLrbstrtlrting thc rcpc'.1ting pJrts u,itlt
s nr.rllcl cotl trr,o rd syrribols. I n rhis r.r,orli, tvr' c'ntul.ttc' clus tL'r cL'lt-

icts Js Ihe codctvoLds r.rscd to IL'pl'csL'rlt thL'ir nlenrber SubsL'-

qucrlccs. I'c'rfor'nraucr' ol tht' cncoclirtg c.rn bt rrtc'asuttd b_y using
Corrrpressiorr loaio .111d [tror clchnt'd bc'lor,',.
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Dednition 4. Corrrpressiorr i?tio is .'r r.rtio of rhe d.rt.r sizr' betr.'',ct'rt

aftcr' and betble cornplc'ssiou. rncluding ,rtr ovct'ltc'tcl ol cot.tstLuc-

tiorr of J codebooli.'lnd codc\,l,ord synrbols. For ex.rntplt'. givcrt a

I6-charL'ficl stling 5= "ABCDEICIIIIKLMNOP'. Suppost' tlt.lt sub-
strirrgs "ABC'.rnd "IIIi" alc sintilar. lt,c c,:rt substirr-ttc rll('nr hrith
a syuibol ,r. thc'rctbrc rhc r-'rtcodtd string S'= "xD[i:C.ti(lMNOP". ln
this c.lsc. !{c cJrl clinrirr.rrt'6 ch.rr'.rctrTs ('ABC'.rnd "lll/"J. but r
codclord of size 3. .rrrd tr,rro .t's nlusr br' crt'ttc'di thtrs, thL' colrt-
plcssion is 6 (3 + 2 j= I ch.rractcr'. .rirrl thc coltpr-essiott rofio
n ,k,, osa.

Detinitiorr 5- Error c.rn bc obraincd bV calculating sunlnl.ttioll ol
rlisr.rncr's fronr clustcL ccrttcl s ro thcil clLlstL'r' rttrurbcr's. For cx.tt-tt-
pl(-, rhe r\(ro substrings "l1BC'anri "i Ii/", r,vlrich.rlc'rr)L'r)tioncd irr

thc pr'c'uiorrs dc.finition. art gLoupccl illto a clLrslel t-. rhcn J codc-
tr,'otd (a clttsttv cc'r'ttc'r'1 e is crL'.1t1'd. Thc'Er"rrrr olcr'r',rtirtg r cllisrer
h'onr tl'rost' substrrngs is EiCi [)rsrrC. ABC, i l)istrC. i JI/i.

Ncxt. t,,r/L'strrurn,rrizt' b.rcligroltnd kr'totrrl-'rigc'usr'rl 1rt this p.rpcr.

3.2. Luc lidt' ou disronce nreoJlll'e

To rttc.tsulc distJr'tcL'bcturL'L'rt tvvo sLrbscclr-iL'ltccs. r,"rt'trst- [uclid-
c.rn distancc' rl'ut h.1s bccrt 

"r.idely 
usL'd ilr tirtrL' sclics dont.rin. Tltc'

dist.rncc is .rs shor.vn

r-tr I

Disfrxr,,.Xi,i- rr\-" ltxi*l xi+t t2 tll
\ -j-(_o '-

Bctb|c rhc distancr' c.llculation. all sr.rbst'qutrtccs llllrsI bt' rtoL-

nralized. Wc usc Z-nolm.rlizatioll Jl0l thrl ntrkcs thc valuc of
rt'rc.rl .rntl st.rntl.rr'd dcvirrion of .'r timc' scr'ics to bc zt'Lo .rrttl ottc,
rcspectivcly. Civrrr .r subsc-quctlce' T1.u=(lut;11, ...4rn sj tt,hosr'
rttc.trr is j, "1nLJ srilrd.I'd dcviation is o. Thc' r'tor'ttt.rlizcd tilltL'sL'rics

ls T;,,, irl.ri-,....,ri-n-,1. r,r4rr'r'r' I lt-i:.

To crc.rtc' a clust{:'r cL'ntcr'. \(L' LrsL- antplirr.tclc .rvct lging appro.rch
to JVL'f(rgL. r\\o scqucrlccs. civcn subsr'quenccs P = (pr... ..pi.. ...put
arrd Q= (qr....,r/i,...,r/o), .r rrr.r,s subsc'cluc'rtct' R = (t-1,.. .,t1,....r,,) is

pr'orlrrccd b_y r; \'::::,:r^o'.\.1,hctc |rp aild.,rs.Icr,r,ciglrt of Pand Q.

3.3. Llriilbrnr scolir.g

N,{.rrry r'cscrrch r'r,'ollis sltotr,' that ultilotrn sc.rling tc'cltniqr.rc can

iurprove pc.r'fblrtr.tr'rcc' irt tc'r'rns of .rccur-.tcv [7.301. Spt'cificaliv. .r
subscqur.ucc- I= (f,,-...ti... ..f,,.1 c.rn bc shrunliistrl'tchcll. by spc'c-

ifying a sc.rling f.rctor l :, l. to a r1e1(I urrtL' sr'r'ics

T' fi C ....r",\, v'4rc'lc {
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cxtraci input tin)c sL'liL's to subscqLtL'ltces of diff-crctlt lcllgrhs. lll
dctail. clustcrrrrg algorifhnr tJkL's t\'1'o p.lralllctcrs, lt, and /, tt,illclotl'
lcngth and scaling lactor'. r'espc'ctivcly. Subst'qr-rcttct's of lcrtgtlt
fiorl ivi/-, to ,lv f .1r'c L'xtl?ctcr1. thcll wc trse trnitblrn sc.rlirrg

to nuk(. thtnt tltr's.rntc- lcngth ol tlr bcfbrt' clttstclitrg thc'nl.

3..{. Su/"rst r4terce t ttorc/titt.g

Sr.rbs c'q tLc'r'tcc nt,rtclting algo rithnr [ 2 7 ] is trsurllv ust'd .rs .r sub-
lor,rtinc in rnany d.rt.r ntirting t.rsks. By giving J qucly sL'qucrtcc. wL'

carr Lctric'vc .t sr-rbscc;ucncc'. ',rhich is thc rrlost sirnil.ll to thc clllL-lY.

fiour a longr-'r'timL' scriL's. In this ttorli, \,',rc usc thc [.ucliclc.rn dis-
tJllcL. JS .t distarrct'IlrL'.1sulL'to coll)p.1lc thc qu('l'v secluorct'r.rriIIl
.r ll thL' L'xrl'.rctL'd suirs cq u c'ttccs.

3.5, Slrlrserlucnce,?rori/ dlico vrly

A subscqucncc nlotif [23] is tht'ttrost sinril.rt prir'of subsc-
qLrL'nccs irt a tirlt'sclir's c1at.r. I\'1.rrty lc'st'artlt r,t'otlis havc proposcd

rriotil discovcly .llgorithlls fryillg ro iurpl ovc' pcr'fbltttattcc itt
tcrlns of spe'c'd rnd Jccuricv. ltl tllis pJper. \$c Ltsc thc Ir'lK .rlgo-

rithnr ln ll9l, r,r,hich is c'onsidc'rc'cl tl:c' l.rstr'st .rlSoritllnl to find r
p.riI of rnorrt bV usirtg tltc Euclidc'.rn drstatlcc.

4. Sclectivc Subscqucncc Tiure Scrics clustcrittg trautcwork

TIris sr.clion pr'ol,icics dct.rils of our' .rpproach callc'd Sclt'ctivc'
Subscqucncc Trntr' Scr'it's (SSTS) clusretit'tg fi.rtttt''.r,'olli. Fir'stlv. r.vl'

bcgin by shting rirc pr'oblc'ur dcfinitiolt.

1. 1. Pt oblpnr defirririon

hl put of cu r .rlgorit lun rs .r s irtglc tirtrc' s clics d,rta. Thc' ploblertt is

Io fir'st clc.rr.rrtrirlL' "r rllrnrbL-f of clusrcrs rt. arlci tltcrr to gtoup subsc-
quc'ncL's into p|optT ChlstcIs: sortir'stLbscclutttccs c.tlt bc disc.rlrlcd
$rithout bcirrg assigncrl ro Jtlv clustcl. Thc subscqu('llcL's .11'e

cxtr.ictcd usiug .r sircling r'l'rrtdow appt'oaclt. The sliding winclotrr
c.rn l-rc valied irr.r r'.rngc spc'ciftc'd by .r uscr. Fol cx.rntplc. tt't'dctttoti-
str.rtc bv trsing, .r I 6-chalactr-'r' string 5 - " ABCf)f.fU |U\{MNOP' .rs atl

itrput. We use' .r sliclirtg',r,indotr'' tv of sizc 3. artd a scaltrrg ircrot'
I = 1.5: rhcLctbrc. tllc icngth ol tltt' strbsccltrt'uct's is varicd tl'otn 2

to 4. ThL. subsc'rlucrtccs .r'c' c'xtr'.rctcd into .r sct 9 = { "IB". "BC-. . . ..

"op"."nBC'.'B(D"..,.."NOP"."48CD","8CD[".. .."MNOP"1. TIlc

algor'rtirnr should p|ocluct' .I sL't ot clustcrs (- lC,. . . .. Ci.. .. . C, l.
Iach clustel corrsisrs of its ttrr'ttibc'Ls aud a clttstc't cctttct: Ci..
ifi,"rir.....a;.eil, \rrllc(c'fir is thc lrh rttr'rttbc'r of the itlt cluster.

.rnd thr Ci is thc clustcl ccnrc't' ol thc irlt clusrt't'.

-{.2. (-llrsrej'in.g lrerltod

To foi'nr cltrsrc'ts nortt .r sct of strbsc'qur.Itct-s, n,L' nlust.ifcr'.ltivL-lv
picli ont'subsc'qucttce md.rssrgn it to a clustcr. llovr,t'vt'r. in thc
firsl pi.rcc. \,r,'L'Llo rlot hJvc .11)V pr'r--dc-fitrcd cli.rstt't ycr..11]d KIL'Illttst

llt.rl(c J dccision as fbllor'r,s. Irttuitivr'lv. tffc c.lll choosc fwo stLbsc-

qucllccs vshrch .rr'c thL'ntosl sitltil.tr. ro crL'.ltc thc first clttstcL, tltcrl
thc ri$t clustcl ccntL'f rs proclucc'd. As a rc'sult. \,r,e carl cltoost' othc't'

subscqur'rrccs, tvltich .rr'c thL' rtrosf sinrilar' to tllc Jlrc.ldy crc.ltt'd
ciust('I. to bc.rcldcd ro thc rxistirtg clustr't': th('lcfbrL', the clusrer
ce-ntc.r'is rhen trptl.rtr'rl. Nc'vc-r'rltelt'ss. it is bL'trL'r to clL'.]tc.1 11c\.1t

clrrstcr ii tilcrc L'xist t,,"ro subsr'quc'tlccs th.tt art'sinlilal to cacll

othL'l'nrorL'tlr.rn to rhr' t'xrsrirrg clustL'r cL-tlrL'r'. iHort'ovel'. if thclL'
Jrr. t\.lo clustt'Ls th.'rt c.1n bt'gr'oupr'd rogcthcr. vr,c c.1ll dc'cic1c to

ltrL.tgc thcnr to ctcJte J llc\4r clLlster. Thus. $,'c rt-'finc tht-cc opcta-

tions tbr pr:orlucing clusrcts iiom r sct of strbscqucucL-s: thosL-

at-t' C|cate. .4dd and MelEe ro itcr'.rtivcly sclL'ct n(/o subsr'qucltccs

to crcJtL'.t rtc'r,l clrtstcL. to .rssign a subscqttcttce to .lll L'xisting clLrs-

tL'I. Jlld to lrlcrgL't$Io clustL'ls illto .l ltclctr cltlsfct'. rcspL'ctivcly.
Our' .r ppr'oacir itt'r',rtivt'ly sclccts lrr o l)(:r.lti on, t'"rlticlt .rr'c t-t eof c.

rldd ,rnd Merit' to producc' .r scr of cltrstets. Accorclirtgly. $r(' adopt
rn idc'r of data cncodirtg as .r ltcuristic iirtlctiorr fo choosc lu
optinul opcrJtior'r in c.rch srt'p of clustL'Is collstruction. Wc' ttlru-
l.rtc. a sr.r of cltrstcl ccrltL'ls Js .r codc'booli, r,'r,ltc'te t'.rclt cltlstL-t'c('ll-
t(.'r is a codctr,ord usL'd to crlcodc tlle illput tillle sel'ies. Sollle
slrbsL'qucrlccs ti-onr thc ir'tpLlt tinlc sL'ries, vlhich are trlt'rtrbc'ts of
a clustt'r'. rrill bc snbsrrtr-rred l-r,y a snrall coclcttoLd synrbol. [tlot"
ol .r clttstc'r'is dL'tcrllrirlcLl bV .r sunrurarion of Euclidc.lit dist.rnct'
flonr thc codt'tr,'or'rl. n,hiclt is thc clustcr cL'lltLl, to tltcit rucrttbcl'
subsc'qucrtccs.

m

frcit-).- i)rstr t1..e1 I

i-1

whclc rrr is .r rtunrbt't' olntcrttbr't's irt tltt' itlt cltistc't'.

Jrrcrt'osed eJ"r'o,i1[ is obt.rincd .rttct ,r clustcr upt1,rte.

,lf - fo1". Eb"ft,, il i

Corrrprcssrort r-ofio R is dctcrntrrtc'd by c.rlcularing tlata rcclucliott
of tlrc oligirr.rl subscclucr'tcc' incltrding ovct'ht'.rd ironr codcr,rrot'd

collsll'Llctiolr rlrd codc',,",or'd synibol stibstiturion.
ln c1ct.ril. Cottrpt-tssiott mfio .1nd incteosed [tlol tbl t'ach opc'la-

trou .rrt dc-sclibcd bc'lorv.

I. O'c,afe: CLc'.ttt' .t rlL'$/ cltrstcl' C fr'ont rt"ro subst'qtlr-'ncr-'s P of'

Icngrh tt. rnd Q oi Icrtgrlt r'. A rlctl,codc\,tro|cl C ollcnglh u,

is obt.riuctl by ruclgutg P .rnci Q. Tltc' lcrtgth of input tinlt.
scrics I is rc'drLccd by tt + 7,. Thc ovr'rhc.rd rs .rdclccl by tht'
codclr,orrl tlonstLtrction .rrttl rhc substitutiorr ol P and Q by

tr.r"o of ,r codctrolrl synlbol "x" of sizr' 1.

,rf-ir(r r4l

N*{rrr t r'l rtl t 2rl,'l r5l

2. Arlcl. Upd.rtc .rrr cxisriu g clrrsrc'r' C to J ltcw clLlslcr C' b,y arld-
rng .r subst'c1ut-rtct' P of lt'ttgth tt. arttl tLpci.rte rhc' codt'tvor'd t
to C'. This opcr'.rtrou Lr'drLccs thl' lcltgfh of inpur tintc scr'iL's 1

l.tv rt. Thr'or.,e'tltc.rd rs ,tddc'd bV sr-rbstitttting Pbv "x" of sizt' l.

AL-lr(': ir(i tbr

/{ , ri |l:rl rJ t

3. Mcr,ge: two tlustL'r's C,.rnd C,.rlc'rtletged illto J IICK/ clustcl'
C. A cocir'r,tor'rl of icngth r.r, is r'cducc'd.

it-ft('i [ELC1r r fr(1r]

N - r.r,.'i

Thc pr'oblc'rn c.rn bc'consrtlc'tc'rl "rs a st'.ttclt sp.rct'consistirlg of
nodc's of thc tlul'c opr-r.ltions, tllticlt is illLEuJtl'cl in fig. 2. OtLt .rp-
pt'oach trscs glccdy rtrc'tltod to iteratlvclv sclt'ct.r rtodc th.rt has

nrirrir'rr.rl lrclcost'd [l-ot. To do this..ts shol'ut.t itt Fig.3, lvc appl-y

thc l\'tK nrotil discovcry "rlgor'itilltt ll9] to discovc-r'a p.rit' of sttbsc-
clrlcllcL's. r'rrhrch h.rs rttirtirnal Eucltdc'.rtr clisf.rtrcc. to bc tht'be'st
nodc fol thr Creofe opL'r.ttiol). To scalch iol lht'oprint.rl Add noclc'.

.rll codr'tr,'or'rls ,ttc usc'd as quct'tc's tbr' thc' sttbsc'tlucrrcc' ttl.rrchittg

.llgor.ithni to IocJtL'thL'bL'st subsL'quc.lrcl- to bc.rddtd ro ,rn t'xistrltg
clllstct. Thc opturJl Metgc noclc can bc cletclntinL'd bV scJrchlng all

nodcs. dut'to irs snt.rll rlurttbcL of nodc's. Nort'tlt.rr the'subsr'-
qucrrcL's can bc of diilclt'rtt lcngths, so \,vL' LlsL' .r rttlilot't.tl stalitrg

tc'chrriquc to nrakr'Illcnl thL's.tr'tlt lc'r]glh tl,bcfbrt-.rpplying rltt'
nrotif discovL'ly artd tltc sr-ibscclucrtcc ru.rtcltitrg algot'irltltts.

r'2 j

i8l

r9i
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Srdrt
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fl\ r llr .4\
L,? \-l r+f

iABClrloarl {ABCI+[ErCl i(1,\41+[l']OFl

- i. lr.; _ ..

RMr5r &r m t? '@$

[.xBa,EFG]-il.{r.'l [ABC,EFG].irj(l [AB..irci'iNOi'l Il-iU]r{r.LMl irirj}r{Lr\,lri'l} [KLt!41+lNoI']

$ Crcatc

ffi naa

.1 tu1e r*r

S (-reate

ffi aoa

i'-',. 1"1e1;ge

iABC. l:i-{.iI r ltl(111.] [AB(,t t8i i[i-r.l],Kl. rv1l

IABC,E FGJ+[H l.], KLM]

Iv

fig, 2 'lhc search spacc coDsists ol (-rrote.,4dd and ttergc operations.

f ig. 3. 'l hc oprimal mdc can bc dctcrmincd by using morif discovcry
subscqucncc matching algorithm:.

As a r'urrnrng cx.rlnplL'. l\rl'Llsc rhL'ch.ltJCtcr striltg S ltrL.tttionL'd
inSccriorr4.1 toclcrnorrstr.rtcoLu'.rlgorithurstL'pbystr'p,.1ssho\,trl
in Fig.4. Fol blr'viry. \(,c sct .'r $irrdovJ lcngth lv to 3 illd J sc.lling
f.rctor to l: so tht subscqucncc.s c.u onlV bc of lcngrh 3. filsr. rronc
of the clustL.f Lxists. TIIL. Creofe opc'r'ation llust bc cltoscn to crc'.ttL'

thc. filst clustc-r'C1. Thc. morrf discovcry is .rppliccl th('n KIL'ger
"nBC".rrrd "[rrC" .rs irs results. A codc'r,rold C, is pr'oduccd b\, lur'r'8,-

ing "lBC' .1url "[irc" togL'tllcr. Sccond. afiL'r' crL'.rting thc first clus-
trr'. thclc Jfc t!v{o choicL's that ir-c Cr-('ofc and 4dd opL'rJrions. Wc

usc C1 .ts J rlucry to thl'subsequL'ncc llratching.rlgorithni. tllel)
\(/c obtairr 'NOP" ns thc rL'sult: .rftcr |cnroving "ABt-' and "[[C"
flonr thc' subsequcnce sct. thc nrotif Jlgor'ithul rctLuns "lll/" .rnd
"(1M". In this c.1sc, sripposL'thr'l.rttL'f cJsr'grvcs srlullcr,14. \,'vL'

choosc thL. creole opclatiol) to cIcJtLl i 111..v\r clustcf c2 fLonr "ll1/"
.rtrcl "/(1M". thcn C2 is p|orlucc'd. NL'xt. thL' clloiccs ;[L' c]?rlte. 0dd.
Jnd lile,ige. Supposc rhc sur.rllc'st 1E is obt.rinctl tionl thc Mc/gr'
o pr.r.ltiorl of C1 "rnd C2. so 'ABC'. "[/rC". "lli/" lnd "KtM' .ttc rttt'r'gctl
illto tllc sJllL- clustcr', ancl Cr artd C2 atL- conlbrrlL'd. Frn.rllV. onlY Cr

fL'tti.1i11s.

To dcttlrnirrc. .r ptopL'r ltLrrnbcr of clustL'r's, \.vL' lllust choosc .l
stJtL. of cl c.rting cltrstcls thJt providL's l.tIgr' cr)lrrprt'ssrr)]r J-olirl

\,\,'hilc prJducing lL.ss cr,or. Fronr thL. colnpl'L-ssion-L.rrol: gr.rph
silo\4?n in Fig.5.r. it is obvious th.1t thefir is.r trrec poirrr rn the grJplr
\(4rL.rc (.r"r-o,'J drL' dr'.lnt.1tic.1lly incr'c'.rst'd. It ni('.1ns Jpplyirlg an
opcr.itiou Jftcr th.rr poitrr K/ill losc the clusierillg .rccur.rcics. TIlLrs.
vrrc rL'tL[ lr clustcl's in rhJt st.'rtc .rs .r r't'sult ol IhL' .'r]8,orithnr. To fulrl
that poirlt. v{L' dctl'r'uirnL' IincJr fittioB fr-rnction ro thc collipr'cs-
sior)-clrol gr.rph .rnd choosc .i point thar givc's ntirrirnr"Lni r'L'siLlu.rI

viluc to thc fitting ttLnction Js showrl ln Fig.5b. Considcl J spL'riJi
cJsL' thJt.r Llsl-r \(f.lrll ro spc-cify Iltr. r]urtibcL of cluslt'rs /i. or-u .rlgo-
rrlhni cJl) e tfor'tlesslV h.rrrtllt- it by cltoosirtg, J latL'st stJtL' th.lt ilJs
thc llunrbcr of chrstL.rs cqu.rl to thc onL'spL'cifrr'd by rhc uscr'.

T.rblt' I illtrstlalcs ouL urain .rlgorithn). Thc algolithnr stJrrs by

cxtr.rctirlB subscqur'rtccs fionr thc' input sL'qucrrcc' Lry r'urrrtirtg

SursrquexcrExr'ruroon tlnctr o n. AttL'r thir, I t cn rcrs .t loop to itc'r:.rrivcly

5t;lrt

% craate

ffi Adci

i,Z, Merge

*11 a(-J:'(J
/-F. \J /i-.
w (:tw

\?,jr

tvtotif

E9w
.!qr u-i;i HgI
L'{i*M:N
ffitrE:i, ffi
H$*sdHX

E*d
iI Subsequence

: Marchins 
n**l*"_t i'i+" .-' .i\ i: l: I :,.

t-\. &Ft "1i"(-' Eiti ':''.. l]rute roree l' I

r1'llfl
4

o

- ..-" | -*\ "
+,sf- @} -1*

iA3(}"[n;r'] {ABcl+[Erc] [[Lir4:.!r',lQFj
. \,

:,:::,,-' ' .:lr;""" , \ 
"'::,:',' ''-':,,,- 

-
iASc,Er$l;,i!illl l^s(:,[f6]jir.r(l 1A$c,Erril".1xgp; [HtJ]+[(LM] Iilill{Ltl\lN}

.- . 
:;:

[(1.$,1], i$(]l',1

W
lAsC,fFcl+lNaPl

t-ig, zL Crccdy :carch exampicr an optimal nodc rvill bc choscn in cach srcp.
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'lhbtc 2
Subrqucocc cxtrartor.

l6s

(a) siilr

'1,)ii

aii

i:

-1 0i)

(b;+iir

- 

Ettrr

- 

l.inc*r frttinr-;
l"unction {51 = Suurqurrcrljxrucror{1. n'. f )

; }i\rl
U

l Uii

l
2

3
4
5
b

1

I
10'I

tu,M=irv'fl
I = LrNcruil )

for i = tri)rr:n'nu
for ; = i,1

f = UNrrorMS(^LNGij[i:i* i - ll)
z-\or uaua i t)
r.smrr = i
r.end-i+i-.1
S.sddirl

roum S
i) .1

Llir'r ii irr.ut r r rilsi(l Uirl

,{t
'tI

I
t

i-1.3 il.{ (':.!:

i-:+Tt-r fir essi {.rr Relii:,

fag. 5. 'lhe sropping point can bc lound at rhc $drc rbat has minimum yaluc o[
rcsidual. {o)A lincar srinution linc ol thc ctrcr iine hclps find rhc kncc;roitt in the
error linc. ib) lnc sropping point is dctcrnrincd ar thc nlinimum ttsiduals valuc ro
thc lincar fitring function,

labte 1

SSI'5 clusrcring.

Irunction I CJ = Ss-l.Si7. n1 I)

J = SUE€eur[E]:xrMcro( I.rv.tl
u'hilc rhcrc is an opcrarion lcft

IC t ll,S'l I il = Cturr Cruttt, i-,S]

t('t2l.J'12iI = Ur'M]r (rusr Ik, (" sl

t('t ll.i'{ ,il = \4rRLr( usrrb ('-. Sl

nr -Arc\4rrrrmtiL')
L I l?i

5-5'lnrl
ir.odd,Cl

rcturn llati SrorurcSrrLr( Pl )

sL'lLrt itl opL'f ator to crcJtL'chlstcrs rrn fi I thL-rL' is no s u bsr'q ucnct'lc'tt.
Thc trcofe,Add .xrd Mel'ge opL-r.rtrous clrc JppliL-d. thcn thr' bt'st ont',
nrhichgivcs llliltiltrLlln ('J,'or. is sL'icctL'd incJCh itcr.lriolL EvcryclustL'f
corrstr'uc riorr sf.ltr'is lic pt in J Ii s r Pf oi'dL'tL'l rr'li nirlg rhL' bL'st stJte l.ltL'r.

Af rc.r'br'ealiing thc 1oop. r pr'op('r'clLlstcl s t.rtc \'\'ill bL'ciloscn by usirrg
S ropprr'icS:ar r fu ttction.

Dct.iils of Sumeeuencr[xrorooR furlctioll .]rL' shov(lr in Titblc 2.

TItq. function cxflJCts subsL'qucrlcL-s of lL'ng,til v.trlcd flollt trvnrin [o
lvn*. Jrrd nlJkes it thc s.]n)c lcngrh by Lrsil]g UNrFoRr(k^uxc tiutc-
lion. Cotrscquc'ntly. [he ('xtfJctcLl sLrbscqlrL'rrcL's Jr'c nolrlr.llizL'd
by z n**r* functlol\ and thcy .ue'stotcd ilt .r list olsubsc'qttl-ttccs S.

T.rblc 3 sltor.r,s CararrCrus.r'sr irLnctiorr il) dL'tiils. It stJlts by cxr--

cuting lVtorriDscov6Ry [o firtci a ntotif p.rir'. Aftc'r' th.tt. a clustcr'is crr'-
.rtL'd tiorrl thc niotif piir. .11)d th('nlotif pirr .111d tht'subscqucncr's
tlr.ltovcrl.rp\,1,ith thL'ni.rICr('tllovcd fronl tllL'Iistof subsl'cluc|ccs5.

T.rblc 4 L'xplains dcrails of Ut,o.r:tCrusten fiutctiott. Evcry clustcr
cL.lr[L-1' of JII crcJt('d clrrstefs is ust'd is .1 L]LlLYy stqLlL't'lcc f'or
Suasrqu ercrNl,rr cn ixc fiulctior't. Tirc' f r.r rtction l cttu'rls J s ubs t'q ut'tlcr'

l;unction { 4. 5'l CnamCiusrsr; C.5t

't [lr.l:i = l'l$rDmorwi5)
2 CC - Av*reiSllr I.511:l)
3 Coddrllcntbe(5llrl)
4 t'.odd,l4cntbetiSl12l)
5 i'.oridtCr
6 rcmovc S!1 | and S[3.] and sub scqucnccs rhat ovcrlap 5l l l l and S!2 1 liom S

7 :rrurn t-J

'lrbtc 4
Add opcrarioo.

I'uncrion I a''.,y1 = UrorrrCrundi'-S]

0.3 $.4 'i.5 to.ii
i,:(:rnt:ire:,si.rn Ri:tin I

I

'l,ablc 3
Crcate operatioo.

!
ril

t
c{

n.6(1.7t.iii.].2
-4

1

2
J

4

5

ri
1

8

I
'10

1

2

l
4

5
6
,1

8
()

10

il
12

l3

lor i = l:i.nunrbcrlrfClrrtcri)
( (,1

f = SUB5EQUNCL\4arturrci5- C. Cl

C.C =AuMcriC.C,5l;!
Li u.ld,l,rnrlrci iS{ tl l
iI errcrr+ > C.cnurf i

ia+= i
fiinfs$ = CCnuirl

cliff j = c'
rcmovc 5lC] and subscquscs that
ovcrlap 5[t ] from S

rcturn i-5

Table 5
lVe{lc opcratioo.

liunction I C. I j = \4rrcrCusrrxr i-.5t

n = numbcr ofclustcrs in i'
Iori= l:n-.1

foti=i+l-(
cl - aii:

cr '^-a:i:

Lr.L =l\YElAG, Lr.L. (r.L l

add all mcmbcrs oI Li ro Cr

if etrursa, C1.errc( )

lr =i
t7 - |

i':1,: .' r"
i'.rrrrorri lz i

rcrurn C-5

fionr 5 that is tlrr'most siluil.u to thc qucrv. Tht- subscqucncc that
produc('s thL' lL'Jst e,-rcr is cllosLu ro br' .rddrd ro thL' clilstL-r thJt
holds clustc'r' ccrltcl thJt \.\'Js used as thr'c1tre|y. Tl'tc' clllstcr acntL'r'

I

2
3

4

5

6
'1

8
I

l0
ll
't2
't3

t4
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180 15i.i

fig, 6. {top) A sequcn(c of ClJr daraset. {bornofi) Clustcr ccntcrs of each class.

t:i& 7. irop) C(tr-Poitrr data strscrcd tiom a vidco survdllancc camsa. (lroraom) Llustcr cmtcE of each cless.

of IhJt c[rsrL'I ar'c trpdltcd by .rvcraging thc'old clustcr'cL'r]tL'r .11)11

thc subscrlucurc r'csultcd fiont the sulxcqucucc rllJtching fiurc-
tiol..Aftc.l: thJt. thL. r'csultc'd slrbsL'clLrcncL' .rnd its ovcrlJppirtg sub-
sL-qLrcnccs .rlr' r'cnrovt-d tioiti S.

Thc. l.rst opcr.ltioll, tllL' Mr'rIeopL-r'Jtion ire desclibcd .rs rhc'

Nrli,nceCrus-:rrs lirrrction sllo\,rrrr in T.tblc 5. All cotlrbirt.lIion pairs of
the cxrsting clustL'l s Jrc c'xartrincd. thcn .r pJil that givcs rttirtittturtt
ell or r,liil bc' rttcrgc't1.

5. lxpcrirncntal rcsults

This scction providcs c-xpcliutental rr'sults of out' proposr'd
ItrcII)od on VJriorLs dar.r dontarrrs. Wc' sc'paLatc' the' r'xpclirut'rlts
into tl'r,o p,rlts. Filst. lve sltotr,'s t-rsc'Iirlrrcss of our algolithni ott tc.rl
and syrrrhttic d.tfJscts fionr vatious dorrtains. Sccond. ,,vc dclllotl-
strJtL. oL[ sL.Jrch pcrtbrm"]1)cc by cot:rplr'ing our' algor'irltttt lvirll
br'urc-fblct' llrcrhoLl on rhL' definl'd sc.rrch space.

5. l. L/selirlntss o/'ottr nletlittd

ln this p"rlt. r,ve dcrnoustrltL'thJt otu algorithnr can be'applic'd
iir nur'ry typts of d.rt.r cloni.rins, i.c., svntltetic d.rt.rscr, d.1ta ex-
tlactc'd tionr vidco srrrvcill.llcc systL'rlt and itttagt's. and rcal ICC
d.1t.t scqucrtcc.

5. /. i. Syrrr/refic doro
\.Vr. r-'xpr'rir'uc'ut on thc r yljrrdo-Bcll-Frrnrrel fCBfi dat.lsct troln

tlic UCR tiulc strics .rrcltivc' ll4l. lt h.rs bt'ctt shou.tr th,lt lltost

STS clustcrillg algor'ithrns f.ril to plodtLcc nrr'aningful Lt'sult fiortr
this vcry sinrplc' ci.rt.rsct.

Itt ouL cxpe,LitriL'ut. \.\rL. r'.lrrlorrily sclecr drt,r fLort.r t'.rch cl.rss,

tllL'n cor'Ic"ttcn.'rtc thL'rn to a singlc tlnrL'sL'r'ics. .ts sltotttrt in fig.6.
The clustcr' fcsults ate il[rstl'.-ttL'd ,ts color'cdl srLbscrlut'rtcu's rr't

Irig. 6. Thc'Lcsult shor.r,s th.rt tliL' lrcy char'.rcrclisrrcs of cach cl.rss

"11'e 
chlstelcd coll'ccrly. and tht' clustL)' celttcrs c.'ur ICplcsL'rlt tllc

shapc' ol their nrcnrbcl sr-rbscqutttccs.

5. 1.2. Vide o surveillarrce proble nr

ln this cxperinrcnt. \,1.c.rpply our Jlgol'ithnr ort thc viclc'o survcil
I.rrrcr'dor:r.rirr, r,vhich is thc gun ploblertr llal. Tltc tinlL' sL'riL's rlrl.l
is c.rptulcrl flonr thc ccntroid of c'.tch "rctor"s rigltr hand pclfor'rttirtg
two .r.tlons: L-ltll-D,-or,v incl Poinf. Tltr' ntotiott ol thc tr.'uo cllsst's of
Jctior) JrL- vc'rr/ sinril.tr' .rnd hard to disringuish.

Rcsult of otu'pr'oposcd nrL-thod, ,rs illusrlatctl irt Fig. 7. sltotrs
rhar all subsccltLenct's of nlolions .rrc clusroed corrcrTiV to thL'ir
cl.rsscs. Fu|thtl'nrort'. tltc clr"rstc'r' cL-rltcl's florll otrr rl)cthorl c.]11

pIL.sL.l'vL. thL' irliport.rllt fc.rtur'cs ;rtd slurpc's rn tirc' dar.r.

5. l.f. finrt'se'ries dafo erttncft,d li'otir Jttto.ges

Thrs cxpcr'irrtt'rrt sltol(rs tht' r'csulr fj'ont clrrstt'riug d.tt.-l Lxtr.]ct('d
fLoru nu.rgts. v'rllicll .r1L'cre.rtcd bV rr.rcing rhc loc.ll anglcs tiont tllc
cr'nttoid of .rn intJge to its pL'r'inrctcr'. \'Vc rtt.r]<r' the irtput tirltc sL'r -

ies by choosing thc drt.rsL't th.lt h.rs dilltlcnr cornplexities Jl l. TItc

' ltm in,..pr",",ion ofcolor in l:igs. l-10. thc rcadtr is rcfered ro rhc wcb version
oF this artictc.
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11i5.$.(mp)AsequcntcoldJtacxtlactcdfronrinragcolfaccsandlcavcs.iborroiil}clustclCcntclsoiCachClass'

1 i!';!

-1 Ctit

4

\

_L

I i, rl\

L ,15{
il 5il 1:]i) ii 5{i l iij

fig.9. itoP) IJCC sequcnccs with abnomral heartbeats lbotmnrl Ciusrcrccntcls l'rcm our al'go:ithm'

dat.lsctsusedltcr.car.c.Foct,-olludoSU-|eo/ll4].1r,}ticllJl.eL.x-
i,r.:r.'a r,onl ltttttt.ttt taces lvrth v'rr'ior'rs cxprcsslorls oll tllL- f'lcc'

.rId fr'ont dltlt'r'cnt spr-'cics of lc'rf iut'rgcs'- 
iig-B sltolrrs drat or-tr' .rlgorithnr c'xl clustcr subsc'qtreuccs of thc

.1au [uc,t r,,'hcn thc dJt.r ll.ts tliflcr'cnt cornplt'riirv v'rlrrc's' Tht- sub-

,..q.rana.', oltacc d.rr.r ar'c gt'ottpc'd ill J clLrstct' l'r'hich is sho$"u in

r.'j. .rnd the lc'.rf strbsc'qt'c'irccs Jle scpJr'ltcd itlto n't'o sttbcl'tsst-'s

tlut l)Jvc thc sJlnL' shap('.

5.).4. [,CC (lota

[l this cxpcTirncllt. 1'\'c f LIll otll algolithlrl on a rllcrllcal clrtirset'

.*f ,i.lli ii ,n [.cC .1rtt [91. Fig' 9 shor'rrs th'rt thc bL'rts 'rrc o f d iflct cnt

sh.rpcs. tf \\'c cJll scpal'J[c tl)c bcats irrto clustt'r's' thc hcalt Llis-

."tJi *iii bc diagnosc'd c"rsicL' Ft.ottr lht'tcsr-rlt it'r Fig' 9' tltr't-c

gfor,rps ol ltcat tbc.lts arc clLtstcIL'd' Thc nor'utrl bc'rts at't' cllrstcrL'd

\,\'itllitr thL's.llrlc gl'oLlp as shor'rrtr irr gr't'ctl' thc 'lbl]otl1l''tl bt"rts' 'rs

sliovsrr in LCd..rrc chrstclcd lnto thc sJlrlc gfottp. .rild tht'bluc cltts-

iar ao,-rt.,in, thc be.rts thrt havc tt.littoL 'rrrotrrllics' ltld 'rLc' clltstcl ('Ll

sc pat .rrclY.

5.2. Cbnrporisolr rvith fht' brlrfe-/brt't' tttethod

\fu'c r,vill dc'nrorlsrl JtL' ottl pcrfoLtnattcc orr sc"rrcltiug througil thc

sc.lr.clrsprcc.Fig.l0illr.rstr..rtcstltcr.cstrltofotrr..rlgor.itltlllcolllpJl.-
ing r,rittr rlic brutc-fot'cc IDCthod tcstL'd orl rirc ECC d'rra uscd iu

icirion S.t.a. tt roughly cotrtaitts 6000 possiblc p'rrhs of tlte irrput

ii,t,. ,,-','i.-, of lcugttr 1400 datJ poirlrs and 't r'(indovr' sizc of 100'

ifra-,"trf, of ottr'itc'thoc1 ts sl'toll'n in 'r thicli bluc linc'' Oul' ruairt

: 1i.l\
.:li

1 ilal

i:'-i

" ,i 
-" 

!.1 0.2 i.)a.) nr il.x 'i!i {i'1 i'g

fj':-l lll ['T es'ii i-r Ill' ;i ti'']'

Fig.10. Our algoritbm lshown in b)ucl comparing ryith thc brutc-lbrcc mcthod

go.rl is to nlJillt.lii1 et-tot- t'lhilc ll)f,xilllizitlg IIlc 
'oJrlpJcssio'l 

l0fio'

i, itro,n,n in Fig. 10. oul algolitltrrt catr scalclt throLrgll thc scJrch

,p".-. afot"-ty tbtlowing thc optirD'll prrh by t'x'rtrirrir'tg itrsl I ottt

ol 6000 possiblc P"lths.
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6, Conclusiorrs

In this',rroll<, \,{L' proposc .r rtovt'l Subscqut.rtcc Tinic' Scrjc-s (STS)

clustcling narncd Sclcctivr' Subscqr-rerrcc Tirtlc Scrics (SSTSi clus-
tLf ing. Wc sho,,v thar clusrcttrrg olr tirtlc seric's subscqu('llcr.'s call
bc nrc.rningtirl if sorrtc' rtoisc or uttitttportartt subscqttetrccs "rr'e dis-
c,rrdt'cl,.rrrtl dittbt'r'rrt lcrrgtlls of tttr-rnbt'L sttbsequctrcc's.lLr'
Jllou,cd. \'Vr' assur'c tht' c'fficic.rtcy tud uscfulttt'ss of oul'rlgot'ithnt
bv c.xp('ritltr'nting ir'l v.lriotrs d.tt.t donr.ritrs. FutrhcrntoLt'. oi.tL

urr'thocl can pcdor'nt clustcling by lcquilitrg onl,y a i'etl pf,ralllercl's

\'r,lrcLe usc'Ls c.rn c.rsily .rnd f lc'xibly arijust.

Acknowlcdgurerrt

This rr'scalch is prltially sttppoltc-d by Ihc- Thailand Rc'st'.uclt

Fund ( Cr'.rrrr No. lV'! RC5 38 0 1 30 j. Postd octor.rl Fcllor,'t,shi p ( Ratclta-
daphist'ksoruphor [rrtlolvrtrc'ttt FuIlLl). ancl tltc Thailaud Rc'st'at'ch

Furrd givcu throtrgh tllc RoVal Coldcn JLrbilcc Ph.D. PLogt.rru
(I'llDi03l9i255 I to S. Rodpongptrn).

Refercuces

Il ] G.[.A.]'.A.. ljdtista. X. Wang, L.J. Xcogh, A conrplcxity-invaridnt di5rancc
mcasurc Ior timc scrics. inr Prccmdings of thc 201 I SlAil4 lntcrnational
Conlcrcnce on Data Mining {SD\4'1 I } Alizona, USA 201 l, pp. 6tJ9-7]0.

{21 J.R, Chen. \4aking subscqucncc tinrc sc:ics clustcting nteaningful. in:
I,rmedings of rhc sth ltLI lnlcmational Llonlcrcnce on Data Mining
(lcll\4'05),'lcxas. USA 2005. pp. 114-121.

{31 P. Cbtolrci, K Stoffcl. Classiftation rulcs + tinrc=tcmpotal rulcs. in:
t)rredings o1 2002 lntcrnational Conlocncc on Lbmputatioral kicncc.
Amstcrdam. Ncthcr:ands. 2OO2, pp. 5'1 2-581.

[4] C. Das, K. Lin, l{ Mannila. C. Rcnganarhan. I'. Snryth. ilulcdiseltry hom tisle
scrics, in: 4rh lnrcrnariona, Confcrcncc o! Kno$,lcdgc Discovtry and Ilara
\4ining lKDtt'I)8). Not York. USA. 1998, pp.16-22.

I5l dc A.li.. Ari6jo, A ctass ofhybrid morphological perrcpttoD u'ith apPlicarion in
rinrc scrics forccasting. Knowlc(ge-l3ased Svstcms 24 i4'l i20l ll 511-529,

{61 A.\4. Dcnron, C.A lJcscmann, lJ.l t. IJorr. Pdtrcln-based limc-scrics subscqucncc
clustedng using radial distributton functions. Knolvlcd-gc and lnlbrmarion
Sysrcm 18 i20t9\)1 21.

{71 A.W.-C. Iu, [. Kcogh, LY. lau, C.A lta.ananlahatana. lt.C.-!v. Wong. Scaling and
timc warping in timc scris qucrying. llc VLDIJ lournal I 7 {2008) 899-921.

l8l R. l:ujimaki, S. llirosc. 'l'. Ndkata. llcorctical anaiysis of subscqumcc timc-
scrics clusrcring Irom a licqucncrg-anal-ysis r.icwpoint. in: lrrmcedings oI the
2008 SIA\4 lntcrnatioDal Conl'crcncc on Data \4ining {S!JM'08). Ccot.gia. USA.

2008. pp, fr6-5)'t,
[9J A.L Co]dbc,.rjcr, L.A.N. Amaral, L GJass. l.\1. Ilausdorfl, !r.C. lvaoov. li.C. \4ark,

J.L, Micrus. C.B. Moody. C.-K. l'cn.g. il.[. Stan]cy. l'hysioBdnk. l'trysio'l'oolkir. and
Phvsio\ct: conrponcnts ol a neu, rcscatrh rcsourcc lor complex pllsiologic
signals. Circulation 

,l01 
{21) i2000l c215-c220.

{l0l J. t{an, M. Kambcr. l. lrci. Dara \4ining: Conccprs and'lthniqucs. secood cd..
'i'hc i\4organ Kaufnrann Scris in Data \4anagcmcnt Systcns, \4organ
Kaufhlann. 2006.

ll l] 1. ldi. Wh-v docs sub:cqucnce tinrc-scris clusering producc sinc rvavcs? in:
lorh lracific-Asia Conlcrencc on Krcwlcdgc lj,scovery and Dara \4ining
iPAXDD'061. Singapore. 20Oi. pp. 2'l I - J22,

I I 2i X. iin, Y. Lu, C. Shi. Distribution discwcty: local analysis of tcnrporal rulcs, il:
Pr[edings ol the 6th Paciric-Asia Confctencc on Advanccs in Knon'lcdge
Discovcry and Dara \4ining {lCD[4'02). London, U( 2()O2,PP.469480.

[3] Ii. Kcogh,.l. Lin, Oostering of tiDrc-scries subscquences i: mcaringlcss:
inrplications for prcvious and futurc r6catch. l6o!Ylcdgc and loformarion
Systcns 8 {2) {2005) tY1-177.

ll4l [. Kcogh, X X. L Wci, C.A Raramntahatana. lhc UCIi limc Scrics

ClassincationlClustering l lomcp:lle, 2cfr8. .nq+w.cs.ucr.cduj^.camonni
timc scri6 dJr:>.

[15] C.-P. Lai, l'.-L- Chun-g V.5. Tscng.A novcl Eu,o-lcvc! clustering olcthod [or timc
scdes data analysis. lxpeft Systems u,ith Applications |t7 i2010'l 6llc)-6j26-

lltj] Y.-S. [cc. L-l. t'ong. l:orccasting timc scris using a mctbodology bascd on
autorcgrcss!ve integrated movin-q avcragc and gcnctic programnting.
Xnorlcdgc-Bascd Svsrcms 24 ( ll {2011 ) 66-72.

I t7] C.-S. ti. P.5- Yu. V. Castclli. MalDr: a tiamcwork lor mining scquencc daaabasc

at orultiplc abstt{tioD levels, in: Procccdings o, thc 7th intcmational
confircncc on lnfornration and knolvlcdgc rlanagcmcnt iCIKl4'98). l\ffi'
York. USA 1998. pp. 26'l -272.

I18] ll. Li. C. Cuo, lJieccrvisc cloud apprcximation Io. tint sctics nrining.
K non lcdgc -Ba srd Svsrc ms 24 !, 4'j !,ZA l 1 

\, 4 92 -500-
[19] A Muccn, L l- Kcogh, Q Zbu. S- Cash. ll. Westovcr, lixact Discovct.v ol'[-inre

Scrics Motifs. inr SIAI4 lotemarioDat ConltrcBcc on Dara \4ining {SDI4'09),
Xcvada, USA 2Qtr), pp.413-444.

l20l V. Nicnnattrakul, D. Srisai. C.A. ltatananuhatana. Shapc-bascd tcnrplsrc
matching for timc scilcs dxa. Xnourlcdgc-l3ascd Syste ms )6 i.2012'j l -8

l2ll M. Ohsaki. M. \akdc. S. (atagiri, Analysis of subscqucncc rinc-scrics
clustering bascd on moving arrcragc, in: l'rocccdings of thc 9lh ltjtL
lnternational Confcrencc on Data Mining ilCll\,1'09). washington. DC, USA.

2009. pp. 902-907.
I22] S.C.W. Ong. S. ltangilath. Automatic sign languagc analysis: a suruey and the

futurc bcyond luical mcaning. lllrL [ransactions on l'attctn ADa]Ysis aDd

I4xhinc Inrclligcnct 2' I lzitf", 871 -89 l.
l23l tl. ling, S.S. Liao. Discorc:irgoriginal oroiifs lyith di,f'crcnt lcngths f:om timc

scrics- Knou4cdgc-Based Sysrems 21 il) lt008't ti66-67].
I24] X. Wang. K 9mith, L llyDdDun. Chatactcrisric-bascd c:ustcI ing ,bt tinlc scries

data. Data \4ining and Kno$'lcdge ljiscovery I I i2006') 135-364.
{25] X. Wcng. }. Shcn, Llassification ol nrultivariarc rimc scrics uiin€i luaiitY

pr csen ins proicctions, Knorvledge-uased Systems 2 I (1 ) 1 2008) 58 1 -ttr L

I26l X. Wcng. l. Shcn, Cla:sification of muitivariatc time sctics using trro
dimcrsionai singular valuc dcconlpositioD. Knowlcdgc-Uascd Systcms 2'l {?l
{2008) s35-519.

[27] ll. Wu, lt. Salzbcrg, C.C. Sharp, S.8. Jiing, ll, Shirato, D. (aeli, Subscqucncc
matching on srrucaurcd timc scrics data, in: Procccdings ol thc 2005 ACl4
SlCl4oll intcrDarional confcrmcc on \4aragcmot oldata iSlC\4OD'051. \ctv
York. USA. 2005. pp. 682-693.

[28]'l'. Yai:i, Y. (ato. K. iloil. ,'ault dctcction by nrinin-g association rulcs ltom
hour-kccping data, in: Prccccd:ngs of thc 6th tntcrndtional Symposiunr on
Arrifiriai Inrclligcncc, l(obotics and Automarion in Spacc. 14onrreal. Can;da
2001.pp. l8 21.

[2r] lt. Yang. S. Sarkar. 8, Locding. ttandling Dro'cmcDt cpcnrhcsis and hand
scgnrentarion ambiguities in coltinuous sign languagc tccognition using
nc:ted dyaamic prugranrminll IULL I:ansactions o, Pattcm Analvsj: and
\4achinc latclligcnrc ]2 iml0l 4ti2-4-1 / .

| 30J D. Yankov, !. (eogh. l. \4cdina. ll. Chiu, V- lor ddn. Dctccting rimc scrics norifs
uDdcr unrform scal!ng, in: Proccedings ol thc I ltrh AC\'l SlCKlJlJ In(cmatiooal
Conlcrcncc on Knolvlcdgc Discovcry and llala \aining iKDD'071, \crr, York,

US , 2007, pp. 844-851.

109



Xnowlcdgc-l3ascd Svsrents 26 i20l Zl l-8

i:r i 5la\,'j;:::lt

Contents lists available at ScienceDirect

l(r"rowl ecl ge* Based Sys tenls

jo u rn a I h o me pa ge: www. el sevie r. co mi loc at e.rk t'tos ys

Sh.rpe-b.rse(l ten-tplate nt.rtching for tirle series cl.tt.t

Vit N icnnattrakul, Dar.rrat Srisai, Chotirat i\nn l(atanamahal.ana'

l)epomncnt o{ Colrpurert'rgirrrcrirrg t-[ulnlongkorl Univercity.254 Phtvot]tut )i1ood, Ittrhuntwnn. Bongkot l0j?0. thoiland

ARTICLE INI'O Allsli{ACl'

/liidc h[sror-t':
Iteccivcd 7 Dcccmbcr 201 0

licrcivcd iD rcviscd lbrm 21 l\pri1 -nl1

Acccprcd 2l April 201 I
Availablc onlinc 29  pril 20] I

l(rywo td-s:
'[imc scrics
'Itmplarc matching
Shapc arrraging
Dynamk time warping
Classification

Dy:ra:uic ti:r:e w,arping {Dl1AI) distarrce haslreen ploven to be orre ofthe nlos( acculate dis(atrce tt)eastLIes

for tinle seties classificrtiorr. Hon'ever'. itt calcllation corrtplexity is i(s on'n ntajor'drawback, especia)ly

u,hen a nrassive tlaining database has to be sea:clred. AlthouSh nrarry techniciues lrave bee:l ploposed

to speed up the sear'ch irtcltrdirrg irrdexing struc((res arrd iowe' boundirrg futctjons. for lalSe databases,

it is still untetrable to e:trbed the algorithrr and search tlrrough the errtire darabase ola syste:rt with litrt-
ited Iesources, e.g-. tirry seltsols, witlrin agiverr tirile. lherefo[e. a (er])plate illatching is a solution to effi-
cjeutly redr(ce storage atrd corr)pu(ation rerluire,retr(s: il) other'words, orrly a few tirt.)e seties sequetrces

ltave (o be :'etrieved a:rd corupared witli arr irrconrirrg query data. ln this B'ork. we pl'opose a rroVel (en.)-

pJate :latchirrg ftarrenork with the use o[ D]14, dis(a:rce, wirere a shape-based averagir)8 algo:'itlt:u is

utilized to coustl'uct n:eanirrgful Iell]plates. Our ploposed ftart:ewoti< de:ro:rs{r'a(es its rLtilities, where
classification tirt)e speedrrp is in orders ofnragrritude, r,llile trlaitltairrirrg good accutacy to :.ival l1]ethods.

iit 2Ol 1 tlsevier B.V. All tights reser'ved.

-1. hltroductiou

Tinrr. sc.r'ics classiflcation 128.21 .l3.2 I I is orrc oi thc rtt.rjot pt ob-
lcurs irr tinre st'r'it's d.rta rttinirtg conrntuniry [3.12.13.261. l,.,lttlc its
rpplications cortrrbtrtc'in scvc'ral dorn.rins. L'.9.. spL'L'ch rL'.ognition

[6.22]. bionrt'tiics ll4.l l.l7l. nrultinrcdia 129.91. etc. Ncar'cst
ncig,hbor clJssifiL'r' \,\,ith d,yn.lniic tinlc \,!rrping tDT\fu) rlistJncr'
rucJsurc [18.201 has shovvn irl l]uny lL.ccllt vvolks to oufpcrfblnl
tloztn othcl dist.rrrcc lllL-.tSLllcs by usittg ortlV .r ft'l't, p.lr.ltllctcfs

l4]. This lcads ro activc rescar'cll ilt DTW distancc tttc',tsttr'r-'. Ilow-
cvel'. this DT\t dist.ucc lll('.]sulL- lt.rs .r t',,cll-knor,tn drlr,,rblck
i.t., its coniputJtionJl corttplcxitv is quJdrJric. Sinct' the ttq'atcst

rreighbor' chssifier IL'qLrir'e's to searcll tllroug,ll L'r,L'rV dJt.l scqUL'llce

ilt .1 dJfJbJsc. if is dL.finltcly iniplacric.rl to rntplL'lt)cl)t ot) .1 systL'tt]

\,\,'ith lirr)itL'd rL-sor[ccs ir1 L'ithcr nrcrl.rotv storigc ot'conlputJtiollal
po\,vcr'. L'.g., J rilly scnsol ol Jn L'utbcddL'd svstclll.

Rccurtly. rn.rrty tcchniqr-rcs to spr'cd up llc.llL'st licighbor sL'.ll'cll

tbr DTW' clist.rncc ltavc bc-r'n wrrfu'ly ploposc'cl ittcludiug lolrtr'l'
bounrlirrg dist.rncc fiLnctions 110.30.7.3 1.23.161 .rnd indr'x stluc
rrrrL.s {7,23.3 l.l6l. A lotr,t.t'boutding distancc function. J r'llttch
t.rstc.r' calcul.rtiorr. is used to L'stinl.tte DT\^r' disr.lllcL' bct\,'rreL'n tvlro

tlr))1. sL.r'ics sL'(lLrclrcL's \,1,'ith onc sinrplt' collditioll: tllc Io\,,vL'f botlnd-
ing distancc r'nust bc'snlJllcr tllJn or L'qLl.ll to rts Jctlral DT\4/ dis-
r.rnct. Unlilit' Ihr:- Iorsrt't bourtdirrg dlstiltcc fttttction. .ln irldL'x

* Con cponding aurhor. Icl,: +66 I 9499 9400: lax: +66 2 218 6955.

lrnoil oddrrs,scs; g49vnr:'iicp.cng-cbula.xth iV. Niennatrrrkull, 95ldsl,incp.cnta.
fhula.ac.rh ilJ. Srirai). ann(-rrp.cng.chula acth iC:4. Ilararamaharan:]

0950 7051i$ - scc lroot martcr:i., 20i I [lscvicr lJ.V. Al] ri-ght: rcsen'cd.

doi: 10.l0l 6li.knos),s.201 L0'{.01 5

structruc has bccrr p|opost'd to gtridt'Iht sL'.1lcil by .rctr-ssirrg oltly
portiorls ol rhc' ci.rt.rb.rsc irtstL\1d ol sc'a|chrrtg throLrgh thL' cr]tirc
dat.rb.rsc.. AlrhouBh thr'sr'r.rrc'll-lirtor .rr tc'chrtiqlre's cJlt lcLlllcc sotltL'

colrput.ltion"rl tilnL'. J I.lrBC rlullibet of sccltLcucc's .rr'c' stili r'c'qlttrc'cl

to br' rL'trievL'd tbt tltc' ncrrt'st nL'lgltbor r:JlctilJIion. ln .rcltltion.
lt.lotL'stol.1gL- sp.lcc is r-cc;tLir't'ci tbr' sro|ing rtt inclcx srructulL'. \.vlrilc
its rnJin obicctivc is.riruing to Lc'dtrcc srorJgc sp.tcc fbl .l s-ystL'll)

$Iitll liniilcd rcsoul'ccs.
Tcrnpl.rtc ulitchiug is .r solution. Instc.rd ol sc.u chittg fot .r ttc'.rt -

cst nL-iBhbor tlont an cntir('dJtib.rsL'. ortlv .t fcllr tcrltpiJtcs IIJVL'to
bL. rL-tricvcd. .rncl thc. cl.rss l.rbL'i of'thL' bcst-nl.ltchL'd tclliplat(- is
rL'turllcd as &l arrs\,rrcl tbl tlte rsstrc'd quL'lv. TYpic.rlly. onr' ttrtiplatc'
tbl c,rth cl.iss is collstr'LlctL'd. so tltc rlunrbL'r' of d,rt.r nc'c-tlt'd ro bc
storcd is nrcrr'ly r'c1u.rl to thc- uunrbct of cl.tssL's. Witll .1 tctnplJtc
lt)"ttching fLanrcr,,,ork. .1 systclll \"Jitll iin)rtL'd t L'sotu'ccs is llo\,\/ pl r'tc-

ticJl: in otl)cr \,\'ords, thc systL'nr can significantlv tcducc borlt sror'-

JgL' .111d collrput.rtion It'cluiLer't.tc'rtrs fol cl.rssific.rfrot.t pl oblcrrts.

Crrrcr'.rllv. to coustl r-rct J rcnt platL'. all data scq ut'rtccs of thc s.llllc
cl,rss.lc' .rvcr'.rgcd. Unlilit'uthc'r'rypic.rl d.1r.1 r,ypc's. tiniL'st'tics clat"r

rut'ctl .r shape'-bast'd rvr-r'.rging Jlg,oritltnt instc'.rd of .r typical .rnlpli-
tude al c'raging .rpploach sittce cor'rc'l"rrioll .tlllollg .td j"rccnt dinterl-
sions of tirttc sr't ic's t'xisrs | 15.25 l. Additiot).1llV. rl)lpiltudL'
.1vct.rgrlg produccs .1ll undL'sircd rllc.1n, l(/litch l('.lds ro .ltl ilurcLl-
r.rtL'cl.rssific.rtion. Fig. I il-rl shon's rtr tLttdr-'sitctl .rvc'r'agctl rcsttlt cott-
t.rillillg tu,o cvl'trts. \(hcIL'as both or'iginal sL'quct)ccs. 

^ 
.rnd B.

corrsisr of only olrc L'r,L'nt. ln f:tct. .r good rc'ntpi.rtc sltoultl pr'csc'r'vc

chat.lctL'ristics of thc'st' tvt;o rl.rt.r sccin(.'tlccs. i.c.. olllY ollL' L'vcllt
shoultl .rppcar', .ts sltot'r,r't in Fig. I Ic r. Thts chJr.lcIL'Iistic-pr'L'sclvrr]g
tcmpi.rrc c.rir br' .'rchii-'r,c'd by .r sh,rpc-brst'd .rvc'r'aging lllctilod.

ll0

iJ'r .s,l.1*# :..,_{s} 
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fig. l. ia) lwo tinc soics scqucnccs / and B arc a\rragcd u5inl! ib) ar amplitudc
avcragrng and icl a 5hdpc-bdscd avcra-ging.

llo\\,r-.r,er. hrrding l slupL'b.1scd l]teill is still colttro\crsiJl be-
causr.'dat.r sL.qLrcncL.s .'uL..rvL't'Jgcd in "r DTIV disr.rncc sp.rce, ltot
irr a Euclidt'.ru spacr'. Unfor"ttLn.rtelv. to thc bcst of oul ltuowlcdge.
r'ro optirlr.ll soluriorr h.rs yr-t bctu ptoposc-r1. Ovcr'.r dcc.rcie..rgo,
Cupra cr.rl. proposcLl .r h{-'ur'isric solutiol c.rllcd NLAAF J5l. bLrt
onlv J h.udliLl of lvor'li h.rs .rrlaprcd it to a tintc- scrics d.rr.r urining
donuin 119.241. P.rr'tictrl.rr'iy. NLAAF dots rrot producc good.rl,eL-
.tgc'cl lr'sults..rird conscqucrrrlv this lt'.rds ro poot cl.rssificltion
Jccrrf.rcy Ithis trrill bo dcuroirstr,rtc.d arrcl cornp.rr't'd wilh out' pro-
post'rl rttcthocl in Sr'ctiorr 5j.

ht this r,r.rorli, \,\(i proposc a novcl sltlpc.-basccl tcrttpl.rtc. ntatclt-
rng ilmrcr,r,olli (STNIF) for tirlc scr'ic's c1.rta r,rirh dctc-r-utinistic hcu-
r'istic .rvc'r'.rging .rlgolirhms. STI\,IF consists ol rvro ph,tscs. i.c.. a
rlliniug plr.rsc. r.lhctc'tenlpl.'tt('s .tre corlstlLlctL.d. and a test ph.rse,
ndrr.Lt .r qrtL.ty scquLrltcc rs cl.rssific.d lvith tht cortslLuctcd tcrri-
pl,rfc.s. To constrLrCl J tctnpl.ttc. .t l1L'\( JvL.f.-rging schtIrtc ttith
t\'!o JvL.r.iging frrnctiorrs. cribic-splinc rlvrr.rrr1ic tinlc K/.'rrpit)g
(CDT\,V) J\crJgirrg Jnd ircrJtivc cubic-splinr' rlvn.rntic rir'r'tL' !,vJlp-
irrg ilCDnV) .:vr'r..rgirrg. is rr'ttroLlucL.d in this p.rpcr'. \\ith rhcsc-
.rlgorirlinrs. vcry r,r,cll f or'rnr.d rcntpl.rtcs .rLc stolcd in rht d.rt.rb.rsc.
ln thL'fL'st ph.rsc'. tcr])pl"rrc.s .tr'c Ict|icvcd ,trtd cornprr'c.d $rith fllc
utLcr'_1,5.'0.,.-,,ac. .rrrd .r cl.rss l.rbr-l of thL'llcJrcsr tcntplalc $ill bc
thc Jlrsll'cr to IhL- cllrL.ry. lt is \ rotth to rtorl. thJt cl.rssific.rtiorr rvith
tcltlpl.lf L's ty pic:lll,y JCIl ievcs lo\,"rc.r accuL.rc,tr th.t ll cl Js sificntio lt
r,rritlt .rn elltirc d.rt,tb.rsL.. lrr cxpet itttcntal cv.tlri.ltion scctloll. \4rc
vdill shov'r thJt our STN4f JChlL.vcs conrparablc accur.rcic.s, lrrhile
bcing ablc to spc.erl up thc cl.rssific.ttiort in oldc.r's of rtr.rgnitucle'.

Thc ltst oltlrc. p.rpc.r'rs organrzc.rl as fbllows. Scctions 2 ancl 3
pr'ovide esscntiJl backgr'ound .lltd rcl.rtL'd vrrorlt, r'tspcctivcly. Our'
fianrt'l'trolk. STI\'{F (sh.rpc'b.1s(.d tcnlplJtL. nr.rrching fianrr.r,tolk).
hrill bc irltroductd .rlong r.r,ifh two .rvcr.rgirrg .rlgor-irhnrs in Sc'ction
4. ln Sccrion 5, cxtc.nsivc' r.xpc.r'inrc'rrt.rl cv,rlu.rtiorr will bc. de.rlon-
strattcl. Fin.rlly. r'r,c. otit.r'couclusions and dilr.crions tbr ltrtuLc r,rroLlr

in Scction 6.

2. Background

Tltrs sccrion pr'ouidr's L'ssL'uri.1l b.rcltgr'ound lrnovrrlcdgc to
r-rnrlc'r'startcl our ploposccl nrcthods irr rhis papcr'.

2.1. D.vnanic til)re r/nrprng iOny) disronce

DT\,\r drsr.rncc JI.20. lSlrs.r r.vt-ll-knor.v11 sh.tpc-brsl-d sinlii.liry
rllcJsLtfL'. lt lLscs .r dynanrrc pr'ogr.rirtming r(..chniqrtl- to fitrcl .rn opri-
nral rt.rr'ping patli bctrrL'crr f\'!o tirllL. sL-r'rL.s scclLlcllcL.s. To c.ticul.ttc

thL. dist.rncc, ir fir'sr tlc.rte.s J distJncc lr).1trix. \.vhclc c.rch clc.nrc.ut
ill tllc nr.'rtrix is .r cur'nul.rtivc. distanct of a nriniurum of rhlr'e sur'-
r'ouncling nr-ighbors. StLpposrr' r,'!rc llavL. t\,tro tinrL- scriL.s. .'r sL-LlrrL'ltcL.

A = ior.. . ..oi.. . .ou, artd .t sc'qut'rtcc B = iDr,. . )ti.. . .b*':. Fi|st. r,',c
cfcatL'.1n rr-Lry-rrr rri.rtlix, .rnd then c.ach (r.j) e.lcnrc.nt. ;';.;. of thc. nra-
tlix is rlt'hncd.rs:

'ii.i - lni - bilo l'minl ,', ,.; r, ,'i r.;, ,'i.; r l

wllL'r'c ,ij is tlrc sunrm.rtion of :oi D,ip dnd J nrirtintunr cunrul,:tivc
disr.rncc oI th|tc clcl]r('nts stllrouuding tht (i.l) L.lL'utL-l]t, and p is
thc. dir:rr.nsion of Lr-noLrtrs. Whcn all L'lctllcnts ill tlrL'niJtfix Jlc
filled. thc DTW disrrncc is dctcrrliued fiour thc I.rst clc'r'uc.ut,',,..
of thc ntrrr'ix. For' tiruc'sclics dour.rir:. p = 2, cqr-rippirrg to n Euclid-
L-.rl) dist.llrcc. is t,ypic.rll,y usc.d. Srrrcc rllc DT\,V disr.lltcc is inrportlrrr
background knor.vlcdge for this pJpl'r, wc providc uiotc cot)ctcte
pseudo codc iu Tablc I arrd .rrr ilh-rstr'ativc cx,:nrplc iu Fig. 2.

2.2. Dvnanric nrrrr' u,orpirrg (DTIU) averagiug

DTW.rucr',rging r.rr.rs fir'sr inrr'ocluccd by Crrpt.t c.t al. f5] to frnd
arr avc|agc'cl sigrtal bct',r,c.c.ll fu,o !i.r)lL' sr'rics scqucr.rces. Uttlil(c
the DTW dist.rnct'. DTW .rvcr.lgiltg rlscs Jrrothct rliatlx ro stor'1.

.rn indcx of thc .1dj.1.cnt L.lLurcnt th.rt h.rs .t nlirliluunr runiul.rfive'
dlsr.rncc'. Alrcr c.]c.r'r'rtuts ir) tlrr. pJtll ln.ttrix.uL. filled up. rhc path is
tlacr.cl b,:clt fionr firc l.rst clcurcllt to thc firct clcurcnt. Atr .rvt-r'.rgcd
lcsult is thcrr c.rlcul.rtc'd.rlong rhL'p.rth. Supposc th('p.rth
W=ir,vr....,t1/k,....r4/N,. r.lhcr't rrrl is rirr'lifh.coor'drrr.rtt (i1,l1y rn
thL. optirll.tl p.rrll of sL..lurnccs A .rnd B. lr.hctc. lL.rnd 11 .uc ilrdiccs
of d.1ta points lrr sccluclccs A .rnd B, r'L.spL.crivL.ly. Thclctblr.. .r nr.r,,rr

scquL'rlcL. Cis drlivrd f r'onr cirurr,.nrs co \::;i_:i:"''. rthcrr',,;a "rrlr1
r,)B.1lL'thL'u/L'ights of thc- sL.LlrlL.rlcr.s A .rrrrl B. r'cspcctrvcly. Wt .rlso

Tatlc 1

l4,aamic timc warpin_r distamc mcasurc

rll

lruncrtoN Idisr] = D tW-DrfiNcri4.6)

L Lct tr bc thc lcngth oftimc scrics A

2. Lcr nr bc the lcngth oi rimc scfcs U

,t. lnirializc lr= Arur{nlInr]
4. lor li = I*nl
5. lbr {i = I -in)
6. lfii=l andir l)
'l_ mir - Ds 1

8. Ulscif{i;.,1 andi=tl
L nrin = D1 1;

10. Llsc
I l. ntin = Mtni0;i 1. D1 1.1D1 1i 1)

12. llnd iI
'll. I)ij = trlill + :oi .. Llilp

14. Lnd for
l5 Und for
I 6. licrurn di-rr . q,1.1,,,,i

lig: 2. \4apping bct!r,cm two timc scric: scqucnccs A = :.2,3,8.2,3.1.3,, and
li - :3. 1.2. j.8.3. 2: iD DIW distancc calculation.

11i

A B

1234567



t]l'ovidc.1 coll.t'crc pscutlo codc and.ln cx.llllple of DT\V .rvcr.lBitlg

in T.rbk' 2 and Fig. 3. r'cspccrively.
It is in)por-t.ult ro notc thJt DT\'V avr'r'agitrg fillctiolt is .rtt opr'r'-

Jtion $4licll ltrrs otllv coltltliutJtivc pt'opclty vr'ith no .rssoci,rtivc
propcrtv [.l51. In thc'othtt r'rror'ds. ii rhc'r'c'aLc'tltr'cc'st'qttc'ncc's 4,

B. .rnd C, .1 result of .rvcr.'rging A ancl B. tllen C is not rteccssal'ily

cqurl to.r rcsult of ,rvcr'.rgiug B.rnd C, thcnA. A s('qtlL'l1cc ordctiltg

c.rn l.rr'gcty nfil'ct rllc .rvr'r.rgcd result. ln Jddition' .111 JVci agrng sL'-

qucncc- r.rrill alvr.rys bc lorrgcr ot cqu.rl to tllL' oligillnl st'c1r-rcrrcc's.lf a

l.rrgc <lat.rsct is to bc avcr"rgcd. avcr.rgitlg scquL)rccs u'ill bc very

lonB r,vhiclt r,rrill dcfinitely dc-crc'.lsc- .1 svstel)l's pc'tfot ularlcc. Thcr't'-

fbr't. in this r'volli. ltre- ptoposc rwo tlc(' DTW.rvcr'.rgirtg [itl)ctions to

lt'solvc' this problerl .rttd .r ttc'*tr avelagir'tg schctur' to t'fficicntlv
oldr'r' avelaging scclttcllccs.

3. Relatcd worl(

Ovcr.r dccaclc igo. CuptJ ct al. J5] pr'oposc'd .r hcttr'lstic sh.'tpc-

,rvr.r'.rging scltcrnc c.rllc'd NLAAF, rt'lticlt t'r'as fir'sr itttr'odttcc'd irt sig-

rual plocc'ssing cotttrttt-tttiW,,rud l.rrcr has becrl tttilizc'd irt dara tliirl-
ing tasks [19.24]. Specific.rlly, NLAAF uscs .1 DTW .lvL'rrgirrg ro

produce J nlL'.ll bcttlc'ctt a pair ol ttttrr-'st'Lics sr-'qttcllccs. NLAAF

corlsists o[ nlo .1ver'Jging schc'ures. i.c., NLAAFT .rncl NTAAF:.

NLAAFI Jrref.r$cs sL'LlLlcllc(rs rn hic|a|cltical lllallllel. Strpposc' rhcrt'

arc cigltr scquL'r'rccs. i.t'., A 1 to n s.z1 r .lnd d2 Jl'c clvcr'.lg1'd ro producc

A 1.2, Jnd l3 f,rld 1la at't- .lvtr'.rgcd to pLr:tltrcc' A3a. aud so otr. TIlctt. itl
IIlc llL'xt lc'vcl,412 .rnd A3,a.rt't' avct'.rge'd fo ploduct'A1 1.2)il'4). .lllll
so on. Lirnit.rrion of NLAAFl is th.rt ir tcqtLitcs thc tttrttlbt-t ol
scquL'rrcL's to bc' a por,r"ct oi n,,0. Urllilic NLA.AFT. NLAAIT2 JVL'1'-lges

sL'quL.rlcL.s i n scq uc'itti.rl rll.'ttlllcr. I 1 arrd A2 .rt't' ft rs t .rve l'.r gc'd to

pLoducc 1 r.2. .ud. thcn A 12 .rnd A3 JIi* JVCI'Jgcd to pi oclttcc A1 1.2i.;.

arttl so ort.
Since NLAAFT h.rs .r lirtrrt.rrion tllJt ir t'cqttir'cs thc trtLtnbcr oi sc'-

q(('llces to bc .l po\,lcr or t\.\ro. cLtpt.l ct Jl' fLtonlllrcltd to ttsr'a
conrbirtatiou ol borh NLAAFT itld NLAAFz. Fot'cx.rnlplc'. to av('rJgt
100 sc.quencts,4 scquerrccs \,(ill bc discJt'dc.d,.rnd tht'r'L-st of tl)c

lable 2
t;uncrion modified from U(\v distancc to 6nd an oPtimal warPiag
path.

l!NoroN lw] = s1wav6qa61p6i/. U,rva, r'f

L W= WrurNci'nrir1,8)
2. Lct N bc a lcngth of thc Path W
l. Ict C bc a timc scris tcquencc of tcngth N

4. lbr{k= l toN)
5. [i,il = u?

d, ,,r-b', iD. (! ,li_i r.

7. Add c* to C

8. Lnd tbr
9. llcturn C

(a)

(b)l
OTIJ,'Ar,e rrlrirr(r

$

"i f) !,

Frg.3.ia) llvoscqucncs A=:/.J.A,2,1.1.3: and$=:3'1,2.].8'3,2: area'cragcd

by thc Dlw avcruging algorirhn to {:cncratc lbl an avcragcd scqucDcc

C = 2.5.1.5.2,3,8.2.5.3,1 .5,2.5:. Notc that thc lcngth of thc rcsulr will incre:sc

in cach avcraging.

V. Niptrtroro! kr { r t oL ! Kn ow[cclgr- thstd S.vitr trts 26 /2d ] 2l I -$

scquL.r'rccs r,vill bt' scpat.:tc"d into tht'L'e gr'oups ol 32 scclttcrlccs.

each of rt,hich t'rlill bt' aver'agcd using NLAAFl. Titc'r'cfbl't'. tltr'cc'

Jvcraged scclttcrlcLas ploducL'd tiortr NL,dAFl \'!ill thL)l bc .rvct'agcd

rrsirlg NLAAF2. Obviouslv. NTAAF is tlotrdctutuinistic. Sittct' ,r

DTW aver'.rging tiruction cloes uot ltavt'.rssoci.rtir'('pl'opL-rry. tlif ttr-
erlt ord(:'r'ings of st'clucuccs ln borh NLAAFl .rrlcl NLAAF2 will Il'ad to

d ititi trrt .l \jcl igL' d rL'srt lts. Ad Ll i ti olt Jll Y, Jll .tv tt .r gccl sL' q uc llcc p lo-
cluct'd bV NLAAF r,r,ill bc vely long sinr-r: DT\'! avrlrging tirrlction
Kfill .rh,(.rys p|orlucc a longc'r sL'qlrL'llcc rll.'ill irs oligill.ll scqucllcL's.

ln tltis tto|li. \{c proposL'f\,!o l}cw DTW.lvL'uglllg fr.ltlctiotls .rtrd .rtr

rvc'r'aging schL-nrL' !t,hich $"ill ploducc' .1 tltolL' .lccttl.ltc' .lvctagc'd

rcsult, .rrrd lrrhcn this result is usL'd as a tr-'nlpl.rtc. ir r,rrill pt'oduce

J tltorc .1ccu lJt tr' cl.rss i ficatiolt .I( cLu.1cy.

4. Strapc-based te lnplatc filitching tiatncwork

Shapr.-b,rscd tL'ntpl"tte n).ltchirlg fi.rrtter,r,ot'li (STlr'lF1 tttilizc's

sh.rpc.-b.rscd .rvcrnging in cr'caring clt.1r.lctcristic-pr'L'sL'lving tclll-
platt's using tltc Dvrr.lltiic IirtrL'\.l,,Jrpirlg (DTW) disIJncL'.ts J sir'lli

l.uity nrc-.rsulc'nlcut. STN'!F cotlsists ol tr,r,o ph.rscs. i.c'.. .r rt.rining
phasL'"1nd a tcst phJsL'. ln.r tr'.rirling plt.tsc. orlc'tcnlpl.rrc fbl cJch

cl.rss is cotrsrtttctL'd frottt.1lr LlltilL- faw L1.ltJb.lsc..lnd thcn tcnl-
platr's .rlc' stor'cr1 h,ith rhcir cl.lss l.rbcls. As rhr' bL'st c.rse. ortlv

olrc tL.lliplJtL'lor c-.rtlt cl.rss is re-tlttlt'cd: hor,vcvc'r'. thc'rrurltbcl r:f
tL'nlpl.rtL.s c.1lt bL'llrorc thJll one. Notc tllJr rht'ovt'illl svsrelll's
pL'l'fofllr.1r'tcc ittclrtclirlg a storJgc t't'quilL-tlrL'nt ancl .r coutptrtaliotr.rl
rinrc'lrrill intplovt'.ts thc nulllbL'r of tclllplJtcs ittcLc.rscs. T.rblc 3
shows J sintplc idc-.r of .t tr.littilig, ph.'tsc ol STIr4F, t'thcr't'Jtl clltitc
dat.rl-rrsr'is.rn irtpttt, Jrid Jtt otltpul ls a sct of rt'rtrpl.rtc's.

Lr .1 tcst ph.rse'. r:nly J sct of rL'lllplJr('s is r'c't|icvcd atlcl cottt-
p,rlcd tr.ith.r qtrL'r'y for a closcst ttt.ltcll. \4/hclL'J sct ol tL'nlplitl's
is ,",cr'y surall cot)rp.uillg to tht' oriSill.rl d.rt.rb;rsc. Thcr't'lor't'. cl.lssi-

fic.rtion tintc' ol tL'nlplf,tL' rtrJtching wrll be tlruclt f.lstLl lltJll tllc
rypical orlL'-rrcJrestrleighbol classificr itt ttt.tttv or'tlt'r's of nt.rgni-

rudt'. I[otr,'t'vcr'. rhis cl.lssific.lrior'l vdith tL-ntplJtc lll.]tching Ilis .l

tlaclc-off th.rt its clrssific.lliotl JCCul.lcY tlr.rY tlcctc.tsc slll(L' solllc
ch&'actcrisfics oJ d.1ta objccts in thc'dat.rb.rst cottld bt- Iost itl tltt'
.rvcrJgirlg, procL'ss \,vllcrL' sotlle LIL't.rils .rrt' dortlitr.rtcd b-y a nt.loLity
of rhc c1.rtr. To bt' ntorc ilhlstritrvL', T.rblt' 4 shor,vs lto',"' to cl.lssit'y

.rn rr'rconriug qucrv \4'itll thc stolcd tcnlpl.ltcs.
To .rvc.r',rgc'a sct of sc'qtrr-ircL's. l\tl' proposL- J schl'lliL'to colliptltL'

.ul .1vo'.rgcd r'L'slrlt sillcc [he sh.lpc-bascd .rvcr'.rgrng tlocs rtot lt.tvt' a
cor)lllltrt.rtivL' prollclrY Jl7l. lnsrt',rd of .rvclJgillg sL'qucrlcL's in .1

raudollr ordcl'Js donc in NLAAF, llc proposc.r Itculistit solutiott
to rctuln.r good.rvt'r'agcd Lesult by .rvcr'.rging .1 lllost sinlil.lr p.lil
of scqrcncL's fimt. Attcr tltL'a!'eragcd r'r'sult is gc1lcr.ltcd..1 p.lil ol
sLlc[lcr'rccs flom rlrc' rcrn.rining d.rt.r including thL' prtvloLts .lvL'r'-

Jged resrlll is cletctrrtinr'c1 for thc tlL'xt itt-t.rtion. \fue litcp ort goiitg

rrlltil onlv onL'sc.lltctlcc is lclt. Wc ptovidt' .t psc'udo codc irt Trblt'
5.

In this rn,oIk. wL'ptoposL'ttt,o novc-l .rvcr'.rgirtg ILIIt'tiolls. i'L'.. cLL-

bic-splinc dynartiic tittrc'vrarpiug (CDTW.I in Sr-'ction 4.1 .rnd ltt'r'.l-
tivc mbic-splirrc dyrtarttic tiltlc \,!.1r'pirlg (ICDTW) rrl Sccrion 4.2.

thhlt 3
'l rainiogjtcmplatc ronstructioo phasc.

l:uNcrrcN [: I= Sl4'll;'IurrrrcPnro:i: )

L tct - bc a sct ol labcls in :
2. lb: cach labcl L in -
l. : r = data obicrts with thc same label I
4. 1'= Ar.rrrcncSoruri: 1l
5. Add ll.rl in -
G. Lnd for
,. Ilcturn -

BA

tt2

a
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Tablc 4
"ltsticlassiEcation phasc

Ilwcror I lobel*, | = 5'114 l-'l rrl'trtl: .Q)

l. disrao - lNrrNrr

2, lobclp,, - irurr
3. for each tcnrplarc 7 in .
4. diir - D|W-Avructrc (O7'')

5. lf(disr < dists;,)
6. distrr = disr
7, ktlie/*,i = i-. Iabcl
8. Ind iI
9. lnd lbr

10. Ilerurn lobc/e,r

Eithcr orlc' ol thL'sc tl''!io .1vL'r.tging, tiutctions can bc uscd .1s thc A\.'ER

acrr*cFurcnori irt Linc 4 ofTJblc 5.

{. l. Crrbic-sp,lirrr' dyrarric fi,tte r'1/o,plII.g (CL)TW) ove,ogi,l.g /itncrion

CDTW .r!,cIJgirrg turlcrion pr'otluccs .'t lltolc .lccluJte' .rvc-r.rgcd

rcsillt by collsidL'ling both position ancl .rrtlplituric' of L'.lch dJt,l
poitlt irr J n(.\.'!/ JVL'r'Jgcd scqLlL'llcc. r,!hilL'thc DT\,V .rver'.rgirrg tirnc-
tion (T.lblL'2) considt'r's onlv rhe JntplitndL'. In othcr \,!ords. tllL'
DTW Jvcraging firncrion equilly tlcats L'vL'r'y ltc\(I dJt.l pornt ill J

llc'\( sequcncc. \,\rhilL' tilc CDTW .rvc'r'aging ftltlctioll additiorullV
tlcrcr'nrirtcs whL'r'c J rtt'r,rr cltrr point should bc' place-d. Spccifically,
.'r posirlou.rnd Ju Jnlplirudc of J d.rrt poltt irI tltL'sL'quctlcL- can bL-

obscrvL.d <rs .llr r- Jnd.y-coodin.ltL'in tinlc scries. To bc'rttolc illus-
frativl., Fig. 4 sho(ts .'r conrp.llison br'tr,'vc-rtt t\,to ilc\,! sequLrlICL's

gcrlL'r'Jtcd bv CDT\,V.rncl DT\,V. Frorri tilt'ftgut'c. thc'scquerlcc gL'r]-

c.f.ttcd tiol)r rht- cDT\.\r .llgoflrhnl is rnort'ust'fttl sirtcc'lr prL-sL'rvl's

both position and Jrtlplitlrdc ftottr tltt'\(/arping prth.
Suppose thc p.1th lV= 1r't,1.....trvr,. ..I'vNi. $rhclL'I1',. is tht'/itlt

coortlinatt'iir.lr) in fhc'optinial p.ttlt of scqttL'ltccs A attd B. vuhctc
irc arrd jt .rrc irldiccs oi dat.l points irt sctluc'rlcc's 11 .rncl B. lcspl'c*
tivcly. Thrte'tbr'e, J Blsitiorl ck. of J 11.1tf, poinr in J ltc"t sL'quellcc

C is rlctcrnrinctl b.y c;,, *,:,',:_',i,;". .tnd .rn .rrnplrtudc c1, of a d.rt.l

point in .1 rlc!v'\r sc'LlLlctlcL' C is .1c'tcll)lilrr'ci by c1, oli'll-4t".'1. 
,,',,[c'r'c

,,/^ Jlrll rr,, .]rL' thl' \,!L'i8hts of fllc sL'quL'llcL-s zl arirl D. r'cspL'ctivcly.
Ilor'r,crtr. tlrt'Iclgth of tltc'st'clucnct'C is.rlwavs tqu.rl to ot'

Iongcl th.rrt thc t\,ro orlgill.ll sc.lLrctrccs: tht'lt'tbr'c'. tc-srrrtpliug is

lequrrcd. Irt tltis lr.'or'li. CDT\U rrst's .r ctrbic-splint' intL'IpolJtioll
J2 ] sincc. it rcclr-rircs no pJrJrl)L'tcr .lltd otltpclibt r'lls othr-'l'

(a)1

(b) r

(c) r

A-r\B

I'ig.4. Llompatision bctuccn a!rcragcd rcsulrs gcncratcd liom ia) Clltl/V and ibl
DtW avcraging functions. lr,hcrc {cl tuo inputs arc z1= i2.3.8-2-l.l.lrand
l, -:3.1,2.3.8.1,2:.

intclg:l.rtion rechnirlucs in rt'-s.rrupling oI nattual sL'qtlcllccs.
Addirion.rllv, CDTW rc-s.rutplL's positiolls of thc' .r','cr'agcd r't'sult
fo illtcg('r'valurs. ,As illttstratt'cl in Fig. 5. thc scqtte'ttct' C of I dat.r
poir:rs is lc-s.rnrplcd to tirL' sL'quL'rrcc Ca of 7 data poinrs. \v"e

providc J concrctL' psc'tLdo cr:dc' of CDT\4/ in T.rl:lc' 6.

4.2. lterutive cttbic-sp,line dynatnic ritttc' tl,orping (lCt)TW) otrerogittg

/irnctiorr

Although CDTW pr'orluccs a good lvcragc'd resulr sirtcc ir cort-
sielels both .r positiorl .rntl .rn .rntplitudc. ;notltr'r' csscrttiJl bLtt

llot neccssJry condirion tbr' .rvt'r'.rging is that rltc .rvcragecl rcsult
should br'in thc' rrridcilc of rr,ro oligin.rl scqucnccs. Ll othcl'\.!or'ds,
DT\{ clisr.rncc.s bet,vrL'cu thc sL'quclrcL's .rnd thc' resulr sltottld bt-

cqu.rl. Therclbtc. \(rc pr'oposc ,rn itelativc .rpproaclt for' thc CDTW

avcr'.rging firucrion c,rllcd rtr'r'arivc cubic-splinr: dynatttic riltrc'
r,rra|ping (ICDTW j .lvL'rigiltg tilrlctiou thJf c.'ul truly lcplL'sL'llt chJr-
acte'r'istics ola sr't of subse'cltLc-llcL's. A good tt..tl avct'agc'd 1L'stllt call
Llc detclnrincd fionr tllc lcsult th"rt givcs rtrinilrurlr surtutlJrioll
dist.rrrct's bL'tl,llL'cu rhc rcs ull irsL'lf arrd cvcry tl.rtr scqrtrrtce. Spt'cif-
ic.rlly. if ttt,o dar.t scL[rcl]cc's ar'c corrsidtrcrl. thc JverJgcd rcsult is

thL. scquL'ucL' trrlticlt noI only h.1s rlininrurn sunult.ltiol dist.rncc'
but.llso gi'"cs .rn cqu.rl disr.rrrcc bL'ltrL'L'rl rtself to thesc n1,o dJt.1

s L'q uL-rlcL's.

Wc r,vould likc to cruphasizc that thc dist.rrlccs bL'tlvcen IhL'
gr-lleratL'd rcsnll fi'oul thc CDTW frLrrction.lnd thL' r\.1,o origilt.ll tinlL'
sctrcs arc rror alr,'r,.rys cqual: thcrc'fbrc, fhe nvef.lgcd lcsult needs to
bc sliglttly adjusrc'd. Obviotrslv. sincc .rll clcrncnts in thc scqur'rrct'
.rrc lerl nuuibtls. it is vcry ditlicult to obtairt thl' scqucrrcL'thJt sJt-
isfits rltis condition. \.Ve thc'r'cfbr'c'proposc.r hr'uristic.rud cit'tt'l-
nrirristic solution. i.c'.. ICDT\,V.rvt'r'.rgirtg fiLnctrort tltc'lttiolrcd
lbovc.. To.rvL.r.'rgL. ttvo tillc sr.Lics sc't1uc'rtct's 4 arrcl B, rhc'ICDTW
turrction r,rrlll fincl ncvv t(('rghts /j,r Jrrd /ir [lr.]t l]ul(L'thc.rvtTagcd
lcsult C bc thc ccrttcl bctr.vc-crt thc seqrrcnccs u1 .tnd B. ObviotLsly.

finding both rr,,t'ighrs /i^.rncl i;B is r'rot r.,cry pr.lctical sincc tirc
tr,'cigllts /ia Jrrd i,R.rt'c lc'.rl nutrrbcLs. \&'c irrstc.rrl ltt'ur'istir:allv usc

a bln.rry sc.aLch to find onlv thc r,scight /ir. \'ilhcn tlrr'\,vL'igltt /i,, is

Tablc 5
S IMIr avcraging scbcme,

Irurcnor I C.l = S [\4i]-AvER^oNcScHEME,: i l

l. lnitializc a wcighr rr = I ibr cach sequcntc 5 in :
2. Whjlc iSrzE.t: I > 1)

J. lA.U) = \4ost sinrilar scqucnccs in :
4. C=AvrucrrclruncrnN{/,U,rrn,rrrl
5. l{cmovc /1 and U f:om :
6. t'i7-1'1n+ 1',,

7. AddCros
8 Lnd whiic
9. Rcturn C

(a)

(b)

frp 5. ia) A ncw scquencc ('' !\'hich is rc-snrplcd liom ib) 9 data points in thc
scqumcc C in l:!8. 4i dl.

r
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labte 6
Cubir--sptim dynamic timc warping avcraging funcion.

lrNopN ICJ = CUIW-AvruoNc!'4. lJ. t :tn.t :tg'1

[0.8.1 lr,r'hcn thc vdcight /rB is hxcd to t: thcrcfbrc, sL'.]rclling tbr

liB is crlolrgh to find .uy pair of tveiSltts [iri.iiB]. Pscudo codc'of
tlrc' ICDTIV JVCrnging fttncrion is ptovrdc'cl in Trblc 7.

Norc' thrt both CDTW .rncl ICDTW avt'ragirrg fttnctions cJo bc uscLl

in STIi,4F urrdcl ust.t's' prL'tcrL-ltcL'. For CDTW. rht'.rvcrJgcd r't'sr.rlr prc-

sL't'vcs thc sh.lpcs of both origin.ll secluLYlccs by considcrill8 borh thL'

posidon Jlld tlle .xllplitudr- of tht' KLupirlg alignnrcl)l vvllllc ICDT\'!
.1vL'r.rgillg l'cturrts r'Irorc .lcL.l.llJtc clurJctcristics of tilc .]vcrJgcd lL'
sult bv calibr'.rtirrg thc avcrlgcd st'qucttcc to luve thc sJnrc disl.1llcL'

bL't\,\'ccn iSe.lf and thL' t!'do origirr.ll scclucllcL's. ['t-rfoLnutrces ot'

CDTW ind ICDT\,V will bc'dcttlotrstt.ttc'd in thc l1L'xt sL'ctrorl.

5. Expcrirnclltal evaluatiou

Tltrt'r' follot"rirtg expL'Iilllcnts Kill dL'lnonstl.ltc th(' sLrpL'rrol itV

0l our proposcd lncthod ovL'l' tltL' cttr'rcllf cxistilrg .rppt'o.rcltcs.

Thc firsr L'xpL'lilllL'rlt slto\,ts accuLacil's of our sh.1pc-b.1sl'd JVC|.18-

ing nrc'thod. i.c-.. J ncw JvL'raging scht'lllL'with lwo pr'oposc'd CDTW

ancl ICDTW algolitltrtts, corrlp"lritlB 1\'ith NLAAF. ltt tltt' sccotrci

('xp('r'inicl)t. r,rc shot( th.rt otrt STN4F lvith borlt CDTW arld ICDT\'V

outpL'rfbrrtis NL.A-AF arrd tr.ldrtiott,ll IIL'.lrL'st l'rl'igllbof cl.rssific.rtion
in tcti)ls of .rcctu'.tcv, stor.tgc Lc'qttir't'rrltttt, atrd tinrc rls.rgo fbt cl,rs-

sificatron pr'oblcnls. Our cxtcttsiott of STIV{F is Jlso cvaluJtcd ro
sho\,! th.1t STIr{F c.rn support nlultiplc tL'lllplatc's !'rrithill L'Jch clJss.

.lld !o shorv th.1t trallitronJl ttc'.rt'cst llcigllbor cl.rssificatroit rs sittl-
piy.r spc'cial casc'.AIl codc's ,rr'c intpletttc'tltt-d itr C++.tttcl rull oll arl

lntcl Corc i7 dcsktop cor'rlpLltL-I. WL'c'vJluJte otrt proposcd nlcthod
\,vith I5 dJrisL'rs florn thc' publically ar'.ril.rblc UCR cl.rssific.rrron;
clLrstcriug rr'clIvr' [8l. T.rbL'3 shor.ts tlll'tlurllbet of clJssL's. lcl]P,th

ol c..rch rinrt' scriL's LlJr.r. arrd sizc' ot ttainillgftcst sL'ts.

5, l. iri,,st tltpt'rinrt'rtI

In rhis cxper'irn(ltt. \4,c ttrll denronstlJtL' th.lt our' ptoposc'tl

.rvcr.1g11)g lncthods. \,vllich ufiltzt-.1 nc\.v.]vL'lagillg scllL'llrL'\'\ith
CDTW artcl ICDT\A/. vvcll rL'prcsL'nt scqttcncL's in rhc d.rt,rsr'ts. Fot'

L'.-rcll d.'rt.1sL't. its u.linil)g d.rr.r rnd rcst tirt.r.lrL'.rll collibrnl'd..ud
thc'n all scqucllcL's atc .rvcL.tged. ln Lc.ti-ttot'tl .lppli(.ltiDils. sc-
(lucltccs shor-rlci bt'scp.ri.rrc'd l-iy its or.l,n chss to.rcllit'vc tti.txittttttl)
tutilitics. Thc .rvr'r'agc'd Lctsults .tt c cv.rlurtt'd usitrg Sun'rDrsr irtttctiotr
dc.fint'd .is .r sull)lil.ltiol) of tllc dist.ruct' bct!.1,L'L-ll tllc .1vL'l'.1gL'd l'c-

sult Jnd .1ll thl' originJl sL'qucllccs in tltc d,rtlsc't. lf ,r valr.re tiortt
SurvDrsr is snlJIl, iI nlL'Jlrs fh.]t this tllcthod gL'rlL'l"1tcs .t goot-l .rvt'l-
.rgr'd rr'stilt. SuHlDisr tunctiott is plovidc'tl .ls lbllo\,ts.

l=l

srrnrDisti it - ) - 5- LllWiristance[D,D,l 12:

,J

whcrc: is r datasct, tj is tlic ,:vcr.rgcd rc'sult. attd Di is J data sc-

c;uc'rtcc rn thc' dat.rsct :- .

Tabic' 9 shows thL- colt)p.li'Isott bctvu.ct'tt Sur.nDtsr ot NL-AAf .rnd

our proposcd ntL-titor1s. CDTW .rnr1 ICDT\'V. Thc' Ior'r't'st SurrrDrsr for

r-..rch drtasc't is c'nrph.rsizc'd in bold. Botlr pr'oposcti nlcthods
achicvc. lottrer SurvDsr valucs sittcc .rll scqut'nct's .tr'c .r','ct'.tgc'd

rusillg J |rc\,t .1vL'r'.1ging scllcllles. $Ihilc NIA,AI; .lvclagL's s('LlLtL'lIcL's

irt r'artclortt lllJrlrlL'r. In additton. no 1L'-sJnlplills ntclhod is .ldoptL'd

in NLAAIT to sc;lc' thL' avL'trgcd sL'quL'llcc do\'trl to th(' s.lnlc' lL'ngth.

This nrt'.rrts th.tt .tt cJch stcp. NLAAf r"'ill plodr.rcc .r Iougct'.lvct agt-'rl

sL'ciLlcrlcc. lt is .1pp.llL'Ilt tionl thc' L'xlicfill'lL'l1t r'c'sulrs rilat CDT\{/

r nd IC DT\,V g c'n cr.t tc rlt o tc J CL.tt l'.lt L' J VLt' Jgc s.

\,\re c.rrr sL-c frorll tltc r'c'sulrs rh.tr ICDT\fu ustt.rlly Vic'lc1s sr'l)Jilcl'

SurvDrs th.rn CDTW itr alrtlost ill of the dat.lscts. artd sttlaiic'r'

SurrrDrsr th.trt NLAAf in cvcl'y dJtJset. Ilourcvl'1" iu sotttt'cascs strclt

Js 50 Words Jnd Yog.l dJtJsL'ts, t'rlhL're sL'qLtcllccs \'!ithill thL' clJss

alc vcrv di'",cLsc. ICDTW m.rY givc sliglltly lar'gcl SuruDrs tlt.rtl
CDTW (bLLt still pclforllls rnuch bL'ttL'r'rltan NTAAI;): ll srrch cast-s'

CDTW pcrfbrnls bL'ttcr'bt'c.tttst'ICDTW tric's its bcst to c'qu.rlizc tht--

L
2.

3.

4.

5.

6.
1

8.

W = WnuNcPrtriA.l.l j

Lc( N bc rhc lcngth of thc path W
Lct l\' bc thc lcD-gth of rine scrics 4 and I
Lct C bc a tine scrics scquocc of sizc ,\
Lct C bc a time series serpcncc ol sizc ,\*

Ior ik= l to N)

li.il=trl
x '- ir:l:i*:l
.. 4,{,_\.,4

Idd [r,y] to C

lnd for
C'- CurcSnuuiC)
Itcturn L''

9.

10.

il.
12.

13,

'Iabtc 7
lrcrariw cubic-sptinc dyoamic timc warping awraging functioo-

I ! Ncnox I C'l - ICDIW-Avrucr rciA, 13, t' tn, t' rg\,

l, lDirializc wcights Ii^. . '10 5.1i^, -- )05.and 7r- 1

2. lnitializc wcighr /,4 ir+rh'l
3. C = Cfll,{-nvEMrN€iA, B. Irr , /Bi
4. dct= DlWUsrrrcriC',1) . oa
5. tla= DIWDrstarct{C.li). rrg

6. ii^ '- d(-.^ .":: d63.;i11, : jia,
"1. Whtlc itde dcDlt> 0')

g l,^, '- t.o' -lq i

9. C- Cll'tW-Avemcrxc{/l,]J.li,r,,is)
't0. dra = Dt.WDrstmr{C,A}'r,tn
11. drJ- UlWD6rartlt'.U) r'd
12. lf idsn. 1lr.r:

13 
"7, 

- i%
I ,{. Llsc
t5. !ie, - lit
16. [nd if
17. [id rvhilc
18. tlcturn C

'l.abte 8
Dctails ot dat:scrs.

Dardsca Numbcr of
cl ass cs

Lcn-qth Sizc of tnining Sizc ol tcsr
sct scl

Synthcric
Control

c&r
Iracc All
OSU Lcaf
50 Words
'Il acc
'l'wo I'artcrns
walcr
liacc Imr
Lightning-2
LightniDg-7
UCC

Adiac
Yoga

Iiish

6

3

14
6

50
4
4

4

2
1

2
t'J
z

100

900
I 690
242
455
100

4000
61"14

88

6l
73

100

39r
1000

175

100

128 l0
rlr 560
427 ZO0

270 4:n)'215 r 00
tz8 1000
152 1000
350 24

63? 60
lto ?0

06 ro0
]76 3![
426 300
463 1'15

fixc'd. Spccific.rlly. tbr'c.rch ircr-ariou, a nc\'( vvciSht /il is collsrdt'rcd
\,rhcthcr or not thc gcncr.ltcd alrc't.lgcd rcstllt C h.rs au c'qu.rl DTW

disr.lncL'to thL'sL-rluL'uccs A .rtrd B. If thc- distancc is c'qtr.rl. ICDT\'V

tL.r'llull.ttc's. lrr otltr'r'\,\rot'c1s^ \,vc ollly nccd to detL'llllillL'thc \i,rL'ight

i,^ rrld hold thc l'ut'ight r',8 collstJrlt l-:c'c.tttsc' t\'!o sL'ts ol r'ttt'ighfs .rr'c'

c(lLrlv.llcrrt. For' cxantplc'. tor [/i1.iiB) = {4,51. it cair bt tc'rlttcc'd to

tt4
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I)attrct

'Iablr l0
Ctassification accuracyand limc usage iscconds) ol SINlticomParcd wiah Ntllfl:.

t(lAAlr s'ti\4tr

cDrw tcDlW

(a).

l

.2

:l

1

l)

-1

(b),

:l

-2

?

1

I
.'l
_Z

5i) lrr{) l.lill :rii ;'iin 'in ril:: i:ii) ?iir,) ?!;li

!'ig: 6' ia) Lxamplc scqucnccs ol four classcs oi thc l-racc dataset and reorpiatcs of
cach class gmcratcd troor S'['\4]i with lb)(UTW and ic) ICDI'W.

tcn)plitL'llratcllilrg K/ith NLM| in tcnrts of thlL'c ntetl-ics. i.c.. clas-
sificJtiolt (lra'ulicy. stolagt' Lc'qtritc't)tL'llts, Jltd tinlc [rs.]gL'. Ci.rssili-
catiou .rccurJcy is dctcrnlir)cd by J clJssifitxtion olt .t sL'r of

teluplrtcs. arrcl stor.rgc'r'L'quirL'rliL'i1t is rttt'.tsr-rLtci tiortt rhc.rrr
anloullt of nrL'nrofv ncedcd lo stolL' .1 sct of tLulpl.ltcs. TimL'

needr'd to clJssily rhe tL'st d.rtasct is .rlso r't'porrcd. Corrtp.rttsott of
accufacv. storJgc, Jnd tirnc us.1gc clrc sho!'rrll itr T.rblcs l0 .llrd I l.
u,hL.rc our'llrl'rhod olrtpcrfbnns NLAAI in L'vL'tY d.ttJsl't. Tcr:lpl"rtcs
of Tricc datasc't gerret'.rrcd v(lth CDTW arrd ICDTW .rrt- illtlstrrtcd
irr Fig. 6. Thc'best r'csult is L'iltph.tsizcd irt bold tbr'c.1ch d.ltrsct.

Thc nrairr l'cJsorl is tllL' I.'rct thJr LlJt.l scqucltcL's itr ttrost dlt.rsc'ts
dist|ibutt' unequ,rlly. Although ICDT\V gc'ttct.rtcs .1 ll.lolL' Jccttt'.][c
.iv(1'Jged lcsulf. rhis.rvc-ragc'd Lc'st-tlt tlt.r,y uot bL'[llL' bcst sc'qucttct'

to lcprL'selli thc r.lholc urlc.lLIJI distr'iburion of thL' dit"lser: t'.1ch

class mJV bc'st bt'rcpr'c'scntctl by tl'!o ol'rttot'L'tcntplarcs sirrcc tlrul-
tiplc sr,rb-classcs lnJy cxisf. Thclcfblc'. b,y usitrg orrlv otrc lcnlplJIL'
to rL'pr'r-sL'nt L'vL'ry sccFlL-rlcc of rhc s.ltlrL'cl.rss. lcDTlv coultl Lt'rurtt
avclagc'd charJctL'ristics of rltosc' rnultrplc sub-classcs r"r'hrclt tcrlcls

to irrcr'casc cl.rssificatior-t clr'or'.

5.3. Thitd r'ripPr'/,rler)r

Our ploposcd avcr.lgilrg schcltrc Jllo(rs STI\'IF to pt'odrLcc' ttlulti-
pl{.. IcnrplJtL-s ior'cach t-lass iu cl.'rssiftc.ltioll. In tltrs e'xpcr'irlrr'ttt. r'vt'

shott, tltr-' cl.rssification Jc.LLr'.tcy of STNIF t\jilL\t thc rttulrbc't of

NLNAI: 5',1 141:

CIJI W ICDlW

Synrhciic Cbntrot
CBIT

facc Alt
O5U Lcaf
50 Words
'I'racc
-l-rvo Pattsns
Wafcr
I:are l:our
Lighrning-2
Lightning-7
ICC
Adiac
Yoga

l;ish

8962
11.827
43.f14
t2.\TJ
z8.8tO
!J417
105.517
691,0r 6
t'tJ5
2a77
zgt;t
r 504
1 884
r 63.207
944

3t45
5lt9
r'2.8 20
33t3
5034
2054
34.376
s4,1 1 5

1223
r r26
545
512
I 6,826
371

3s38
4856
14597
3276
5215
2M6
33,268
s4,115
7B
I 196
1 113
,4
495
11.191
36{

Synthctic CoDtrol
clI;
Irace All
OSU Lcaf
50 words
'l'race
'l wo lrafttrns
Walcr
l"acc four
Lightning-2
Lighrning-7
ECC
Adiac
Yoga
trish

0.80 i 1l
o.94 t,A')

0.57 i46)
0.35 {67)
0A2 tt15\)

0.92 i6)
0.92 {122'j
0.r0 (si4)
0.56 {21
0.56 I 1 6l
059i/:
o.ris { r I
0,48 [ r 7)
048 i68,1)
0.51 {25'j

0.s7[0 i
o.eq r )
0.83ir rl
0.41i l3l
0.6q44)
0.98 {ri
os7il)
0.64i1 4)

0a3i r )
osql )

0.rj6 i2)
0.70 i0l
0.49 iil 1

0.48 i27)
0.s3 i7)

0.92 (0)

0.9s {l )
0.81 i.I2)
0.42i 7i
0.58 i4l)
1.00i2)
0.9s ir 3)
0.61 i8)
0.81 il l
0.54 t2\1

0.70{1j
0.7 li0)
0.41 itz)
oA8i2'))
0.s9 i8l

lable l1
Storagc rcquircmcnr io l(lJ for storiDll rcmplarcs

Datasct \IAAI; s rI4r' Original dataser

S-ynthcric (ontrol
CUI:

I:acc All
OSU tcaf
50 Words
'[rarc
'l'!vo ['attsns
Wafcr
I"ace lrour
Lightniog-2
Lightning-7
ICC
Adiac
Yoga
llish

12.40
41.9r
DO il

172.15
10t.87
6AS't
'I 17.81
476 q1
'24.2t

120.3'1
M.]7
1l.30
44.14
417.70
82.44

7A4
1.54
7.JG

10.25
54.00
440
2.Os
127
5.60
s.10
8.93
a:77
26.05
3At
12.96

12.OO

15.16
'2().].44

341.60
486.00
r 10.00

512.00
ri08.00
33.60
152.88
89.32
38.40
t14.56
511.20
124.tO

dist.rncc's. but [his in tutrt cotLld iltcLc'.tsr' tltc sutllrlr.lfizerl distancc

iSur.rDsr). ICDT\rV guar'.rntL'cs tl)ar distattcr's bL't\tL'cl] thc'avc'r'agcd

Lcsulr .rnd rhc nlro originJl sequL'rlccs .u'c icl('lltic.ll. though llot
guJr'.rutcc to bt' nrinirl].rl. [n otltt'r' \,!or'ds. tllcl'c is .r tr.rrlcolf bc-
t\,\.r'L'n hJvillg .1ll L'x.rct avetJgL' t"vith L'clu.ll clist.rnces .ltld h.lvil-lg

.ln a pproxilr Jte .'rvcl'ag(' \.!'itll mi ll i n).1 I d tsrarrccs.

:;.2. Serond eApc,'irlient

Thrs rxpcrinrcnt tlt.trtousttarcs thc ufility of our proposcd

shapebascd tc'rlpl.rtt' nlJtchirrg tr'.rrttcr.r,otli (STN{Fi ovcr' .r

115
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Frg. 7. ClassificatioD ar(uracy of [L!, I;rcc AI], l:ish. and Wat'cr darascts lvhcn thc
Dunrbcr of tcmplarcs a:c varicd,

tL.rnplJrrs JrL' v.1r'icd. TI.tc rttutrbct of tctllpl.lrc's uscd ilr l c.tl-Krol ltl

JpplicJtrolls d('pL'nds on rcsottl'ccs offhe systcn). i.c.. tlreltrory stoL-

.rgL' .'rrld cotliputJtiorl.ll po\(rcr. Specific.llly. the svstL'l1Mith snlJI]

ln('lnory storJgc Jrrll lrntitcd cortrput.ltiollJl po\,l,.L'f is sllggcstcd

to UsL. snr.lllcst rrunrb('r' of tcnlplatcs possiblc. ln Fig. 7, \'1'e sho\'!Is

cl.lssrfic.rtion .rccur.-rcy whL'n thc sizL' of tcn)plJtL's JrL' vJl'iccl lll
tbur dJt.rscts. i.c.. ECC. F.rcc All, Fish..rlcl W.rtcr. ThL'chssrc I'lL-Jltsr

nl'iBhbor clJssihc.lflon is consiclt-rcd .l specl.rl casL' vnhL'rr tllc
trllrubcr'of f crnpl.rfcs is sct to thL' nLrllrbL'l' of inst.lnccs iu thc cl.rss.

ln olhs \'rtolrls. L'vL'ly tlailtillS sL'LtLrcllce is trsc'd in tc'tttplato

nl.rtching .rrld lro scqucllcc is disc.]rdL't1.

6- Couclusion and t-uture work

In this r,r,ollt. v{c proposc a l}ovci shapc-b.rsr'd tcnrplatc rlt"rtclt-

irrg t!.rnrc.r.r,'olk $hich utilizcs .1 l1L'\,t av('t'agitlg schL'lllc'illd .1vL1Jg-

irrg lirnrtrons to gcnL'1.1!e Jll accLuJte scr of tcnlplJtes. This sL't oi
tL.rnpl.rtL.s is trsr'd .rs J d.rtJsL't tbt tlrrc't'y cl.lssific.ttion. Coulp.rt'cd

with tl)c cxistllrg nlcthod. our proposcd tllcthod outpel'forllls ill
cvcr,y c.rsc in tL'rllls of cl.lssificJriotl JcctlrJcy, tilllL'tls.lgL', Jlld stol-
agL'rctluirenrL'llt. In.ldditiotl. ol-tl lllcthod call also bc cxtetldcd to

gL.llc.IJtC t\,VO Ot'lrlolL't('lliphtcs fbr'clch class \.!hclt Ltscrs hJVL'

nlorc fcsolil'cL's in rt'.rl-v,rorld Jpplic.rtiolls. Tltis resca|clt call bc.1p
pliL'Ll ro divcrsc. dom.rins \(IhclL'tiutt'sc'r'it's classificariorl is rtt't'dc'd

Jllcl it $rill bc rnolc use tirl \(rhL'n tltL'svstclll has linritcd l'csotlrcL'itr

tctllrs of stol.lgc .1ltd collrputJtional povrrcr.
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