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Abstract 

Research Title: 	Incremental Learning Probabilistic State Machine for Symbolic 

Sequence Classification 

Researcher: 	Jittakorn Pullpothong 

Department of Computer Engineering, Faculty of Engineering, 

Ramkhamhaeng University 

Fiscal Year: 	2016 

The advance of Information technology today cause enormous data stream such 

as bioinformatic data, geological data, medical data, and financial data etc. Machine 

learning system to support continuous and unlimited data is required for classifying 

those enormous data. These data can be represented by symbolic sequences for 

machine learning system in practical. However, most of former works use limitation of 

length of training sequences to limit unbounded memory which cause them are not able 

to cover long range dependency sufficiently. Also, their batch learning methods are hard 

to deal with variant and rapid changeable data occurring in these day. In this research, 

we present a novel learning machine which is the probabilistic finite state machine to 

support incremental learning and long range dependency by using minimum unique 

substrings as the key. The time and space complexity of the best case is 0(n) and the 

worse case is 0(n2) while n is a length of training data. The experiment of classifying 

DNA sequences of promoter and non-promoter E. coli bacteria show the accuracy of 

classification 96.23% and the error only 3.77% which is the best compared to former 

works. 

Keywords: symbolic sequence classification, Markov chain, probabilisitic finite 

automata, probabilistic languages, incremental learning. 
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1.1 	until 

.D.niTutrittlitiariffilR146Y111 (information technology) Wit-iiivTinwiltlati- amimlin 

rialitTiqinim'AmioliatminnIdt (events) tgitiiill:-.41-Ttnialejt-rgi-nnuanyivrialv,ad 
9J 	, 

truutalialgiiv-ipa 	 11-tb-nt.41 TutiliaatafiltilluvrilIyarwriao{ 

tau etioajafAuly111-4-tia (ECG: electrocardiography) Ratioljaiha-naumat 

(bioinformatics information) mitt IThijalf,IgillbrInl (genetic code) Yinithliiianiivirov 

;invnumv-winviiation-iniintgiti (big data) ati-o1Ifigrm iThajai-ttiumnvnatiAdnii 

0111-1IMilll66€171::brlfallY611019.111TVIlIt1t9ill 9f11,134.2 Eilviniav 	tAall;hiniutinft 

vipm046 ttiu n-in)t-ifrtua-atifki;HldAniaiiit6utoirivCini-ittunnwnctuyintanalal 

mwripktuumalftju1A-11;h13fitiamfrnaira1ln9nioli-kinn El nirvviTLItarun-n 

linutiTavyrilt€CialiitAuvidafulocittameon-ntalavi tloinintniottiln IDIOT1-6 MI 

Ittl rinfiekinl'71:iitrilll Minn illihb3t9TDIal\WIOWTfidill3/41J11014401j01,910111M 	IAN: 

ildunt17:drimiaajo vinowinItislailliitvanttalAaiquritidirovannmtlut4 tiantu 

iamawgin-i7avinnqiiatfilvin -rvit-hiviwttuatiloantitu 2 thttnyiga 
A n 

:t141114 a (symbolic data) anciliuttninaklaidlahm-17411,ntuti3A-Jtat Liu toduRttvil 

IlJUi Itatt-cirillahrthuthmnt R, G, B qiaAnhi ttanTaktiatilifitatp (numeric data) 

frnisi'uttrutiloapiirera-Ndliitum7tinninttaislifital vitt wratti-J 50.5 liTatafqlgioani3f1 

IVEalV cd EJ v = 50.5 IS) 	 ilaaja;t4 2 WIJ1.15,1101 	y:11129_11.1.1J1J6'11(111101 

rd 
tvivininaitfivriu (sequence of events) ttruiiivi-ni xi, x2, x3, ...,xk  viiatiltadinualo 

6rrint.- x1x2x3...xk  trio xi  tdutmln-nnianvitici i Rat n gainw-mtvIn-nalca"ltnqlci 

vriatfilutlan 

ialjarbiitgutathttnaut.1$1-114cynbet LStJn7l itiai@Ini (nucleotide) 

tafttlaitlflja-MiLlet A, C, G, T tht.mouriwintlifttanti todui4T-Jua-me-nenzifmti-il 

ACCGTAAGCTIT... tiliacti, ttqinviiiniaklaan'icum9n- mtviilif-nalviociTaajaanlai 

nan (time series) cituria-amta-nrittAttutintialja6Hifuvo9mtliargniit-ttqiitm-ri 

ttlJ ill] (quantization) OialiiitAgiouTianfuriviaajatiliftlia-nwalcitttliu,  (Lin, 

Keogh, Lonardi, &Chiu, 2003) 
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IgiuLwiAm-iiaum.cft{ 

'11,614,to bunvigiLguLaTonr9,14611frnannifilirnui-iem41 ThilLguLaTalnufifiCin 

IllnildfITMErlithIRLaTlah611147 111114:17103J0611d-1113.111711ittiffnalllilltfl5'11:41,91 

nntnaolcrindlatibmioua mitt ?invnain6"n7n11eltnti (gene) n1Ii6uinu-ntann6"mnz 

elan ni7vntann1l (pattern) enalaine-ninzlin 	 innurnialp 

in lilitialleigno au7in1565nu5nnat-n1 	66n:4ml an'iltA aiganunatigin-n ci 

iouagEinliitItarinmvi.niainatmkanfrnui-i 	 illI41L911fflEF6T1115:trin 

rynnfinutiltmiln (gene) rrniittunnOiiinfifi-nthilusnlmil 

tlaHLItlid Litnin adillIMILdolTinniiintmalitatJaiuNliTunatinewit-wauniatil 

lialiaehuviAlu (incremental data) 'Ilt-IfirlOirmarilviliatinlviatii011Tatigitguto 

€1.6141VIATX11@ 'irDlcipn-mnrIIInsn'ii (natural language) 17011a11-11F1-11C314 ISJIW11-6 fi1761 016 

Isnalmialin7autiiii3/111711J1111701jauS-)6,111;11,€1401inTrinr1111,1119,1)alltiDlicl1VMZEJZFYY) 

vieLiun.jn ur1565fiu:5:umunq:11 (batch learning) kriliflariunidaucatimnfiti 

ilauatitinuiittazilitiAnuutla4'6n oi@azIAAnlvialun-moliiniaadatitiMunatil 

IfiannarinbIncnialn-nnlannutiam-Nniwiuficrinln-nlinullaaaffu uatinuil 

17 LUNfllbuamaad8J 

 riun'ilLinni 	ni7LN-miainisavolfrnimi 

LIJuGlu 	
A 

tiilviCinweiinhvanuinurrsilErnFlationnI6uiatiwitutiolivarifivnan 114 

(ol
a  

aulinar,1€111aftlelialdaanunlola4iinia &rtnixia.J Lfiwuna 

rinCiunpriu,Sal (incremental learning) (Ade & Deshmukh, 2013)140 

Ciungnarillvnlyin nnI6IFY4110-31,f140AnILLIJUIAOINI53 (online machine learning) :AI 

Lihminvian,TinnICiErnian niatmi TiAnitlinlianhilliinfioinw)u Imilijolturnd 

liaJfilvialcailatmAolfrran-ami-alunilioaulTual 

IcinNyiTnyn5infitiltnialfilmn7CitupTtniziantAtAinivaLianjAlln 

4-itivia"nnn7vrifinfi'd4ifirinilainufwain (Geppert & 

Hammer, 2016) Lalilb 1,f11@lit151.7111410{RIIIJR%14 (support vector machine) UM; MILLINi 

Illn1F1601-6fle'IJ (back propagation) tilinzirunmitiv,P-nufailliThtfl-WIETNIntinu 

Yiint (learning paradigm) 	itt-rnattbinicilrillkiiiqu'auXntyin15 

0n1116.111i 

rarnmi-iNaTalniICinupilutlaNaaivilitiriLtnizAaari-oduti Lital@iratuvinaal 

1.1nu-nliati;i4"-anb-1011114illiung,nntwiwnuairvzilthtvriiiti- wieh nInilanii" 

EU VatlIfell eii111111410-aritlrILAIALO (DNA segment) 
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orioliaavit-141aIrTua-nwt-unio6-4.utilAttu,6-1-n4rttilaliivtiulinniuncruLLaz 

iviviNavrimindu 

avi-nmulun-ntIovt,P nliv16-nrvisnibriviLni-vaniiu 41tilwrin,n0antitingulail@t 

alanIt-ntinavaln-ntimtliinutlaNaln2thala-In6riantiti 61;1212flumnallitrin7nicual 

eilauor4aaniamrivalii 

tibtadilittazilninfluvrwaltqlofni-1,11141aninlvin-miunivilvt,1111,vi'atin4 
c; 

thtaylinnyl 

vrounaJ 

imilititrukiieventigninthulin-nchminwananiluillvi'sufamanailviari Lami-wal 

niy-willtintigh (probabilistic language model) iia@tinIniu 

(probabilistic finite automata)(Vidal, Thollard, Higuera &Casacuberta, 2005) uuninaol 

Lguanni (n-gram) (Cavnar & Trenkle, 1994) ttutlia601arri-fiavlitmPtiou (hidden 

Markov model) (Rabiner, 1989) unAtioa1a0TokimitintSanticiritinin@talb, 

(probabilisitc suffix automata) (Ron, Singer, &Tishby, 1996) tilv,9-Tu ilant4,14, Lonrimal 

tiouciannuntA'rrinzfiliirivm-rmarn n Lciaaoinwntwriannilvontitifialtaninnloinu 

116'iti-r4nniTualanidlianfriavl 

(markov Chain) F1311.1111-1 n d-wilAinuintyrm-rianin 	1.6 	Liviwincva-nuolurna 

grat.ind-RiVilicfm14-viaavmanu. 	•fltimnilafri1110-11 n Lyinlanzivan:,-apvioanivi 

ttarfltinAnbintltrinrmiaiavrinlilvin-nlientialfaLaimAantuo-niiNanIzynnia 
ql 

tIviiiehaln-rslittuu 

fiaolnmrainhar.vilmitle 

(probabilistic state machine) Mill a oimnonviLvtinazoln:tia-unInintitunnwinwmutit 

twunan@i1 (real time) IvinanarnedTautiLigiadc-ma'aalthmanluzl,thi4ochuint 

ttazoalqurimPiLihmuuinaaliiiinriuTourtilliatillnil.ITT19)1140-11.11 

111 Linnisfialiii-Jmoitvvinfrrimill@tillitnn talcinn9:anaminaolnninviinh@rxilny.-, 

11/91-1141giSt 	fillur al h 	uv-ithztaiu6H4gla 

II Wj 	a Ern rri 	n 

try/ (long range dependence) 1:1:--viitin-iwiTyraniviifiraitiar-viktilFrigiflaitfidalt 

"kliJ-1119)1a1M71,101AP")1,11171111141ZAJZLIT3 

frnYrnwiLmioiittuniaajainnv-ilvInjoiaazyillijouarnownuonialagial vith.nnrnAm 

-iii103p11141141,111Litl€1718.1tMlaiiiriwttvtilml:1114nLifilrillt=111-1 	1111411101M4946 9 
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Ltaziolja7cia41Lguto amArmiwu nuinaeurrsiiiillh-Rnthail-neiinfkinuanw“ 

ulaw.flaiolungaiazIoli'uthumnrin5imay:fiiniwt- uttrrili 

1-rflnivinfi6l onmiwii-J11:-.nzunienalchLyin'hIlanmuntali ng7titri4ifNuatlaiyicili 

fralliaiJrininolioadana-mAl mannLiitati 

nnTirmatitiimiintintrnalioualuIthodAi-uthrlittUchlaifla-ML€16̀;auanntriuld 

nonannuittLauvinanInmitilliraztiluliOat7.14 

j-JuifaviicantiuuTlvaiiintnuriuTt-mainISai 
Si 

-rin-nniauaLritial'iviinnICinuiliniliildwaugualiaiaadainuivarvnvnataaatiu 

'@intaminaaAnd-rnni-114untlticil umuila In-mn L'Elikiv.-Ailn 61(16 

obunwhisluTaniktittAtvantimi'unintufr n anh3:L1Jut aannIi,hann anintlAu 

L-3 -133.1 a-annrAnfi-raninv.--Lilv,Tain-mible'nensztiqian'h 4 	tqi4111:,-Itina7zuvil 

;Talrmi-aitunnIninlututnanitnotilifugianInnInt 	It-111191tWOUM76i141.10.9 

i-)houurTilio 7::11111-11761li61111-11711M-1 61t149114 uardiumrin OJaaIGiarlQlaaiillinanilvt, 

Li6iann-minlillianuttuonaanieicifma161ancit61.6'aulun- 51tu61ii1Janr,  

LiJni-rwiliantio-ninzAfiniAtotkitni-mturirn LLat 

ydiiinitilgifi-rivauladi yin atinibllazan amn 	toniia 	uituvtl°uaJ  

rnwitiiluT@ttilvt,LA qj 

alariltli5ntd?frIULCILLA3441561 iirrnfilitneinnliinay:fhniinturtrrawunliumal 

rarnmi-mannalmt111:1unlilinvinfirinliNwiiviaimAantM 
nminiti-lutcarrilliintiqimbufrrvin `thAvninlia-arnnlillunnlinunrindanToliati 

atillaliutlittarlitlSd yffinivALia`Illartni-n16nnaiiniu '15t5ul 	L otirlqiinminaal 

fil51.1ry1tiiia-arnti5alivatrnrntigaaiwiii211MJ1M1Y11111101.1111vnall tlic111vt,  

414,fitt viaiLmtIfiwaiilit Si atam 

ran7nifivihathlanne'nintiluongillitatalarintrai•nounl 

Lii4valanu6nInzvA4- tr,14, rnitilqinam-an7niuni74-ntiru6l-raninv...iluvalffnuThri 5z 

ilumndiltiluttuuna-vail 
IJ 

I6nlg5nl11aapu.azmI4nvont6n-on.03zahAi Eniuuii alannunilvi-nr.tiluttan4n 

rin&ifin4-audine'ninnane-nwaspoliaaja 4.ivilua-Ria-mnAtilarttfi;Atr-alwirevi a 

Llnalt16-f1111::thq193-1 LaltaY1t114b1E1 Hie (Ilie & Smith, 2011) 11)101H-11111,00114:110111111J 

inaaairrnC6uTiruntniouilaiannalultlauLfium?ki rril'aint-Taillaomiluaa4m 

Cid rrutTuciiiwrifum ul i'LLa zifi ail nliVn 	rm vt,fr niaajalmiqlmniqinai 
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.4 a 
i9llitht-agilia,)n-17 uazbn*-luviuno ni7F1utifnivfign15116nnsth661Ilff5'1liaaJauuiti 

N1 6n-inni47911nnImigaltil1i5dicrrinnwinnn71ol,n161Lu lt4nv3in 

Immul-rfrumouTilun-11Cionlautrinaailm-mIiIiiliNszarirrwail 

tiaittaniszan'inivaii,Atifinnuluavi 0(n) LLazutifip 0(n2 ) trj@ n ilowanaitrn 

Tomiaadatheinurrilii nuarvon twztunu"iiii6-anflaalcia 

iaidaanifutill aitu a'11141111"1-13 atliry6-nni-ifin147t- 6617'imiTaza4valantigninniiuricii 

In{t-laci4 unnnTifiurirru (smoothing) Litnwao,ntrildliirmiltn-niiivannthniama 

jiL614118T LLUM1 121015CA .Ifila (E. Coli) Immiloamilu 2 119:11 nOrociaittaLuu 

ithinta{ (promoter) inniu 53 RI U uar.6 n n Onviti ulai tihathiu tvi 	(non- 

promoter) inttiu 53 RiLl aqiazaluilcrrann-J 57 (ie-r141 nOitalithiaitvia{wSiatiu 
a 

nfciaajgain6ntn-uatnrintatjnuiliyinnarn9sluvanz5niion-n-mierauth.tayit.nnymn 

nnImoalinaunnthibinfi-nd,-)tufrnaninnillaivrilifannumuilaaltia:-.1Sn-rsiu 

1-1143igit 

61i143 1:;111111014511@Z6F1481-MILLuuNati(hybrid machine learning) (Towell, Shavik, 

&Noordewier, 1990) 19Il1iitithtall'ailEJI18J-IVIII1U (neural network) LLOZ,' 661-66611111 (n-

Kam) tifttiu mitiTinntmuluiierianniimannthrnalauwilLitiknialitl.) 102 

.flulu 106 anti rtgnxiPiqt:i491 4 010 4.1Lciflu61lni-agazU 96.22% viluufr-nuLtainEnti 

oq iafitnnyiiiiinzuutionllialtfialimiwur4am lutntrnicruliinth:a-moltmuu 

),Inoli-)14114-nnalljmiol61lthi 98 rittFiqiti.lu 92.45% uq:auttnnlyi-iiiiiifilLmtganlif 

3-6111111 rtpia.nilul 93 a-iuNuilu 87.74% 

inwainlialiaLLarifuoaulinnnuliirikanInliinaunnOrnaoilaajatlynnyia-thwill 

Citii&-rn4t-niiraLiJurivirmolaotillannikunimiilunnICitnquoznillilnuu.azilo-nu 

LaiuthalaquilavilourTuLancilaale-miJufitioainAu gila:anammillthhzurdlili 

L iimitTututwittli"tAutaLazithimnallzgniiriAtigu-nh:41$1.4"qialt.1 allow-11u 

•rinliviai-ndatnd-raehnirystliiiriuTiialGilLi.lwriv,211,6iii-ariattnnArn4mstatinaollv,  

.1- w3indiwurii 2 unzuvui-igoluarriuqioulSnnultruitLarnt-pstlkiLanolunutiind 

wh:n6-1-n-ina:C6riciinurci 3 Iquttalorian-ilmNalfluEwn1146az36t15-rziNait6urn1  4 

uazaille4arrillitinarilantaLLuzinuviii 5 
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1.2 ionthr.m4 

1.2.1 LA 	 uTi rvi 761 E.11411011€1.4 in ff an mrd 	 iTaaja 

1.2.2 n'Aalvitian913l%1iumawlitilltitnti'va3Lfi5a3iiniSanunst 5a3511rrmlulIP11-6 

1 2.3 iViallitlirligiltnillilanlirigThiltiviltVin •Viainaunialja614114nArn4ntinn 

1.2.4 tilamifitiunitittatimaallitnnutil .fltuvri alb nit-) incommrilenttaziarniil 

ilii1J53nn7t5nvitualmla3i'nlliiitnnaiLaimintlatatgnnarin4u 

1.2.5 vii\ialalithrivotiitNiatio -rwi-millilihn -wili 

1.3 71Ouvvorrifiu 

1.3.1 ilat2aillii-roilfAn:oatuTin-nLwArn-i-roilrliaajad'nilua'runwilbaiiirU 

1.3.2 ioklaiitl.frwilili'rianarnnlittiii.16'nift4rukmatirailniiitiqutattiiifiqi YlJvtl 

tL1J1J ITILLITfil vilolttazisiQiaLdal 

1.3.3 rialinfil-1nni7tl5F1Liari 71%wanTilunn7i5nni uutrinaolitilwrniimq 

Clrovn 	ielifulluutwriroCiluttriou Ltanicmhit1if9-inniTlin lais~altJn3 abets 

il-a:r)11illillt-ii.1110 gill-1611 

1.3.4 1,1,ffcbInnICTvtlinnalmialmalnrb:61 Iml7fri37in- 5tvdigurrit4Ltazun 

rmaalinifinfrilunnIsttrin 

1.3.5 la*MwarraitaittEininn-ninaundiravuallniuilaaluarlinirtliiain.nv:lin 

hutionSILtn-IncurinutibuthrtittoOu'littatauuinauffilqiiiminmiiptiotiluaina tiiu 

LLu1Jinaal6cRunu LaruilaaanfriaALLuuiiaciA tamilaalnolvanwirimirraniln 

udivinaa3avt,9 	 tilauminhzaviSsimiati-ovio 

1.3.6 aamhz5rin-nAlinn-ntloquatinituneliav atiloanattuilnaitunnICinq 

rinvnwitiluilinnlaunatilianititivrantiol:11011121-9J 
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1.4 

1.4.1 ff-13J1It11.1:2Nal-11-1M-E11,1111311-611-17i1611,6F1Viialfil4101103Jn6HYUkliklifilt Lelilt 

iimariroljaLang-n (document classification) iiLtuniougit6ufa (DNA classification) 

@,)(Tiil El (patient's health detection) n-lIgil-aaatAiiimilnii 

(anomaly detection), MIIIS111:17151HTIIRIALY1f1 (bioinformation analysis) 11111411-61Ethliill 

fv19;imInivi-f3 (events prediction) 

1.4.2 ff111-nviiiNalnuTe'uldliclun-avuonni4dtalitokialli,riAnn 61(1L aTou 

Li%414,9'jni,10-nviioLfiem 	af eiTh ait;tfidnf,9ntiliy-n-gfdiumltTalt&J111VISMIOEAR 	411 

1.4.3 rannannuilliatinfinutfarilaCiudinutalfrinhnrwiliguilauTiLLaz 

6r101,1110111A11151.1.911-13kId14 

1.4.4 unarnornifiz 171111r-1 	 inA,Tn-ourNfmn akin-or-11 
c; 

IlimhlibtayCirrivann-mhzurnilinfiEQritra-inNal-iv6in vcimhzqrAirTUFMLIEJII 
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4 
111111 2 
C 4 b v 

critincrunEnm‘i 

2.1 

litveiiuthilifinn- 7F127-aum--rm)ity111111-nvii"uiriugaulaillA6-ntinitiqiiu 

Imi6161t`4@narrunmu7itiiictinaulk tis'nriltluttuaniJuthi,r 

IonCiaryintnit-n-RifiG-nalnuIi"tioltnriurm 

ihniittfiiinzirman 

liu5ionnIinunniaajaiiidu 

hiitu Th'n-nroopluaturiMpyi giluocwilAtuvrilwflTiiiidAttinolth ttazInuIititritnriu 

d-Iii6na5zton'6'nb-nrILLwzanne'ninzuew1stinsiilifftvi4nn-JAirrivInutilmuliud tiannu 

amtnnICinqiiAioainluminaalan-ntzvisati-Rnilubm 

LitavriluumlatRitlinimiltrarTuummal)n4-rthmt-ii-nololthiluilufnaurrn 

rinfly 	fizt-rnurtluumu 

2.2 nu-nucrunEraval 

2.2.1 1.11141"3-13J1,1a‘t a brief survey on sequence classification (Xing, Pei, Keogh, 

2010) 

umrnaiilliapia-nthifityvolliwlintlitnriurrnittunievaiug-nont Linti" 

ilumffi-pvInn- sitiuniaviattannthiSti 	L Liluvntuiaajaugiatn9:anSi 4-] 

imuniav C 	1744rittitilitiiiaajab'uti s 	Iquil I ilanOniatialu L tiinu 

fin-111141a C: s 	/ I/ E 

2.2.1.1 thatnni-ni714Silmt@i.r210.1n114-11Thnaiind103.An 

1. ni-51.10149Nautrirdinulaih.4141144014611,614@ (biological sequence 

classification) 
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2. n-ni-atuniaajarmilurrinN (health informatic classification) viq 11a ~1r7 

minlaman (time series) t 

3. nisonaiThAit-Oin7milgithn31 (anomaly detection) Ohl niIiiiso4-4, 

nufirigniln;i 

4. M741 immenams (document categories classification) 716anan79i-il9mitu 

vam-rvailm 

5. M5'i7tturiunm7l91criu (log classification) malr11,17-rwtd.lun-nvi-mueual 

Ithan7uviunukniaLi 
9 

6. nn7i-nLuniouau7nIskin-nnuluuvnfrn (classifying transaction sequence , 

data in a bank) thilun-rwlanChainlai 

2.2.1.2 Tificrna,3514crpriiiiiiiurrni-ntun4iiiiniaap 

1. 6711.willArtgrn.4-ntodiljno (simple symbolic sequence) ISJUIT9Ip&-alf1.10.1 

1,111/117a 140F(196-111nr: 	a106111.17:11aluwi'diln9i (A, C, G, T) 

ACCGTATT 

2. 6'14i-li69f.,,Artgru4K/41611106iluvt (complex symbolic sequence) Lillwiliamaanti 

niu cilaapanvinvitilitlInriu (milk, egg), (milk, bread), ... 

3. 81ennaidEinli-m (simple time series) 	citaap6'-141-1.1118.14114114,Ta.1 
ca 

911 

alarntivs,21 	

u

1.11ilunnwinuinuiliinal Hu (t0, 0.3), (t1, 0.4), (t2, 0.5)...(to, 0.7) 

4. MinIaRiumunE.4-J61.115 (multivariate time series) cio 01i1173.1619AilViantl 

niu (to, (0.3, 0.5, 0.9)), (ti, (0.4, 0.3, 0.6)), (t2, (0.5, 0.8, 0.7)) 	 

(to, (0.7, 0.9, 0.4)) 

2.2.1.3 thrAgiulrpviiiiii-inni@iliEniiiin-niiituniiiiinThapinitgnita 

4-ttriu-at 

iiolfanstu-ifituvinfillatiluNliTuttazuw)Ithilun-rniiinhilTim7 

aulaviJu ;-18 

1. TinnlinauniiiminviAitouluNlifu 	nillivtulacciaulua:..-Iiminu 

inapoinimil <mum], ail, 

du>, cnu-n, 	 usinkrifaaptila'40-nmiLicitinmaftia4nblut 
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tdo,Nnntrinanu6-naistfin-nion-alwl 1)7d iciAnynn'ila -@:-.315S1,3nviinzaaniunnI 

inann6nictifsaintillaVnwa 

2. n-malla16'14f11til4attAnwrniviiootjln:phino-iaiWnb-nttnnyvnt4u,  

tinwt.wienunqiiiwinut-nnaon- na,niakla vinatranancyntalantignent- 611419:1411VITIW)111111 

anntriuld watifiarinlinnythniutalitiananwnitifrailitt 

3. uoinvtanaintman-JmThitunisinuurniaajaa-d 1.111f14901V@Z41110111174-1) 

ittunieviatiammt-ni-ilikalaNaitaada`ju9ti Eni-tatinzmin nnrtrwinu-rnanun:St 

akritintion vitia gialn-nalmirniettiavalanu5rrimr,tiati'vitifin-niun-nfivrourm twa 

vinfnnufkonrmilimm-Inintl:qinli 

2.2.1.4 "ign-tichiA-miunniintinniietia 

1. 19l6-nanntnnyttnih4vurtu (feature based classification) Vitt tintqw{rn4tn: 

tnIAllt (feature vector) 1.614-11,115L (n-gram) 

2. linn,it totyrknnvin,16'"11.11D14141-6,i111, 	(sequence distance based 

classification) 	tilun-nimr.titvinTnal6-Ai 2 anift.di-an'fimlqinn 	t.-tromoi.  

RITIJUle (support vector machine) tiValtainuln4"vi k 514811 (k-nearest neighbors) Liu 

ty-disillinilatill.inolunnlit-,tiverw v9 n 7:.:02111.11.101Nflq (Euclidean distance) Lin 

rr v1 vmli 

di s t (s , s') = \I(s[i] — sli])2  

i=1 

uonanni;ce4gwilurminuuneilaadanth'-t Lignan7rn4na461617mai 

StinrinTnitturbitttlar4aatilldu 

3. litaJuinaaltilutpu (model based classification) 1.1314 11.1.11.141aalall56101Al 

Lariynau (Hidden Markov Model) umiiiaelvilati?igv,€) 

2.2.1.5 tiau`intrndffipinn174-mianThajaiiiidu 

uarmnrinlinunnioviannhnkraii101111,1,4"] q1111:611.10-1  

1. ryninnumidajadlii1J13-11114, (early classification) tillbni11,11tfl9101.11,141171 

inuuniolialthi-AmayinfiyhtilumIdiv:61,6va 
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ceniahltlinntqia 	 11i1.6 

n- 5Gls-r4un-n1J 
1
r1n (intrusion detection) LINZ nnImmiduccilvnalailiokallini5t,N1 

tt 5'1 	 ttlaiu 

2. /117411,616111103pd-li7111.1.1M4a014, (semi-supervised sequence classification) 

tilumsleffinadanuutin-ntNn9:unntiliiin-mn,m0iviiii-nniu 

nlITL-Nn9:ffileiNLau ugialunwrtiraniiiutiuniltNnq:utiiunn5tfunit-acnSfrwinTs 

4-inun 

3 n-ninuunilakin&lilitalLITZundanruthleili (sequence classification with a • 
sequence of label) Itlunndnuinvangia:-Alian'iiinunnOnioninvauqinzih ungTindll 

mitt .ninivIllItItiniur1i4nr7wrns1MuZum F1n6oinzfinimit-Anfivznntundaninualt1 
9 	91 

an icy vitt LiJu noun, noun phrase, verb 

4--muntilo19 lniifinuauyiuli-Tuffidv, 

2.2.2 1.191WY134 1,109: Mining Sequences Classifier for Early Prediction (Xing, Pei, 

Dong, &Yu, 2008) 

Inutii"tifilAh,auo-Tin-ninuunlioajafrivil-11 .14 (early prediction) 19f 6~ntls`v 

rinimaldwitiqiin'in01 Lin n.-14-atuniaLiamln- suvqcn6 

19116 nilyriun uffiui ri owataign,m-innInfailliruni d an unIn 	9-ifiutiU 

annano vrionnmunnItiruclalailaaliahn'hur,111.m tiaaJffnantrflouTunwawrinci 

T:17191111‘14ti 

gia,)d- nialjawnfiluytimwithilifauh 	 ni7 

lifincriirTurTurrni-nynnyilwaA 

Y1711.11.0@i po 61a 61f1713.1‘11QT611TOLIcipnina..61.1 
.4 .4 

C111111111.11EFITOIr4111.141411J S = (21 ...a1 1,1,01:ali1J911S1144-111:TVIlt11101 S umuti 

4-m s' = 	1 < <I 11501:21L11.1, s' = s[111 ]1iii-ainuuniokin6-19iu C 

n-ni,thrai6nifuilateTians"-J aril /0 iqincri 

C(s[1,10 ]) = C(s[1,10 + 1]) = C(s[1,10 + k]) = C(s) 

Cost(C,$) = /0 €11 

Cos t (C, [1,/0]) = Cost (C, s[1,/0 + 1]) = ••• = Cost(C,$)  
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Cost(C,$) < Is I stilliV-ritsiitchu-gtabt-,Rrinnvt,  

rinstcm-mtvinfinfinnattrkl Wilirtgifavtiala-41iftwaNatru4-nt SDB 

illrifttchwantflinattrifaleuntniriia Accuracy ui`c) 

{C(s) = cl(s,c)E SDB} 
Accuracy(C,SDB)= 	  

I SDB I 

nd-natinThuila finfrrunnio4aintiufku-i-iil c 11.1,p141101MIThicillIFIgIcl 

taly-milaua Oifilliffuerinn7 2 Thi-mi'ufinttnatvindni-nnurjnolicln6-1-J 

riQtrninaunimja (a sequence classification rule :SCR) 2. iicular4qht‘h (Generalized 

sequenctial decision tree: GSDT) 

1. Tilinprmittuniav 	np R : —> f2  —* • •• —> 	c tc'ta ft , f2, 

tilu'6"nwt-itzta,vint- (features) ttaz.: c c L SlunOnTovilinituntticioluntaa-nat.-nn-a 

illTinnIC4onvintefianDtAatiluihinttunioada biglii-6-rn4=tayinztiJunerinInDmint..- 
.N 

/1D111-611-1 ImlnQua:Snist-unaymiliaaananttmttiltairi-rovow-Juerarntilurrni-amn 

iii.q11-1501-710L.Ja 

2. linn7lithIliiiigiRula r:IntitIoniii-6-ntintztvinrualiovi,A0liwnwildata6-rn4nt: 

(attribute) -BoAgiulif Iquttgiwaiwpaliiulainkktu.atztavinntalainvia 

:4iibratztaciAntfilifintaucilunQifiA'alriun-nintturien-altig 

riann7miganallnu'aialditganliliaajait6utaiiplauciltiA.If11,0 mimanytht 

2 n9:at 	 Iqiulianne-rent,iit6utaiiIiitimitni 57 

;1',117jrnis inu-mn9:aiaz: 53 antlInIRL6vn 106 rinvitriniarlywanqiun-nintvgniavjai-al 

ifItitittlinn7 SCR inn-an 7 anann 106 nu Icuilitnnuunierine'nint.11--aufrimuni 

L.6itt 21/53 um:Timis GSDT iffivrimelMNalqi 10 fflEJT1T1 106 X1E1 1q1E1117V1-711101-JR1L1 

`611111:1h141-6 20/53 

2.2.3. ilenWinitinl Refinement of Approximate Domain Theories by 

Knowledge-Based Neural Networks (Towell, Shavlik, &Noordewier, 1990) 

ucnt-nnal,k6n-afiln-nliTinnItinqtruurauNa-rtt 

tfinuttimil°4-mcniarl (knowledge-based artificial neural networks: KBANN) bitirma'n 

tri7kikucia rrrstiouliaiJuatildcielintulmiuqiitolviyinn-nvinnDint-wknal6Hihrifitfiwiu 

,,Hriliannvina.9if AND OR NOT 1:1)101S1aLnw,cothltu, 

LitThil (recursive) niu 
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no A: B, C rip B: NOT F, G. no B: NOT H. nn C: I, J 

a14nnvvi1iiaraillti1nw:nd1tilluiJait1Juilvravrti-an (units) 11.0:141M71911011 

(links) lun7tinuni7Ciut-linialIfillaiimJ7ta-rnAlli niuTinnpiniivnanarnmi-nn 

A 

/ \C  

G H i 

rrirrtinTini7 KBANN anmaulirTun-iriittunaitInin:AILluololLtugiVio 

iclloillolugnue'rrin naluifiblialrii (A, C, G, T) IquittiznOniaajafialtpouiJaillit 

lthimmoicuaziaiaJuithIanoai.  minlat 53 efILI 73a1111.1q1 106 gin twiat'ainfiwnanni 

sr c;;JA-ri4I bitAnTianQTalmnanilui11sImma9liaiiiViatinlnQinnwilrmiivaila 

fliiLitaithimmi-Tclitnoultlif-manue-non:-., 2 -J11:110 .314,:iq' t•riu contact um: &TI•Ifi 

Lint conformation ImA-rucitiJu contact tlIznaugghtmp 2 th-autelo minus_35 ttac 

minus_10 Liutn-ww:-.C6n-ninnpqtra 11t6n1s5 x 	 @Ail 6D 

inamil -44 

Promoter:- contact, conformation. 

contact:- minus_35, minus_10. 

minus_35:- @-37 "cttgac". 

ink ius_35:- @-36 "ttgxca". 

minus_35:- @-36 "ttgaca". 

minus_35:- @-36 "ttgac". 

minus_10:- @-14 "tataat". 

minus_10:- @-13 "taxxxt". 

minus_10:- @-13 "tataat" 

minus_10:- @-12 "taxxxt" 

conformation:- @-45 "aaxxa" 

conformation:- @-45 "axxxa", @-4 "t", @-28 "txxxtxaaxxtx". 

conformation:- @-49 "axxxxt", @-1 "a", @-27 "txxxxaxxtxtg". 

conformation:- @-47 "caaxttxac", @-22 "gxxxtxc", @-8 "gcgccxcc". 



A- 
JnlQ 

promoter • 
contact 
	 conformation 
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• • 
minus 35 

• 
minus_10 

• 

••• •• • ••• 

111111111111111111111111111111111 
DNA Sequence 

21141 2.1 nnviiia@4n-natiL15lahmhtal116h11)11117 KBANN 

45 ar1M11q1.ann "Refinement of Approximate Domain Theories by Knowledge-Based 

Neural Networks", htti Towell, G. and Shavlik, 1990, In Proceedings of National 

Conference on Artificial Intelligence, 8, 861-866 

rrnmaalannl-rulaiIiiiiilinirywouwouCniavoonvithvii (leave one out) 

ginaadallaillinaauili-ntiumi9i los onntiiinifilman 1 ffinui71ii1n4alIngen 

uSialthrwilaajaiiCinan@ufnuisil 106 Mu trlinirnviaourlanvazfiawiTillinai 

pitaaini 	il airInffoul 106 WI' 	mw) wan-aavu-i ai Tinnl KBANN amnini-avgn 

kitilifiiilii:ivivqangailui 4 ennin 106 MU TA-ElifinufiliTin-rAuUltri 

n-nitmiintrihtffnmfinmenminvtlyin 7fini7Lwonv1-w 

1414 00114,1r4p 1,$I Narriniviaoliiiivnyil 2.1 61141tomlitcmii-iitin KBANN ri6-911-A-ra 

wn)..swirionqivraofivi 
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grttlacti  2.1 6QtriiuttratriqrolVThiuniIiittutrilak 

intstfii KBANN 4/106 
I n:4-A  

8/106 ignrisInwinnthstamitittill 

341Atint 

O'neill 12/106 

iiirmtileuthuinitin 13/106 

115nnuTultiiiiamio 19/106 

Min u 	n "Refinement of Approximate Domain Theories by Knowledge-Based 

Neural Networks", Iqin Towell, G. and Shavlik, 1990, In Proceedings of National 

Conference on Artificial Intelligence, 8, 861-866 

2.2.4. 1191W113J1,10J: Minimal Unique Substring and Maximum repeat (Ilie & 

Smyth, 2011) 

anagninnana"nwnikp aata-itancn a tal 

4-1011ag1 Gli1lAllgtAlddlfilittikirlflTA11161111f1Y11101491J1:11YIEJ 	unvilicia 

1f Glla %61'I "165 twiriutilia-maHiitpreiailialriirflunnn-174-thuniolja6-t4itauta 

Litalalmialjaitamaa:116-imntnitaa-iu5ninz. 

alITZLOTIA-119411tillIGI aaltal EJ 6-11111ZIN141E111 	aatimoauTilun-nvinanna-ntin:A3 

na-n 

InttlitiriauvramitThd-neillin-rwri 

tnentaiuviateigyiA,Aiitiawri-in 416auaiqui 176aa5 (Weiner, 1973) Iflounai-wic,i 

naiilia,11-nua{14iii,Eraia-ine-ninnan6L-ra.tauawnam-inasnint w 1,51 	f1 ga al6"nint 

Elan 	j 	 Liluann6n1nniimilati-11iran 2 fib") ilitliMIlliainestIllIZI,F151 

113-1 Incrinla19)niii‘nlaiiiii) 111;11 El 	qi a 	 LI (suffix 

array) (Manber & Myers, 1990) 411.1.5:116aLfittanianlcamwilvitcan-narinn-i-414111 

baJrpialini-nanalltnufia-i4t-p 	 anon-nennana-ni4nau 

dGl nazalna'ninntwitht-iunip 



16 

aivarinftlioji (a repeat substring) 101 w Flaannet-nnzetaulni-unnini i 	j 

w[i ..j] IlialhatillIZDEJ 2 flUltaitarnnz W tfialirilaimi-utaanonneinz.-  

tionn-m1.1411"17Cilq191-1C149:311Wlit91l61c1U1tl6 4.)itLituviltattliat '10,111R-106-ninzti-6-14-ittni 

q9) istitiluaingrinzfistrmSturrammatfltlyroinErwiamlinngn iliain41119:.-na-m 

tiluntio-nintiatliwthWilotiungnattn4a ffiva-rrinzton&-nEnt uJ1hI.Q it ll w[i..1] 

tilvtaitt5rrurztreiwii-ut4) untina-m6nnt w[i — Enna:: w[i _1+ 1] Litilutn 6-m17z 

to l'1flllPa w[i ..j] tilvaltia-n2nr.trio6ilitraxo (maximum repeated substring) • 

va-t-nn-ttaninYar (a unique substring) 181 w '610  tfltJ1111Itti0E11101-11111111 i 

n1 j 61,rmigi Fiau w[i..j] fitTidnuiimicrillt‘itritu w 

wirtvuffiu6'nenztanku4t-tteiraumti-atitiaamanttn-rarin Ffnne'rinnianceitinrin 

uatlianne'nintton'6"rmakqmhatjittutu lidalitifttanue'rrulttonA'nb-t-ta-au jillittd10 

Airtnnane'ninavtritioutiJahrilmwalue'rrint- tannin-ttaiudvt,A-au bmiltruiffitt 

airvnlaninmaur (minimum unique substring) w[i ..j] 1q191)cilurntil i = j 

61111Ini-JIAL1116Viq1414.11,601 ltat nstu i < j 1S UYi w[i + En UK' W[i../ — 1] 6111,4 

slue-rrinztrivilitni aq 

FiaaflJ w = abaababa 	aba 41Liht w[1..3], w[4..6], w[6..8] tilitain 

Einnttrivvii-liniavi Liar. w[3..4] = as uar, w[5..71 = bab tiluann6rinztannban 

erlittallItilitrin4Lmillhinnationioti Ihalua-nvsztan Ainnattlothataiv 

siiinniimiitn-31.ottuattlion-mfinittava uonwttaiiitqauTilunnrynaitInnzcilaal 

thztrinicittliani176fintiiattinu 

2.2.5 U9IFITIalt404: Probabilistic Finite State machine part I (Vidal, Thollard, de la 

Higuera, Casacuberta, &Carrasco, 2005) 

utivrratati7TALVaillrilt=ii-tlifitnfiimiali-Isannuttihrtint.- tilutuntinfiq 

(probabilistic finite state machine) imitnrysti 

utui-laaltillatilithnnyighl 5-mtilittruntar,Tituatiiiiii'hiirp tc\ipiinttlittalwritt 

iicttauitaucimmaLlifil4 IqUI:li,143iD@IMSW"Iiiiigi]cllt61qr.iikt (probabilistic finite 

automata) tiunk-mtioln PFA 

tfiiIn4inluniutti.n6- @ztituturui-trimtvt tiuri 

(probabilistic finite automata) upuinaaunifiarlttuutaan (hidden Markov model) `nid 
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HMM 1-ily-mInahrfiiiiminaain (stochastic regular grammar) anI9ianftiorl (markov 

chain) Lgut.Ln7a.i (n-gram)'11411.914-1Liikiyi-itn5s1linar.Liht (probabilistic suffix tree) uaz 

aoTouncrimiqiiihni-)@:...-tittuniurimvm (deterministic probabilistic automata) 6.butru 

ilaalif,rva.mitS.Initiminan,44varilmnim (distribution) 11141,615gl1nalanue-r11 t 

tiat 	Tqltlal°110141.11:14Y1q14l'Inknell PFA 	$htnvty-m-ii 

1. nrp±hirrunathtEivi.lavtimi-miThInIinual-Ifv-minamirilyllymimoliciiigrai-

n-rnfiath-ntennacnimin@ttflultli.ntilalimsoolounvnitvalLilui4olilafant.n&Einuenal 

LiaLtm-nanmuizaanianliv79a.millgrinu 

2. PFA anarnnleiranundarnalnisu3nu3A-11fiouvriiriu HMM 

141.3/4ii Lyin riuu a :jug' 	fit  qAqivu riu 

3. PFA 11171111111.1611Thgl (deterministic) 1,10:31.1J1J111/11MIM (non-deterministic) 931 

e-urnnvinit111inATq5ltil6l-nmialni7 	 PFA aikinn 

itamiiad5an1nzatlutaiju9U 

PFA 

2.2.5.1 it-nrielintneeln (stochastic languages) 

Zvi E tiluviroi1n-ovaJo9Theing-7 la: Et tiluterromaJnive-n2o: 	E LiaL- 

Erive-n2/7:.-.1-ournliliiim A 1 
(a language) ”anntilvmdautal E* 1,60::61711JETITIJOIffio6n115r. x E Et 

mirt4,-ati Ix I 1,91VIIIDIrlUe-nannynann-1 n frnannittonnli n u.a:vniutryntonn-ii 

n 1.1,11UW1ElihEl En . E", E n  q113Ac1411.1 0106'/1917:11j0111.103 x TM 

91-111111-14 i 	j undhu 	1 j < i LLa7 	= A 

mirmintwarm (a stochastic language) D Fla mILLanl,R1W)18.114:-@ZAD141.JU E*  

Touticrnthinmirn:tchtliala-itInanz x G17u PrD(x) TGIn x E 

P rD(x) = 1 

.vcr 

1  a-ILA-inn:1-w (empty string) analtiumil4iiti A Lrialvifi,iliclumminuLai aiiarliAnAnani Eltoluliud 
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Vill1MILRilltUilr11.117fltelLYM6GN7H1161111416@1 A . :.-ALYIuLii(Jo P rA(x) LLaznmi 

alnufigin D firjnimaAva-mtfcialin7 A LvivaiN'm DA 	L 

tnt, E uar D vilunnuLanuanu E*  

P rD(L) = 	P rD(x) 

xer, 

vociaathy (a sample) S 	visgruam-lue-nannwimsn L i inanue'rrin: x S 

vunntellanugnent x ainlymeln S 	 14-1WIJOJ 

S unt4GnU IS I minotili-ga-Juanne-nantiu, S uaz 11811 ValltitilfallltM-3111ffilalLI 

6"f1nrmnantiln S nnlmnualaL1111-10,1111t-nifiu S licmjiu Ds g 

Pros(x) = f (x)1 IS I 

f (x) ;la €11131fi91aln- 5itm x lu S LLaz P rpc(X) = 0 lamb en x S 

2.2.5.2 a atianontgNithazit g 	 ht (probabilistic finite automata) 

aoivarwrivilltinantlua-umnfiunuliratimffiqaguiilii, 	PFA 

A = [QA,E,6A, IA, PA, FA ] IMA 

QA  a vnglinriwualannuz(a finite set of states) 

E goyilia-mil (a finite set of alphabets) 

oA cQxExQA  Fla 1.91g1TalM71.14.11.0t1114: (a set of transitions) 

IA : QA 	ii011.1TIC11-101711110:1S.JUIJOIRtilltni3J?(V6 (the initial probability 

function) 

PA  : OA 	R+  iialriiufniani-rw.Titwn0111171AEJUFRY1V6:: (the transitions 

probability function) 

FA  : QA 	01+  ci ai17nanin:,-Lihttaln77utinutffr111in (the final state probability 

function) 

billii-M10-111X IA, PA, FA  1,[1141N1f6cial 
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E A(q) = 1 
gEQA 

LLa: 

V q E QA, F A(q) + 	E P A(q, a , (I) = 1 

ae E , q'eCt 

2.2.5.3 Daig13.110111,i,911:1@ncht11,111.1 A ( A probabilistic automata) 

aaimingraiminanilunni A tritoluLvolocuriuriu PFA ugii16-nnawnin-nAnu 

atruziltraM9V-)u C Q x ((E u {2}) x Q) 

2.2.5.4 apicnnonalthazicluivimiiiiinn (deterministic probabilistic finite 

state automata) 

apb-anginichnint- LifuLtuurciviugi Liunkrudati DPFA iliTa161Liliniga 

1. nmiLiJdouaniuni-wiluni-11AuLl'uyriliiitn 4,Liimiarmi-uflun 

2. 4111C1118:1U111J -nniqin-nlqi (intractable problems) (iiiiumuTif1315Qnitinainiigi 

iialLianthnnaNato) Liu ffilywnannh-ninzirialwrortinantluvvi 

3. iltprilun-nLiuucitroatinza-nrnmituuni7lAu DPFA 	PFA 

DPFA rican-niclaa 
DPFA A = [Q,E, , I, P, F klucill 

3q0  E 	1(q0) = 1 

V e Q, V E E, I f q' : (q, a ,q') e (5)1 	1 

2.2.5.5 inc1W2104 PFA (size of PFA) 

	

PFA aziia-nno 2 lhzantrip 	 Q um,-t-n11165114014 

maltumouTgunnmfo PFA Igiumnwilluiawi'mnialataurinvsumnanLinvviumada 

PFA 
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2.2.5.6 n-1,4-laaln1utw16taJci-)0oal-cmicrugntiwarin (distribution modeled 

by PFA) 

lvitAittro (path) 0 = (so, .x1, s1, x2, s2, 	Sk_ xk , sk ) 	 x 

4U,1U, A 	tia°,-. s 
	

i iilattia-4111.10,Inilt1ldttnanin:M uri 

(so, xi, s1), (s1 , x 2 , s2 ), 	xk , sk ) tG1 E181 x = 	 -rnvilulurrn 

s~5"1Jtsf%rnJ Flo 

P rA(8) = 1(so ) (Hp(sj_ o xj,s4)• r(sk) 

J., 

teicumlfilin-nti (a valid path) 6atann-ili•-rwitsanue-rnit 

ttltU nn i7 0 uatlitstnnialtaurvilfilin-nlartlatmal A ayrtticm CIA ttatmonaltait 

yrolin-rstivtiviuQihmivain5nan: x v al A urn-tictu 0A(x) 
	

I CIA(x) I > 

PFA .truilfrratrinnlat (ambiguous) umtvrinlunItifi PFA ilw77atriin7ant6"7 

qinatulazythtlunilai'll x trio A a rscininalfrin 

P rA(x) = 	P rA(0) 	 (1) 

0E0,1(4 

atin11711vnat DPFA aniallaiti-igifirotriHrnu 

2.2.5.7 Q11-184a01614710‘9Doroancritimilar.akt, (consistency of PFA) 

trnaianittiialoob-nricritillinaztiln lulu& flt11,03.1 17Frii-iirthrm 	:: a -nni,i9 

vit.thwtauriliitiftatilkt-lsmiitiu t ttazarinutlriat-i-uziolalthr-Itrnit 

tanwillinTs1 iatinliat.miLti'un-11 

0 u617 art-nuntuliihtIttnt 

2.2.5.8 n75ttwi2i4 (parsing issues) 

n75tt@1*7a1ufithio rn141147tItt111119,VNLAW1101d1U6111.11:- 4.11ur5tit DPFA ad 

gr1111704111,7glav1.iion77 PFA 
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PFA 

'@uviintellammt q 	 ax(i , q) Vq  E Q tsnd 

0 < i < 1 x 1 buril 

ax(i , q) = 	 1(so ) • HP(sj_ 1 , xj, sj ) - 1(q, s,) 	(2) 

	

,s,)E0A(xi 	j=i 

inn 1(q, 	= 1 Lrm q = q' LLar, 1(q,q') = o LbJe1 q 	q' 

2.2.5.9 inTillaWITlinhiii-Uilitleluntiiiiiiqolii, PFA (optimal path for a string) 

n-wm-ranhaz-Aihmalrynawrinh-nout x *m A itua18nItluttlIJUVIT4465111 

0 = arg max P rA(0) 
0e0A(x) 

0-113.11h1ZISTIill111-11414, 1l1,1 0 a-milmmulliVicm rA(x) 4119i1,641nAlriatin 

yx(i , 	Vq E Q, 0<i<lx1 

tirni-mun x1 ... xi  

ri(i,q)= 	max 	/(s0 ) • Hp(si_i,x.,,$)  • (q, s 
A(si j=1 

rA  = max Tx( Ix 1 , q) • F(q) 
qEQ 
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2.2.5.10 ilrolio-naninardilviarmii/nvounith-rmr. 

LiliAtilyniunnI6uvvii an n6rnntiqiu DA  flik-rimi-Rzvilua,mqi 
1J 	9 

arg max P rA(x) 
sEE* 

2.2.5.11 111161151.11.11,11UW1T51,1@i161,W 

rrniwr-rowa'nutiumawnmmtalunlilluni7Lioul 917unn721 -iniolm&i-aadivil 

113V-115lirrrnimq PFA linillatinitlymaaliiiniqamgovui."-monvl-wannLaminoolbl n 

61711 LLJaU"1J 65 ci.viiiiriaolT@NautanninaalThlitatlhvatmilmailLaLtniiv@zliNatmn 

ImananInlin-n-Th 2 thr.anilluri 

riltimfailowmo{ LiazrnyTacitolu,inuLoutrnil 

ontrolzunnag,,otilloo-moi 
enunInyinIMonli rin  

d„(D, D') 	E I PrD (x) — P rD ,(x)I n 
 n 

,teE* 

dlog(D, D') = max I log PrD(x) — log PrD-(x) 
xer 

u 
enar-nrointitinieinqino{Lawholvputifl-'6uLa of (Kullback-Leibler divergence) I n 

dKL(D, D') = Z (PrD(x) • log PrD (x) — P rD  • log PrD-(x)) 

xeE* 
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2.2.6 winranaltlao: Probabilistic finite state machine part II (Vidal, Thollard, de 

la Higuera, Casacuberta, &Carrasco, 2005) 

luumniudiymhufi 2 tWfaratavratictalianlanlutintitharnAttuonain 

ilimAlLo(PFA) t91u 1,14tInni unanfriorliammiau LinwnlntuvieuTilunmi-mintfl-rui 

tinattilu uanvindu4atiltr11stmonhattltnuffunnsiiinuiltoylta 

1,Strul  tLar, 1111:1111411Til 164:M IIIEJ 	nal arnt-,-14tu ;11 VI 

2.2.6.1 tvciaN)i-nidni14::thvi, 

LilaTuntliiii'alin7gn1ttL-9inl6inAuannInu 

Ihn;miliktentl@ila flY1111,1,q1M1111.1611115u01111117 

4-11,tintwru1YiTardiuena56f4a3nILLianitinvnittati9nlaql,11n 
91 	9 

LamilaoliJInnyitiazlivs6nn-ninwmtuuenu6ninzirnammiitioviio En  t rnn n itu 

ummi-ofuld y-tivilaia-unIminLaitynanirranfluantiliouLfiouriuginernnzfiticym 

Ernu91mi-1ariv19i dLhi'hn'oiIJL€iSa1in7annunrmh::Lnrt-jmi-nnlii'fi-m1n.wrnminz.-  

t.t1nTa,3a-me''r1Jtr.frrRJrrr)1Iii-u-T9I E* 191 67 tt Illfflaravuurnauttangnunai 

W.L011Q191111 

2.2.6.2 LDIALIMIN (N-gram) 

LguannitiJuauuimoatitjnliadizni-hrinnlaitrariun-mhnnwaniwi 

) -J511111'91 (natural language processing) (Cavnar & Trenkle, 1994) nil@qi-ainz (speech 

recognition) nirOliia-ifilla (handwriting text recognition) LtIU4i1-14 

L6u,ansaraatli4-rw-mtviimaant.mtalaiu6ninr,wram-nfoil kinividgiue'ninz x 

iqiilfrnanrn m 	ananwfiTtonanfranani-inilitgnunwIrsilalarictimAltiVilwia 

Pr(x) = 
/=2 

iunIttnrina'nint-fiinuni-nnnanhnnnonimi-n: olulun-nuewh-nenzlq@nn 

a-lue-rintriouwan n — 1 1)6ni_41191"@nn 



24 

P r(x) 	HP r(xi lxi_n+1 ,  ••,-/I1-1) 
/-1 

1,wwrin n alfinaiiriu 2 Ciunl-1luttn7u (bigrams) CiilryntitrwSuanyilaaltuttnaniiii 

4iinn-ndnuriouatinnitta%lin-ritrufanifilunn7t,Nanne 	:: nin 

timtalai 

P» (aI z) = f (za)if (z) 

ttaz a eEu 1#),z E Esn to: f(y) floframilTaln-ntfiqi y lu S 

2.2.6.3 tatuilaa,m14P1OVII,LIJIP11014, (Hidden Markov Model) 

ttuuilaaluilfiavIttutmianrjrninarilisimiuninan-Atfiln6v,ttn7u uonainu 

itnyiti,ninarlillutialtritnnun-nwinallauu (pattern recognition) Ltaill@Ellali  Litt TM 

mnlifn-Inifnnyaihn-nuyi16 	 (Rabiner, 

1989) IwnuniiiaalanfvlaALLuu9iou (HMM) ricura.419ialthl 

HMM 117;:naul1illin 6 alfithznou ata 9-11 = (Q, E, 1, qf , T, 

Q tiluttoinrimaianz 

• tiluvihgnbispolattp,6'nnt 

1: Q - k f l -) R+ LifiairiiintraimiT@ttilutiau 

of  E Q Lillormlnouili 

• : (Q - {91-} x Q 	tilwililicuannuzillihannuniminni1u 

E : (Q - {qf} x E 	tillt,AlrigutiAmtamaztilikrantht 

1(q) = 1, 

geQ-kf ) 

T(q, q') = 1, Vq E Q - 

q'EQ 

E E(q,c() = 1, Vq EQ- {cif ) 
aEL 
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milli-mu 9R a-anwvicm-gat111111,htnihnlazulu5nint X 

Pr,w(x) blulv`c 0 61_114,661'141111€13131f1711.1£1-11 k 116)-1 11.11V-I9111110101111.12U16r1 (s1 , S2, ..., Sk) 

6L6cawrimil@tt-tilmal 0 Fla 

Prn(0)= 1(s• i ) • ri T (s 	s ) j-i,  
2<j<k 

6tz1nniarti-RniJu7JDalu6 -7nr, x wadvt,r-il 0 '48 

P rm(x 10) = 11   E(s.,, xj)  

1<j<k 

e(x) ISM691911.1016a1111-1111111110111fiLDIAlliliaillill x 6141 P ryp(x) 

q•i n u-J alfrin 

P rm(x) = 	P rm(x I0) • P ran(0) 

0 cowi to 

2.2.6.4 11111:50140 arglaJ1011,iNIVing:',11.11-12 (Learning Probabilistic Automata) 

rrnlimq PFA cin 	 (annwaLattiuviim)n-nitldmon- uz) Lint 

1117117:311tIVIN1511119105911l 911-1,6141th110111101 PFA Tifiriaaja Moth PFA 
A 

thviduviil TimannmIntnt2uu anisliutvi
A
annlylinnrniaida imam-m.18v 1.1.W.: 

TYMil,111i111195171101 Vitt 11-1714-110Ellf171Rit111alit17;iu 	 Iqinit:Onvantrii 

ioljaginliutuativil'jireerivnlenulin@inooTqarignihfiCiuura 91111% PFA 1.51(01`rintriti 

160 	plumn iaajaUtian-tufnianiluVil Inn-rnluvt,fitattiltili1v, 2 ta.R.410 

1) tinnTLIInnutvvranin@nihRinkmafinel PFA fifiorjriou un 2) Trilvracruafil 

Ranh: nw-raninanillni olicm ofbrieteldrilaki T-Tvt, 

1) n 1s11sd&J ltlehl a 1&111 ladL1it 7105 PFA 

1117115tallatFIT1Mil@t6D14,11d1 PFA W149110y,1110110111101 It17.05111.1a1 PFA 

thtil tjri euvivin Li% 	 01 PFA illi111161,111JiM011,6%111171J 

L'71011/2111FITIMA n 66flS1J 4119:tWediT117.110 Ihninntfinvfnnritqa{euiliari I P F 7101 PFA wl 
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1411,11(M-1111-h@rAlt1141117411,61iltill x 	Eyainb'utilliTA1ejlii191 	oliv4nr- s 

Maximum Likelihood (ML) Gifu 

(I, AP) = arg max JP rA(x) 
1,P ,F xES 

ninhnnutfii I, P, F 	 n-nituinuawn-aitivalrrna.lthntatriuz 

S 	tni-1141,i 	 PFA LiIntandilri-rmim ad -Nlitimaiiu 

nstun PFA 

met PFA 651.113j111111-640 9116Q1611Ibi  Baum-Welch 

2) n-ntitniggillai"-hruaJ PFA 

nmStru,ili171ai'llItuinuluaniolFhill 	mzu-rdivnilun-mluul (learning 

paradigm) 41vianutil apiaialthzaiunilitunufmaid-uivnaln-vnimAS Liu rynti 

ItmahnriTifinnlawdauatitiaLiffiali 	 titptann 

fit$Inniqin Gold (Gold, 1967) 	nminualLutiniatntinlolulotaw4169-4-an 

,;rnarinzviin-nanti-inu 1 nknImidaga vrinalibeavThad-odiviiiin2715-tnillutitio 

if214714 °ltannttanitasaivinffiman 	 Ptitopurin-n-anuptia4thafi7 

avvgi-nstrinlirmiatiovia a fi-Nlvui iiian Tow nairi-) nqi'vlovaffavulifisaivi7n 

i-niunliinvluvavtvoi-irioo--)torruni-latifh47nuriltiii 1 thvnniitipaurthfuffurn-n 

aasoo7-I nviva5AvirovaangiffiunlAinn-n-tc-nugunivan146"-iuloiiuviti,ilivii77  

niltionitwooilliginalgairtulmNunliv.tvvuirlfiffaffial 

ImiazAraialme'nmstimarildi-ntivuittaza-nnInEfiliji.fimafhoeu 

n7nnv,iffralunn7Citrudt11Judiliociou6la 

1. nyzu-naThilithiliiInd-ratiliailfignolfnuiviau(complexity) talailugiaufiSnTs 

Mk" 

2. tia-anIniniuLl'inievjai- u-AtodibbIla::CiinniaqiannItimq 

3. Larimihoidu/Sa-anuciqvali-iwrarstiiiitunikruitulativimiitiq 11,9itl@l@TZ 

4144-loaufirwiti 

italnIntunInnucnouctifiiheiavilvAlaulid-ifitillumminta" 

x-arnnyiul,11)111unitaqii.`1,1atatuaLta'iitamli l9T1Mlinr11111E119:11\alig-13fIlt1LIEMP 
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n7:-Ancticimr6ntatuviiiltaitta6 U Valiant (Valiant, 1984) 	nnItimtittuu 

thr.ariatfrraikiingialathlttlulidti (probably approximately correct :PAC) €114 

71 G1"1W65u% @n2101t114fhtfliVill1LIfitlflIllnY1TUM714ifinfrillItiiRrAihtfitlfhal 914 

fyttarinn±lmliimiPmatiztanru DI Gold 

2.3 VIII 

unwrilitiuthiaillani-amtvt ilthirAuffictinaiul 4 thrActaila 	lin-1565tytt-1 

diaittuniaataciiutuilaanttlitt 2 t1:1111,10 65 nuijainilaua tile-11Ln Rattioitt -indilalta 

Stia"tuAM4ti. 	
LieranstraiNannI 

arnariontittivtoti-iltht ttatiitiaTilniunItafitinitqloictiolni±atztavin: 

Ittilatir41qj toini-ratIt11-6,19"lniqavilkATh4intvtutinimitwiaiffinnaluvtaTanarrsn 

sl"ittunioklAttlicuiti-i 2) 111zarianivinlitmistloct46i/utizomaltinnIqiountalluni-nicaitt  

lai-itiminimpliiatinn-agitiirkutilurrinfill'arintmnioln-ratutiinanliiiisaliii 3) 

17 tivi vlynylierneiutri,4,14tia-Yaln-iviriumuTiluniiltioupeuanatinin7lima,id  

Immriu6nainztenA-nwraltIlittazai-w6niinztriviin 

anaattiluflaintictiimiiilitilmiittviauliumnroL 4) n-iltStitticloltfl4a.tirnatrUt: 

t°75.1uTinihtiivt,  PFA tifinorimittunnTiittyinunti6nint 

19-1ticlu@ittlA6lciti611ouvrintitatinvi-1aanin5fia1"ittuu918vt 	Tin 

Llinag46 -yrii.t1,11,11,q,vrti,IitititAaftut-iiivintant4imalni-ntlEttiiiokt aanicutein  

k-tua-nbinsiciaii-arntn@li"un-rat9Voln-5141114annvio-thitlim blulgicLintanaluurricilti 
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11111'1 3 

MiniTlijuitarnipSictinVicRo 

3.1 mical 

niT`GuraTaanifiati-ogit.6ninALLganinmitteriarnnthltliiiii,la6wint-hciugin 

vi-wriuld nit; n-nwificni-rmtnilu nnwieriu6-ninnian 	 nlwri 

finLvid-nialniaajarriu-Avaginv:ii jii,41114-eiimi'mnAatriu -3@tillunianntilumn 

-i-11Gyitiagrrilaaja iiiiim-hifilifrrivErnbiintoQiinn-nleiti'lli-miii-al (common prefix) 

on-1.117rionillun-nlihnaataLprinf 

iroup 	 ecin6"nintriauci 

cc,Yalryiwriaa'atkuificAuluaT6110911ioldilliffillq1414i1UTR114 €1;',mazilpi-Imiiantluln 

ti15611w1n6n7JSn11lgy16u61inis 

iokiatjR2,-CfiqfmluLLvianatz 

tiJulaurine-nentriantaligiroilfgi luananInvrifnnaninniJulannuh'mntint,4u 

acia:.-116m471i4ilviturpuinaalnnwarrillinvzoluvriu 	 binviaQi-m 

ti- -cvilwrinluIplAafwa-rniutfirinAirolja 

9i'ltilliTkilt11111'611.1011€1110+11911 2 111111 l%111eliEJ11111,Wg@LLIJIJi-18811,1,1J11 

1MAU einiluttutrimalffniuAgnarnnuiu6--)adiaann5"nintiltoingi-ilidipAinuritA4,131" 

u1lvaJnluanintifinnlu 	aulan 	awngq 	 ufi 

ramn6"witalarriintalariufhliv iahi-mi Im166utiiamzinplaufinth'1ufiltfillain4 

knalannvxmiatannuntitritaapann6Thntifiv31-1 Ligifrrianialillannutfitriu 

no5ninr,tanaTh4r16`saviliaaanlillr1t66uupoivancri IGlnblcl nwattif,izilfi 3.1 

n aim dlinWitiuu 	oluran 7t-ni-IN ni 711 u nfitri it-n-1:421J 

66111J1vin-ilniAuTgon1111La81nviiinla4in274166%niThajabli tutellturuinoliffonarnnli 

"itcyrnicti-rwmtfrnanirmaihnaanu6ninzigi 911-67tithiqinziibnintilihaitniinriu a a 

Tqamr-utrilvi-Rniht 	 n-ni-iwn-uP7-artinvailumpluiminaallwinu 

`Ii"trillitiyanaiuti-annfA4 nAnnzaiannwip-nuh*Ith@lanu6"rnnz, iMckarjriulLtr, 

nnitiqr-wama'rrinzriomannmItilacatirl 7-nifiltiminvntilialenpa'nenztiamanniAilt 

istlyfrili41y7ntPina11i18t61li,vrialolue'n9nnTiqi4nUtturraion-nialunne-ninztian 



29 

taneLinnaau,Vqi qi.wrawO-nnildTniairm-rartinarti.114,1911iFinmn-iin-nolain 

6"rrinton6ii4ntritalainLN:liutiAlLoqitlarn fi-Jimi-RttiMtvnalia3dAlnalciultivaiu 

6̀rrintonA-nwrittiaulviFintvrartinartiJuvp 6146iJurovinlin-ninunrwiarrini-tuiu 

iialffiti@litifn13J113:114611111494 toria6ruhtni7vIdAan-nlittuui-oalonym5-Zniffiar 

eranloghtitunTstilltimmo-r@Thic)nymiinktutrinanllihruun-micilnuttuutlibnu 

arinv6:511hlarihtluitattiidi7tbut166v1aniwm2111.111111010aI181"1vn 

21.141 3.1 6nEntnialLtuuilaol -inliviiin 

nwlinittilaantilu 2 6-14tili66r1 1) ttuufonlituulmitozTin-naiimuyinaal 
nifoliagine'rnrst tor 2) iivmou'An-nvhtsuui-mal11.1111V-rwitiiitygnialja 17bv 7b 

qa.tainiltiou'iiturciWhon-nd-rtonn6rnn:: S 

tflailfillffiLl&I'Intflugm9i-ArTwori-minfrrimIlunnItfigih-nenzut:eit) yth 

wintimi,pa%arlAti7laftlialpiiLfiumn6nintlia0114,  S 

inn-151hz81-oNalliuiraii4111 

ilituniaantortywnlifirmlithinu vilallYirmii-11111-11.nuinttunioliailmnuttuurin 
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a" 
3.2 11D-13,11,1J0d01

v 
14 

a-me-ninz 	Gpr-ainsnutraifiu S = 	uficniannam S (imam 

'Who IS I Lyiniitrianau I ain6ninzriarrnal S umugi-m S1 = 	 -xi to a 

flinaftryruelaque-rntsztianttfiniiin ISL./ I = (j — i) + 1 Liu 153..5 1 vriariu 

3 

Fhatirrib (suffix) 110.1 S 	Su [Slui-akirTimia.Agrauwal i [la:1,911 

onalfiiihnriatiuvi" (proper suffix) 1101 S 610 {S1 111< i < 	{e) 

9i79419/1117 (prefix) 1101 S tlY114141V17 El Su Li11-64-112,1WirlillItqcifichLLVIVil j IC1L1661N1 

1.101fi7allAt6'lLLYT (proper prefix) Tel S 6.0 16n1 	I 1 < j < 1) u {e) 

witiinvsniiwii (repeating substring))1111-1061 gnria-r11n2,- Li au Sab 

S a 	Se..ci 	lqtA 1 < a, b, c, d <1 666: a <b, <d itaz a 	c, b 	d 	u 

S =- 101001 anuainntoew9ialliuri 0,1,01,10 
e 

	

aitiarinttan6n&ruc (unique substring) 	 alua'ncintriau 

LIZEJ105111En lvl i ISLJ I > 2 viu S = 101001 	anuo'n11s:Lana-ni4anii'uri 

00,101,001,010 g106'111171:1:fiallihtfalflill101")11.11,1114-1EM1071111.112116.1 q111,1110-in 

aininvnianinisariuri (minimum unique substring) Mallf18-3 anuffninr. 

Laria-m4n141,44AqqaT4tiln1111,6' .11131a-we'n11n:danilkundianfluanue-n11nti,tw9ii Liinu 

aav,IL111 ainarnn:Lannwnteiur St../ leavaarli 	Ltaz Simh, aftta7m6ninzia'w917 

S = 101001 anu6ninnan'ku4naua;c1.40 00,101,010 

rob-nn-Llfio91-irrnqo (maximum repeating substring) vlalnun5 aira-non:0'W 

blow-mt.calfaut77annCanolula'nenzif-aCiimne1759icarvila 

vi-wirnuaiqtnainolua-ine-mn:Lananb.al viimutacoticin aatie-ninnTiminrinaq ,S; 

A 
W11111 Si 1..j uat Sij±i Lilltairianin:Lanthmat 	S = 101001 nue-ninzanwIllifin 

a~ Fla 10 UNT1t 101,010 ISJIAME16-/1117zIatanlillt 

3.3 tivuilaaTiiiiitavia 

Larninaalfitilumiltinqanfitrdinnann aaharwnwrianiawAiJuLiillai 

tiaMuq (Probaibilistic Non-deterministic finite automata) TqaititiLaltittn@ucia4tiriN 

nnlilmintzlimdttatvilual4wraiiifluamialjafigiiruunnlItnnliwytuzi)ru°,-ildliyiu 

binal4117znoufitcluvilaravuiliari lAltitaufrriailialmauttannu: •Nlricifwvia 
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411A:11Alic11.101ff 	 EJ 	EJ 611111:: ti 	n (an b-ntreull qQ) 	1,1Mr.1.61J911.1 01 

RtIlUtc1;6fiu n 	tia n to n 6rn4t-tf, G15L6ln6iJi inaalillintauolunwlirriltuaiirm-i-i as 

Toarmiiirip timucianfluavvai va-nn-niat Han irand- (probabilistic unique substrings 

finite automata: PUSFA) 611111a65tinbintjall 	rialtit)st nay 8 ogihtriaiMuri 

M = (Q,E,S,z,p,µ,go,F)lmiltritiaztaUnnSu 

Q Fla VIIV11101annur, (state) biriminan-iutarliaa-milarinful-ith:::liftameriu 

grrintiThajwiriWmmliluul 

E Fi i 1,91q1416Q11.10.1kA"ni4ravor (input alphabet) 

6 Fla 1111141-1,61161 0100-114::: (transition function) 911 
T 
LO MIAMI Urn= an '614,1Aiold till It 

4tratnia1ur11 isaQ)114.14-)titynaialivThir S : (Q,E) = Q 

7- F  a 11"1r113vic111aJii (frequency function)::..- ti.114.11,31-1;iYuirial'Atwainannuntat/61Ati 

~11~6Y)ua1u1u641 a1 ttagoliiitityrithivzinfr : (Q, E) 	1+ 

y Fl a 691G1ll a5 sdnfl un on 6n14n6 (a set of unique states) V.:.-1,CluviswATnifierniuz-Aq 

f15116iJuannsahriva-maneintLanAin±n1 jG1UY1 p c Q 
, 

p 	.A 1141,14-114:19,11:61 (prefix function) ightrklitengriLuanuatriU:110WhItivitttilal 
cc; t 

vixialii-miiirriliirmdlininilunanue'rrnztananbrunamiqq 

E* 

(10 F a an-Mt 	(the initial state) b1v u5cfnrud6GlU'J Llundi 1J1Nsfln (root node) 31 

E (empty string) 

F FI a 69A1101d111149911;h11 (a set of final states) GlilattonitaiLimoillrrneattqiii 

anrierrintfitimid isgiazanintininnzilLfi4alviu-IFIRRV114:NYV"lEJ # aluci-Janinutai 

ilazyrignalaninzpolcm F C Q 

Lani-lualiilti6m::kinatizlim-mairJe'rrintiraaja I9inlivih'nrrivnalanne-nint 

tannwntifiktiivpi vihiailyy4-miaufil-airri-rua4anrithintriaolvianal 

n1s1115flu'a 55 €114,1:r.nn-Jil,nituqianTilun-isainilwknia 3. ilatrrphcitim,aualwCfnia 
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iltttelatha 3.1: uniunoinaniunrxrdloomiln 3 1.1Ingrr1 a ut-nunan6nbu6 fft-nuz 

Lonninauagt Rat annutanu6ninnieiwril 

ittriai 3.1: anlunan 	 otrivozfiLtuniavaffin'gnnALFIAufit40-1 

unue -rustigloita.menanni-rvati $ 66ad8J61c16a18l1'ino66rifiniiiti7G161l16ff1u6r115tfiVimin 

ntnaJ 3.2 arnuf tan knynauao vanntil 

Atiiqqaunuitm xi  birfn x1+1..1,  xi j_1  tiluanu6nmsziiLfiq4-1 

t%tJiaJ 3.3 M1121-1.7,1r1677I'1 61@fft1114:11LF11101 E16111.171",`PliifITMEIT-d 1 940ff"1[16"111.17:Ai6el61414 

x111.001 2 615161libittlii 

9nt2fan1a 3.2: uninviliffrdainriaenriwniutifilaaninui-nvii4 

qittgaiiiii 3.3: Milltril;n1Elika-lbilliWASJIMilliiirihtlilalatlittniTilEM11111516311.1N1EJ 

riAnitin 

cehOEF1111.1.111iloonm 

A 
dilad-h3 3.1 nobangniitNtilliiv...-LiluumuRnueinn:.-dautanrn4ntiffiattnunn 

$101001# Li4inticii 3.1 

[0.0.1,0] 

21111*  3.2 pabl.nqiiiiilLiratiin,1111,60.ThRiEle-tnintinfitan6'1114111, 
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,A 	5, 

	

.-Itl71.11,11  31 1.1#1%";01111,tnnJul0121,n140-1EJ6/117:: 	file111 11111011-111:44616'41'70 

Qw  fftillbr,113Jel% go  9;:rjaQ1u1LITOWTh e Lanacan 	rineiliimicyinviliialtii in start 

[ [ ilintui-rwanfinuninque'ninz 

$,0,1,41 	 Itufnnannaln-ilLtiq6-nint [0,1,2,0] cianluz.fl-in4a 0 Lam 

QTrlil Q0  111.11EJWIllril 316-111.15:: $ 	0 flic1 grlint 0 4-114,--rit 1 	6/Tiltr 1 i11.1314 2 

	

ae:-.6rinz # iivrm 0 	 00 ilicau 1 	01'4114,TR 2 

iinanr,Zwypi LiqinannuAliflininaiLllidubi ar-vai-intilannunona'rnnisi h-utiVri 

q_00 ,q 10i , q 010, q 	q 	Q$1,Q$10  an-mrSiiinuiahiliigathakzahwarritnieimil 

oh Q1 , Q0,Q10,Q01 	 q_s1,9_510,9_001 	"Cuirirr111119T-Th 
e aqiunTivzion6-inniii uqgiliiu,ri Q00, g_101, Q010, q_ ut  azunrimiu 

e 1.6M110619-TimialviLinaimfi-raiti [x,x,x,x1 1.1ffql 

twiTtinwit-wn 6-niantluihu,gmillantia-ryinnon'thlwa 

Lpitianztjmi-iltail,unnnfiuntjunbmoinllurrniincitia-ivaiuu,a1;v:vnUann 

p 	 nimAnuarnur. 

uffqolqii-in‘rosiltlillannuttlaininzriii-Tui-)06i-rnriligilunnmAnoniuz um= 

tplyinn91-1i-nnau 2 iMMUITWIS119:-.31'iliErclialliltiiiiiLYNAShiginn:Sitql4 # 

14 ni7662/4TaLUMilaa.IdiviiiiiLf17-12:94gid-16-tp, 

114"nn-ritun-171dhluitanri-taalhili"u5cfnitifciet-)44,i1u1-04Ii"trat-liiA4"nn-n 

alEn finny daLur-i9riinficailriiwom 	rilimitiannaniuniuiudnuavor 

Arriterniu:AdonanZuTicunithntannwz Toutiuulwx-rmiduuunnut'lliue'nentLi'Th4 E 

°Damn-rut 	 arriunialuitilfinglauLtn viipaiaw,:lics4nmnol oaLianwi 

	

in:014,19n-niAtmannuniin5rnntiq 	E 	 q_, NU' 

LinatLiffniunlainyinnianufinqouvram-nanilultILV cilazai4-11 rinangnibInclici 

twaLciivi'aniutaiazan-ntnrxtInfiwouLitritri IfiltninanbInqin-rst-hwintr4oa-iNinil 

n16;014,ffrni42.4191611.1ifft 

rimmotianuth-rinr, w olub'utifiiialrynomadIJk111,Y1111,1,1JUilN81 M kin 

w = 	LL4-119:-..anan7ncic-rintior Naa'ydrani6-nnirnalnaLanoninfiqualiri-mug 

lqr[41011111,t1T614141,1AUTOTI-111:11111M010 (extended transition function) 611-4 

w 	v a igien1 v = 	1,1,q2; a = x„ 

(5* (go, w) = 6* (q0 , v a) = (6*(q0 , v), a) 

(410),Tr'' 
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if-2E1-1,10FR Zvi w = 1001a-ammi1uintleigranl 

911-inlidnubutnoiati-lamAmot-nutlthun-ilwzdnubutifmr6) arWianiut 

11aluyrilLtlianivtoautiluNa6vcilun-nlifirn4  

eit301.1114 3.2 

ri-rmtgavionti w = 1001 Liazatnutilairria x 11rn441-)u q_ x  013.115t141143t14 

bWirl w 	 3.1 GIJtt 131.14141191iff 	131.1411400711 M111.1.: q e  

tannuz g e  dnv, 1 1,qtr-1061A1a8 q i  6umul9-11qu 6(g_e,i) --* 9_1 

2.a-mannut q 1 6- u 0 16-Naa-va.  an-tut q 10 	6(q_1,0) 	q_10  

3.a-mannw: q 10  d-m 0 19-ir4uAlH140 onnuz q oo tilmuUlqiu .5(q_10,0) --* q_ 00  

4. 'Main= Q00  diu 1 	WYI 	an1ud q 001 tilunlAigto 

fi(y 00,1)-4 R_001 

6*(q_E,1001) ---* g 0011qiuunarmfmnnnAcirava-m6nin:: 1001 WA 

aJ 1 Vial Ell /1'111103J a di U6111111: 411. c14.1 i114714) 3 fi`;',1(tairvAlii-ittrYlLitPIDE,1:91 

q_1 ) 

31 10 viriult751117@kilagnue-ninvinfiqi971-14-iwni, 2 €11.1 

11 00 Lila uirThiamagno6nonr, tkwilua-lue'rnnzLone'nwatfikuilp (amt.-  

tituut-nut-Lana'nErtifiAvirip) 

il  001 tonnik-giviovaiu6nint 

anu6i115t 1001 1.4119.010611111tEM/111913TqA610144 11AllitilMT-11.14:10.9i11MI  

111611140t1114:1X10 61% 1001 €17threic) E 

alvii1J1111gIliqUO11416;11JINJ R-11.11 tyi-116Lio Gla 5r11.1ItiN'IR194 # iierinaThnt w 

tilt 1001# trwinnthruanin°21,11@nroan-m9wri-mU ttamlna-m6neinz w 

YT-11111 azvniaaja 
bumilfilivi6nn-ntininntuuuaOlq111-WrItliffl1:111134/11941.4q1 (non-deterministic 

finite autmata) 	 fi-1.40 ES11.02 

6-11117: 41w-mlin-nfi-u-guluumruazaablungnintiquiincimo-a-atuulifii-alar.laiii 

66'.'14111.11,1hle 	 anue'rinr, 0011 . z,-11?i-Jvc, 00, 01 u.az 001 finauiluiAn as 

hanwiraiallii 3.1 Loitiil 11 yinliornutenalaaimnraanitiunnzithiatlat6Tawir 

triaifnu uvivrifilif14nnlITol66marlta 
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dainynAgnnu: 1 inlvVranIn76y1snniann6nint 0011 	00, 01, 001, 1 

lif115LIZMINTITWnal 	 ntinyr mill 911 

acrnly nisAnuoniunnnannunianiulIN 2 	 Lianiityro 

rinivt,Nir4ae'vvinnunJantrrrobWivia1natrim: 
• 

*3 VIA 6Gl LI 151 UnLi,a4111411114 
T A 

1T1-  W = v a WWII V = xix2....xn_ l uaz a = x 	ivi 5*(.70,0 = {Pi ,  P2, • • Pk} LL41  

k 
5* (q0, v a) = 6(Pv a)  

th-claii-u 3.3 

w = 0011 marnrichwil-awvio w dicandobarignonmiA 3.1 

C48J91it lvianiul,-Cialumtnannur. q 

ternin:: q e  Um 0 lir4aA'vaa q q _0  LteraMiin 6(q ,,O) 	(gip  q _0 ) 

2.aninz tq e, du)} diu 0 191'w 6-9Na D 	 Lin-1JU4h Li 

6({9_,,q0},0) 	fq_e, q_o, q_oo) 
3.onTR: { q E,  q 0, q 00 } dnu 1 lite4a6-ydga anent 	q_01, q_001  

natJ 6({ qe, q o, q 001,1) 	(q_e, q_i , q_oi , q_001 ) 

4.aninz {q e, q 1, q 01,q 001} dm 1 1QTNavin4lo anww,t.- 

q 001 ),1) 	19_,,q_1} 

LfiaciTnntianneft1114t114Loinzinoonfiel-nan vrincia-Isninanluniainymiitrn 

q q_00,  q 001, 	 €114 .1fflamnli,vni:40-in c6111nr,  

0011 

SJ 0 LivatniiinToklaunueinnzAiliminfiqviiiinvt-ru, 3 615J (vi TirOlrittfi-nutiffi 

DEjilannuz q 0) 

ri 00 vittaultiviroapg-me'rnnt .1i.ntluaine'nenztana'niii-tai 

1.1 001 miuCiiintilnioapeno6ninz ,Tilti1uRnn6"nintLana'nhat 

31 1 oluArnritrtaajaanu5rnnAltlimiii-rwa 3 fliC1 

ailltit-iig-Itaninz 0011 laiLittontInenzdatiladaviilloul 

6ninnianfitmilowittilm-ritivigo 001 0 
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3.5 mtvionTglum7aijimtuuila 

14nn-nlunilLitnCilla lviLfAiu6"rnntiziLm* $ tinwitnaitib-nim-,komintanStinfi: 

unotive'rrintiAlLmi # mart4,1anue'rrinzilialn-raluuilitt w = 101001 ati?iff-io 

6nenta -rojuLinui"4 W = $101001#autintranammwillerrintftLo-TIALLatani u 

ain&Lialuiiai'llatnwtWiliiiitLiazilnimAnuarratzrah6Th47-mti-iihtal LS-) 

vinrmd-m6"rnrwLqiazii-alua-ffi6ncintbIAINQI vrine'nnzfidnuLnithiLadurnAduon@ln7)4, 

Lii-larrintLianicLuLat) llinthrmaitilarratzlvili4ULA07015u6nentii-rttu 

LviniTuannun;i1WiarTuriugnintbwrici6TLun 

mitilmetwrmvatu orin117iimataniunThinnilluLLviatfiffidnub-rnm: 	ihazunth111 

Lihan-mtificl.@-snillynaurigilthiulonalaniiufiralui-ntontdann LSonj-i atlUt70 

thrrn (active state) annuzloyi-m-miazilf) warn:1MM ji-rgun-hattiltwintilm'r'Itno4 

fillIJUlTIJOIjiAtrrafiqqi + 1 vitt RI.H;ilianiuno 

yinn-1761tAliticrraitralv)cia q 101 	.2:11aniuzloyinn-nifivvr4Mio Q01, q 1, q, ;Alai 

iTwauaniunotiinnsyillAuq 4 11-) imnari-wrniimia-ATinwraitrrittonialann 

aniutfirpaillzilulmilutaionoufilityrnion-  ALL6 2 e-ninztilugiuldat-ii 

fftilUt1,011Alliblt (unique state) Rt11142,10T41114nttiliff5lltt6117107al5 1111-15611j010{11141: 

onanwttnayr-in-nhlahmt) LLa:,:a-arnmilutlanumlivifiliffniuneyTnn-n&hdwitil 

wnammuyinfTwWiaunnn-inannunana'nliaUcm Iqiffnnut5ayinm7fialtlainn11116.1 

011194,11,0T1/1l4danialLfiuvicni-11i-17anlifiarnunan'thmtavihniioannunocrinni7 

nu 1-)Siaglivnau9intilumIatiiiimtu ofialiiimilwmauauLLanlivannunan'6nistiall 

Liluanny,:antl6rnittlwrii-iittn7ritifimAutilminhanyilli annwn nn onbilinAm.:11.1 

06-rnn:LFwv1I1 G1511n 3.3 olunnILLdgwmIaiinaLmiinaalgi-)uanrIrnnt 

$101 aniunarinni5@tugqi19Y-mlnalifiu 
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$ 
	 in 

diuo 

10,1 0,01 	 0 _[0.0,001 

ci u 
I 

3.3 a OlgiLigniirTOnrill'airAliWAUWil El 6n715tdauLanni*nta5minnue'rn5t 

$101 
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lumritilaninnerhnns9T-)lawriilnaiFiliThuile xi/  id@ xj.„ 	tttc"I1Elanhlsr  
cr. 

	

j 	L1J 1 binivnuannuzunwan q 

tan6-ritit Of• 
-_xk. 1+1 	

c lqi9odriauu.6" 

q xj. , valLawn-w c ua2:filviuqlaniutianarn4rtt q_xk. ,,i ttntgiolLiTRI;n11.11.11ntlaiti 

yrolvirTuffniur.70yhmrititinin-ii q 	614141uri "6'a q x 	Lila n > 1 911V11111141.111 

411. 1°,-wiZ-C6uLiuri x1.1  118181n-na- Lane-nb.ni, q 	itulthiluffruFarriiinalaniuna --rk.1+1 

winn-n q_xi n  rrnA JadaS J6 lbn J11it J affc1J-ilannu:-.Lan6imrt6 
A 

LIM oulthiluanittzairi 	 (split) 

q 	-mrryntilmAnvtdiunilaniu::riouvitti (previous state) 
1 k..1+1164 	 q-xk..i+I 111  

a-arnnvniciainfr-ninvIth x1 r  atlanoianiuzi q ---q-xa..1 

aviazurrin:i.in-rn;niatititiutnlantilatinut 

yril1mai1g1n17411114-11,1 014:11lit@tiali-nituniIii191o1LId 

1. efinlamunlaiunnlimiala7aijuLaminllifiunnunoviinil q 

	

q , 	 Imthivinqiiiannu2.- ,x„_, ,  

111 a1 q _Lek  ulugnivoz.Lan6nEntitantluannunflivann6a-miliannutIo14-mmi q x  

1.6 uunfianilugniw.-7agrinn-nWiritisnut-Tql111 

2. gnnuzriouvivt-itiuri q 
- 	41-xk-2../3 	 LQ"lralLthThiliji  

wrain-ncitotinlivilavriirTuriu xj _„, virnio 1 IQ1ual lxk,.,1 = 

an-inzlnian7o,15u h1n11ianinzlvaiiAltAaLD.u4oLiniQionuriu c Wuri 

Liu Rnim-Amilu q_10  uatil c = 1 lviatil q_xk-1../0 	 --q-3..1(' • • •q-xk-m..lc 

unnuzivaiLih, q_101  uatr-muqlv;" q 	tilnunintrflnminuimiiiannur.riauwah 

Iqltilliarr1v6z1viaivIn9nralu6lLoannulal 	 tiainairnia 1 

tiJugn-va:Triu6nentilimi--1 1.9173:33181V1T1011311: qixj_i _pc  Lilnannunanni±ntauvi 

wiriztfilainnulvai ii.vitwintianfiouthinif-rualgnnuntuanituannunfiwin IL l 

arrintivainnatinurAilufNA'ani-itival 

aniutimaAahrinazqielfThoonnnIniNtmarrru:-. irrainuat 

tiniorminffniuttan6in+r1 q-,rk./±1 ‘&cintiAnuar1Lih1Jol6c76oll'in 
A* 

91311101M1114::: q_ x 	@ZAIaltfiaJaniuzlmiel-nitrmiquiwrivinnt,-1 (gniunlantanl 

'il:1111.41111.6.13.41011,1A171:: q _11..1+1  tilutonA'rn4rttanriou) 
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3. 01119,1,111111 q (xk_m i)c  amnia 2 V:26111.0a1114.110/16-1ThtlilLaZA1011111:AMIT1EJ 

1INIE111-111113ilinthrilale nn rivm cacir tj n RI] a L 	a a n im fr-rtaJtMillnnll 

x_1., vi 11t14 annutrjauvra-riliiiniumnannn-in x_1.1  aztinn-saiilLaurnAlliThiThin 

yndia q 	, Tnifian ufr-ni-rmt-molffn-iut 	 917uffniutrinumticitin 
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;Afilwrinti 2 • n 66ancani141119:q 2 • n 

,or.LTWn-n-ii-niilvAlaitil 2 • n lurrnii.nuAlltufin k 

oti-ollri‘eivnnILwrizAin klunstunanvTatMilaulluYanihniu 111.-11 k = 1,2,3,...,n 

at:rinyntiumia:-.1auct,ivaiqi 1 + 2 + 3 + + n TG U111G aJ1Nan5tW1W1 in [Aar, n adl~ 7n 

n • (n — 1)/2 titazaviluziAltiiit n2 6i,oz4v11lliaza5ll6annutivili 

n 1.1.4,n7ritain&nil: La n 	k = n /2 tilchtfillu.A EnthriwraltmAcl 

a nintriawnirualtaiazahazalwronnilliginlriuriliannunanAM4naliht p 1 ac 

Llt-eirt.rimtihtianaki:livad k • n n2 /2 ann.15:-.Rrrin-mtilAutigiann 

ihnntuVin 63Ja p 11iiiazr-iliniliailannurIniointiou@rliolul 1 onnuz 

Lwianii-lfiditanTI:51-r-i9r,ai"-uannuzivoiti'vol 1 iiTillani-tivimiainlornurinaio 

-6-iugyori n 	 n annul thzarinnvIvismation,CA 

Iltv 0(n) rillifatifi'lqitiaiu 0(n2) 
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Algorithm 1 Building PUSFA 

Input: inputStrings 

Output: Probabilistic Unique Substring Finite Automata Al 

for x i  in inputStrings 

for astute in activeStates 

if rm(astate,xj)== 0 

if target = null 

newstate = astute + ch 

rm(astate,xj):= I, 5m(astate,x0= newstate 

if Inewstatel > 2 

add newstate to pm 

target = newstate j 

add newstate to nextActiveStates)) 

else 

if pm(target)is a suffix of astute 

rA,f(a.state, x i ) = I, om(a state,x;)= target 

if 'astute' > Pm(target) 

pm(target)= astute j 

else 

newstate = astate +ch 

add newstate to pm 

rm(astate,xj)= 1,5m(astate,x1)= newstate 

splitNode(ta rget, a state, ch) 

target = newstate) 

add target to nextAct iveStates }} 

else 

nextstate = Sm(astate,x,) 

sm(nextstate,x1)+= I 

if nextstate E Armand pm(nextstate) 

target = nextstate 

if rm(nextstate,xj)> 

NM — nextstate 

add nextstate to nextActiveStates }} 

copy nextActiveStates to activeStates) 

3.8 rt)Li-alitimth--miliainlapIgnywninfigailljnantluLtuuann5ninztiamon'6"nina. 
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Algorithm 2 SplitNode 

function splitNode(splitstate,activestatel,inputchar) 

target =null 

pm  — splitstate 

add splitstate to nextActiveStates 

forstatelabel in suffix0f(pm(splitstate)) 

if Ista relabel I> IsplitstateI 

if target ==null 

newnode =statelabel + inputchar 

3m(statelabel,x j)= newnode 

add newnode to am  

if statelabel is a suffix of actives t a te 1 

add newnode to nextActiveStates 

pm  — newnode 

if Istatelabel I = =lactivestatel I 
target = newnode 

for chin EM 

if rm(splitstatei ch)> 0 

nextofsplitstate = (5m(splitstate,ch) 

rm(newnode,ch) = zm(splitstate,ch) 

if Inewnodel > Ipm(nextofsplitState)I 

pm(nextofsplitState)= newnodel 

t5m(newnode,ch) -= nextofsplitstate}}} 

else 

om(statelabel,inputchar)= target 

add target to pm  

if I statelabell > Ipm(target)I 

pm(target)=- statelabel}}}} 

phi 3.9 IcstRISItnAiriilutailannuz 



45 
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azti-in P(1011 1M) = P(11Q6 ) • P(01 Q1 ) • P(1 1q_10) • P(1 1 /um ) 	tra:Aqi 3/8 
• 2/3 • 1/2 • 0 	0 ifatruii-AligiShi, 0 go P(1 I q 101) 11411/11111,11fig 
P(1 lull ) zfiliThlifintiJu 0 Ilvinnilufifigathialthilu P(1 lqi) th61at1114 0 
taltigathialflarM P(1 1 q_e) alfin 3/8 V,,,L°1-ii P(101.1 I M) = 3/8 • 2/3 • 1/2 • 3/8 Kraal 
fiigniminanifturiiriu 0.046875 '.1.3*41,i-j-nrirlonoe-nain:.-. 2 ff1E17:Witll 1010 ain 
iharlil 3.4 star. 1011L1f3uutti0urlicii alne-mrs:.-lm:.-31frnailnthiltiltilnia3p 101001 
unnnlitinnanainIngiouticintiluantith-nnt 1010 

rr15 11511 6innumuilq5aylitndynnituli61"ruffegmalriuumu4iaa5 PUSFA 

q171f7n ri-m11"a0uuniurnaLtutli-mol PUSFA ituffrratilill4nnirnaligutoAto 4.3 

luourwr.ffnuirttazilliwninalen06rnntilatilufhaiarinmialanind,laffiliucciarmilvi 
IiinuignurTuiticiilvrinwu-inffnnutlqNufnlanin@nikuiln 0 riliannunevinnnIfinK4a 
431a-Itn7nvilloT7cin1ntiom 

Algorithm 3 Probability and Smoothing Technique 

function proba b ilit y(inpu tStr ing) 

result =1.0,probability = 1.0,flag = 0 

add e to activeStates 

for c in inputSt ring 

flag = 0 

for state in act i veSta tes 

if tm(state,c)> 0 

add SM(state,c) to next Act iveStates 

iff lag = = 0 

probability = P(cistate) 

flag = 1))) 

result = result • probability)) 

add e to nextActiveStates 

copy nextAct iveStates to activeStates 

return result) 

21.191 3.10 riVeafitnollriciu4m-gurnaninztilutiannfiilfin-mliiRiuu 
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111.142-sau9tyinli6-m-innInTiana'uanalgt-nu:lvaioqalaumaatikiliflitlar, 1 aniuziliodiu, 

c6uti 1 jii6nt47 unn@nnitnulniiii,nauntialouTilun-ntinctnntifrartiianiltuLaz 

elhalovalun-ntfiminu Lcialifiin-nmin@ntluilttlu 0 1a14,111yi7lin-nifilivtatlo 
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-nv:inisCinuaLtatni5fritnatfing)iminaniJuditirgiaalo;N'anouemAncniamaiudillt 

ni7iiiatniaad 	LLatmioali416-gnini7LciuLnalnanuar.4'uillunnICimlittioLiluuriu 
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111191 4 
waniTriciaa., 

4.1 urnii 

nn-srqao,31u,nwlinditi-atuu4naolvrilifiLarckaanoitaullinnimilou 

lthannivinviiuviouTiiilk6nitiluurri 3 IMMTI1141Ithannilscran (python) nafiht 

3.4.1 intitulnuuuttlialfioucnomirtuutraiThinnsttufliaLoff (macOS sierra) noiciu 

10.12.5 giillimiinthnnaNanaiwn-anii 1.3 '‘'n:,-1:6.711,11 tam 5 ttut8thnt-taN1Ii7E1 

frinii-m6-natu DDR3 11111Q1 4 '‘.n.-211.14i9tolign06-nintb'uviaililuniultrklila idua 

(T,11111-6110.91LUfliViOn.If116 (E. Coli)611.11.innaulthic)nimilibiun {A, C, G, 	Itt-,nainm 

Lillonugninzfiyammattliwiluanuaz 58 6-7hi114517atoirimAiviu,  $ vhinih Iquium) 

ol6narizfam4 # fillicilibrrhuaanithvir):-.1111qitintdicilun-ntliwn 

ti-R31m11n tiAkownauinnaniuz TouiNhathAL6vtialolivutifiCiub'.Inla 2 nio 

nlifiLilnithIno-lai 53 	iLaznOffillivilvathlingia{ 53 at1 lT711 106 a-1n Iqua-mad 

'i8 itc)hn141 -aufnnaitrrnialerinnimihatillfinth-nrnitivaN 6,148 ii-te-nb,  

.gorrifatia'iiLguLamalnigifiLitivrtolain 

4.-muniaidat -JuttwauTimmaaviattffilenansminwp-JuLflilli nilleiciatiaLguLocnii 

',1111.1u-nilianntriuliNninlIAIILngwrinuanIttanialNanitnqaaliiiiiluadia 	annl 

ilelaillilurrirniaamiluiThapchilqiiuViAldillynt'aurianviin [Xing, Pei, Dong, 

&Yu, 2008] li-iiiirmaallifiunilLiting-InTiviwi 4,razyinlia-ari7minannfinuLfinu 

ci-J-anaiwint-Tunu)iiiiitiviluati-ha rnlywaolazlionnioliafitiJuithialioafriurm 

maolfi 1-3 1,1,flrligniellO1lil 2 umiliun-mwaolil 4 Momaoufrana.Jua.httli uataliuu 

vranniaajarTuyntTiuduluniniciaalifi 5 L1u115inanbluall0ialal 

4.2 niTimaa,nliariogauo-nalurielam-wrap4 

rrinwaolAanqffautinkinnialrimt-p4itual 3 -J.t.t:i3i'Dninilmiaaniia 

civnt-frragm9VallutillyighbaihuNavinlYilicia n-nywinalii 1 ffnnunane-rn4aLLaz 

fft-nutiriojnolauviiaalfithr:44917,ifiuffuenue-nannon6-rninatatann6nintilimil 

YRIwzmailluiinaJaviUlai n17nqaa5 di 2 Fla inu-notrunaluiuinaolLiiinwg cti 
tril1f16da6flUlnitli1711.1EYT761431^1g1 LLazii6minn76'iulwvolonnunti@Lfinuffu'Aumwriu 
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u.aznirniwaA 3 twarauliv-lallitn-nahniuuilauthtlitlaninvyiiisil 

e-vmm-auhariaLfinuriubuwograirrp±hIviiati kirsvinnirrigiaa,7 3 wirldaItlii 

n-mioaufi 1: MIanufl-rainnialvolfiruaraiigiollaimniutton'thmatuatannunrimi'l 
-iiThluiiavolaniunan6-niniunffniuntem4-ntumwilitnna.R1Juailainitoajovilaill 

ratmmaautiannw.:7nyinnirithdifiruamiiiqlltroma-nniscotiati 

Tgrnitioapfi 1: lituvoliit.6uLatoluut-rniinnduiltiJultIllamiafolaer;'il 

tamilaonium Igaiiiioaja33..lainSitn 1 fflEA14111.9 53 0-10 iunila•ichmuuinaa4 LLA"--) 

vhanittzfiLia-mutruinaolyilvianiutoiat-fillutilaanvilu 2 nquilanquonluz.: 

Lai-a/114a unz.nda.ifinivor.LN4H 

on-Intitiainn-nCityttiriwilavyb'utpill .flitigioffnnur..LanXm4ritum:unnuz:aiu6"nint-

LliviicriMNinttuvinaolthonlwaip-rantluVilLtatt-rsuriinvcitaili ndi-Jga 

canXnbnianAn.licinlvillatnluisqliakin uazarnunilwri-NnAilj,iiivi 2 fl c;#1413114111114/Sil 
9 	 91 

IYalp kinVilignarinnitlfrIMMiVAMMI (T) SilltlaiinuIthunumagilannurilafil 

410,wingzi-nitunn7Lii-Acnnvin-ameniranalaniunavicini7benntrqhtilunratuvianau 

diuButi blfla11117t1011-1@d011iniuuna,man-ralligagifi6"olifirrup46-in orniv3:70 

Yi-onILwia::ffnnur..weiololut-hthlytiuonolaniunarfin-niitniiini 
• 41 

ci;iiiivinnul-inIthl 4.1, 4.2, um: 4.3 
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040 4,  Python3.4.1:testuniqyeresult.py-/Users/MacbookAir/Desktopites 

count gccttc 1 
count atccctataatgcgcctcc 1 
count agcctc 1 
count attgctt 1 
count gaaacgt 1 
count atccct 1 
count catctt 1 
count cgttgt 1 
count acggta 1 
count gccgtga 1 
count caaaaca 1 
count tgacacc 1 
count ttact 1 
count taaatgcttgactctgtagcgggaaggcgtattatgcacacc 1 
count ttagtcg 1 
count tgatcccagc 1 
count catcaa 1 
count $ttgtc 1 
count ggcatt 1 
count gtgttag 1 
count ttgcctt 1 
count aaaattc 1 
count atccagtataatttgttggca 1 
count gttaaa 1 
count tggtgat 1 
count aggaggat 1 
count atttcttg 1 
count tagatt 1 
count gctttg 1 
count tacgta 1 
count gaaagtg 1 
count gaatac 1 
count ttcaac 1 
count cctgaaat 1 
count ctattga 1 
count gccagcc 1 
count ttgccgt 1 
count gcggcc 1 
count gttctg 1 
count tatanca 1 

atiii 4.1 ifmdin-rninvitvoinTiliannimiaouinunnuttannwaCiinuthi@vor 
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Python 3.4.1: testrepeatresultpy -/Users/MacbookAir/Desktt 

count ccctataatgcgccaccact 2 
count tagcgggaaggc 2 
count cactg 2 
count acagc 2 
count acgag 2 
count taggcat 2 
count cagtataatttgttggcataat 2 
count cggaataactccctataatgcgcca 2 
count tccctataatgcgccaccactgaca 2 
count get 28 
count tcatg 2 
count actctgta 2 
count ttaagt 2 
count gact 9 
count ggcgac 2 
count ttaat 5 
count tcaggccggaataac 2 
count agtaaa 3 
count ggccggaataactccctataatgcgc 2 
count ggccggaataac 2 
count ctccat 4 
count ctgtagcgggaag 2 
count tccctataatgcgcctccat 2 
count ggaataactcccta 2 
count tagcgggaaggcg 2 
count gcgccccg 2 
count ataatttgtt 2 
count ttaca 8 
count aaggcg 3 
count aactccc 3 
count atgcaca 2 
count tgcttgactctgtagcgggaaggcgtattatgcac 2 
count cgcttg 4 
count gacttgtaaac 2 
count gtcaggccggaataactccctataatgcgccaccactga 2 
count tgca 11 
count agagg 3 
count aaagtt 3 
count gaaggcgtattat 2 
count tccagtataat 2 

atifil 4.2 6c)atinlrmilLitunuTiJlitrnanwaaui-nnuaniwn1W4nifluuriuMuti 
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is ,s -a Python 3.4.1 Shell. — - 
V. 	• r! 	I 

f'', 't', 'at', 'gat', '$gat'] 

(", 'c', 'tc', 'atc', 'gatc', 'Sgatc'] 

(" , 'g', 'cg', 'tog', 'atcg', 'gatcg') 
(",  'c', 'gc', 'cgc', 'tcgc', 'atcgc', .gatcgc. ] 

(", 'a', 'ea', 'gca', 'cgca' r  'tcgca', l atcgca', .gatcgce] 

(", 'c', 'ac', 'cac', 'gcac', 'cgcac', 'tcgcac', 'atcgcac') 

(", 'g', 'cg', 'acg', 'cacg', 'gcacg') 
(", 'a', 'ga', 'cga', 'acga', 'cacga', 'gcacgal 
(", 't', 'at', 'gat', 'cgat', 'acgat'] 

(", 'c', 'tc', 'ate', 'gatc', 'cgatc'l 
(", 't', 'ct', 'tot', 'atct', 'gatct'l 
(", 'g', 'tg', 'ctg', 'tctg', 'atctg') 
f", 't', 'gt', 'tgt., 'ctgt', 'tctgt', 'atctgt') 
1", 'a', 'ta', 'gta', 'tgta', 'ctgta', 'tctgta', 'atctgta') 

[" 't', 'at', 'tat', 'gtat', 'tgtat', 'ctgtat', 'tctgtat. ] 

[", 'a', 'ta', 'ata', 'tata', 'gtata', 'tgtate, 'ctgtata', 'tctgtate] 

[", 'c', 'ac', 'tao', 'atac', 'tatac', I gtatael 

(", 't', 'ct', 'act', 'tact', 'atact', I tatact., 'gtatact!  ] 

[", 't', 'tt', 'ctt', 'actt', 'tactt', 'atactt', 'tatactt') 
[", 'a', 'ta', 'tta', 'ctta', 'actta', 'tactta') 
[", 't', 'at', 'tat', 'ttat', 'cttat', 'acttat'l 
[", 't., 'tt', 'att', 'tatt', 'ttatt', 'cttatt', 'acttatt' j 
(", 't', 'tt', 'ttt', 'attt', 'tattt', 'ttattt', 'cttattt', 'acttatttl 

(", 'g', 'tg', 'ttg', 'tttg', 'atttg', 'tatttg') 
(' 	, 'a', 'ga', 'tga', 'ttga', 'tttga', 'atttga', 'tatttga' 1 
(" 'g', 'ag', 'gag', 'tgag', 'ttgag', 'tttgag', 'atttgag'l 
('', 't', 'gt', 'agt', 'gagt', 'tgagt', 'ttgagt', 'tttgagt', ! atttgagti 
(", 'a', 'ta', 'gta', 'agta', 'gagta', 'tgagta'f 
(", 'a', 'aa', 'taa', 'gtaa', 'agtaa', ! gagtaa', 'tgagtaal 
(", 'a', 'aa', 'aaa', 'taaa', 'gtaaa', 'agtaaa', 'egagtaae r  'tgagtaaa') 

'aaat', f", 't', 'at', 'oat', 'taaat', 'gtaaat', 'agtaaat'l 
(", 't', 'tt', 'att', 'aatt', 'aaatt', 'taaatt', i gtanatt'l 
[" 'a', 'ta', 'tta'r  'atta', 'aatta', 'aaatte, 'tanatta'l 
f", 'a', 'aa', 'taa', 'ttaa', 'attaa', 'aattaa', 'aaattaa', 'taaattael 
", 'c' 'ac', 'aac', 'taac', 'ttaac', 'attaac', 'aattaac', 'aaattaac'] 

(", 'c', 'cc', 'ace', )aacc*, 'taacc', 'ttaacc', 'attaacc' I I 
[ 	, 'c', 'cc', 'ccc', 'acct', 'aaccc', 'taaccc', 'ttaaccc') 
[—, 'a', 'ca', 'cca', 'coca', 'accts', 'aaccca') 
)", 'c', 'ac', 'cac', 'teat', 'cccac', 'acccaci 

(s., 'g', 'cg', 'acg', 'cacg', 'ccacg', 'cccacg', 'acccacg 	) 
[", 'a', 'ga', 'cga', 'acga', 'cacga', 'ccacga'] 
[", 't', 'at', 'gat', 'cgat', 'acgat', 'cacgat', 'ccacgat'] 
[", 'c', 'to', 'atc', 'gatc', 'cgatc', 'acgatc', 'cacgatc', 'ccacgatc' ] 
[", 'c', 'cc', 'tcc', 'atcc', 'gatcc', 'cgatcc'l 
(", 'c', 'cc', 'ccc', 'tccc', 'atccc', 'gatccc', 'cgatccc') 
(", 'a', 'ca', 'cca', 'coca', 'tccca', 'atccca', 'gatccca', 'cgatccca'] 
[", 'ag', 'cag', 'crag', 'cccag', 'tcccag', 'atcccag', 'gatcccag', 'cgatcccag') 

[", c 	, 'gc', 'age', 'cage', 'ccagc', 'cccagc', 'tcccagc', 'atcccagc', 'gatcccagc', 'cgatcccagc'] 
(", 'c', 'cc', 'gcc s , 'agcc', 'cagcc', 'ccagcc', 'cccagcc') 
[", 'a', 'ca', 'cca', 'gcca', 'agcca', 'cagcca', 'ccagcca', 'cccagcca') 

(", 't', 'at', 'cat', 'coat', 'gccat', 'agccat', 'cagccat') 
(", 't', 'tt', 'att', 'catt', 'ccatt', 'gccattl 
[", 'c', 'tc', 'ttc', 'attc', 'cattc', 'ccattc'] 
(", 't', 'ct', 'tct', 'ttct', 'attct', 'cattct', 'ccattct'] 
[", 't', 'tt', 'ctt', 'tctt', 'ttctt', 'attctt') 

(", 'a', '5a') 

(::' l a:' :aa:' : ali'l  

21111 443 ihati-wmIiiiitunathanannttuogilannuzlaiiiml 
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ranitnoaDA 1: Nan-nroaonqui anint-Lona"nwallnannuvitiTmrm 

i-nunnuit,uitin-nutilmone'rniargilINumtbutitilEnfitialtn 

yruT111/11101ouithanm11421.111 4.1 anan116zaiminnnannunturiu1-13111autiinn7u 

9tILLqi 2 615141411.1Annranittz eliari-marrminvilnyntannnnlvimulthan5114,7,11 +1  

4.2 mi151I11611an- 15m1aa161maa51ur5itil50ui"67mfi3ia-m7lama 1 antilaNuew 53 

nu 41114-111Thinun17-Auvon-  a1LS-md1(111 3074 6176-r141 MoliLiWarfluznilatiltion 

9iilviairroanumunntialAT burvign-nimrlwarrnymaalltlaufnurginvivitriiti 

annunankn.intiilmni 2883 aniunt.ngnnutinwihinum 3786 aniuz .714Loia::-.701A 

CitinInuvigiaJfiLintwatia wudl 	 r air4afirevialarvirp4 iLaroninu6-rnnz.LDn6Lin4t11:41 

unifiviiilifiiikurraill 45 	t.tazwme'rrinnteifftliifflirnilqoalininni 44 ih 

LLatl.ummai-acitulTalthtogodnnunarfin-17dinlqidnublitatqiadli 

ycnyAliowqrarv4nniln -racia annunar-ingraniJutini4'3..riincilvafirnalan-m::: 

ion6in±nt viii-ofinln-ni-ititulnuiihunmoiliatifi 4.3 

lorinfrian-nrciad11 1 Nanimqaalii 1 lian-illiiwinaninnan rrina 

LLadanludln61 I11 	 tjarolfilutiimnon-o,:,- I 
-iln-nahunsui-taolitilloduww6nnlilnafa4 "grklt919nalanicanornn-n-LiviarnmA 

eimbuomigrarvi 

Ylt114 6LaAaltittlii0 LICUIJilq@lglallI1JR-1060111:1,0116111401filif171110-11V111UNT3  

fitlf1711161 

nimoaaaii 2: riqaalLiluainanILLAaltuinw/uaniv,::Taluni-laailailltalu 

lcAlamwoulnaleatoidafiCitnlii11411tigialtItal 

utwinaalazailiannuAtivailillzilinwmaniutatjimminfinit.:RviSainviviauth-rm 

-3ErnItinao411 2: rrurviciaalycibm 	 1,1.0-10N:', 58 jitZm..41 

$ ti-rmi"nciariunuthrinrSitgvoLothithmilittirmi) 97111,111q1 53 ain 191n61.191/14 

erinaLuvinaol@nnbuti311,6rne 5 fflEJ dminnTwittaiviciat 5 RIEJ ( 290 617e'n145) 616- 

. 11-111011F1111,INIWIIJ 53 410 (3074 6176nin) t1Nat6uinwntatinutfial4rn3 /411.16rai6171m 

0111181ZUTIfilltiaAVAIRC1114::101-41ThallarAT1114:1,F109tilt014-111,114111-111 
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waniniciao,Iii 2: Nan-nmiaalltuimiltaniuntritnniluuriumnamTAwriii 

iiiidinitacollomnIci 4.1 

0111J91 4.1 imill,Rniudbilltilimfilifinamiientie-nin:Thim 

chwni 
orrtue 

to 

'"'in 

282 557 834 1101 1371 1643 1905 2173 2442 2718 2883 

611114tI09 193 379 1367 2339 2510 2692 2878 3096 3302 3475 3786 
1111 

114114 

40114:1111 
475 936 2201 3440 3881 4335 4783 5269 5744 6193 6669 

"itcnin,frianirriciaaoci 2 inumeniunannbillmaJoirllil 4.1 Li,mhilvin% 

-iiiiiin-nai,iaAuvinufnianynb'1414191 LoilliCfinimiubumaau 

alidiniu€4-intugaaliiwnucdutflawnwinflwricidu twiimmaniuzifiA-4,14, 

1-#314-11.4-narinn-hfrruitriAulvi tiviiivimigiiq-iiTtavatiLL4Vbitnuinwmaaltrinlal 

qinini-Atakm umwiivriwinffwrinimAnuatlarnaliiwrganiuntuatilunlumnal 
11 	91 

01.11M131LaiddiaLibUrilJfnialLITI-6141Apl L17:3J1111 2n oiarillfitinnurrilrohbluur 
riouviih waif);  4.4 MoivilcatcriniAawrimIlAuhrvaltinatinunaloolourTubwir .4E1 

66milll96l1v,-i-1tanTian1o44-nnuarrnAz6on6nitu6 	 ILazani1:4urol661J1J%u6 

CjiukwauthluqruLliatilnurillivram-rnials6lolvi Lianiuns-MatnuniiminiTh4rsiaqal 
Liffiaiiovandu Raql-iniffmniuttifiwilifirifirlitannilutryiniioniunriminagialgnu 
6'--ittou@4/1-01,IN 

AuTgrval4"aittifi9,411thieht 0(n2) It.w.:114n7ttitto:hiia:;i filqo 0(n) 



c 3,500 

c 2,625 
oca. 

1,750 

875 

0 	 
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oniutLanAwni 	a- anima-44i 	" atiiz113,1 

7,000 

6,125 

5,250 

are 4,375 
tc 

290 580 870 1160 1450 1740 2030 2320 2610 2900 3074 

oilannitolo-Indi-ntOtrivi 

phi 4.4 nynAlvdiumfinui-rwmatnutuatfniannibuti 

nirliclapJii 3 crioan1L'iltuitIlannmriati-nt-mtnallumlainlituui-taaMI-Janunu 

6Yill,11.101,11011iTUMMJEJTAVir t11aviti8liTWIWITOVIIIITLLI.9i 101 nIth Uri 53 UlEJ 

?)gniTIUM0491 3 n-miglaal-iginailuninhnnoNa;T.noid-mblar4iiinnvatil 

GI'] 7G111'1U ananit-ni-UifinninThilinnanivarunimiinu LLatiriainqigib'utlihqwrinu 

riauatthhanuivilhAnt-Jairifinau4huna-diani-il-ntatlqinalitlintlimq1un-n 

iitin-vsywiam:-.6iqrstuiurrildn9WADLigin-ndicilituuinaoltfinlatill 

1,1F.11 kurrilmiaaltlitiaraiitatnriariunn,moaA 2 Imiu@iniaap 5 altlIIS") 

Mania:: 5 aiolthuil,nialianguqcniin r n nnn5i una-aurminviluz-natvinzfril 

rininiSivw-mithunumlaalii 3 11,6V91 4.5 
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0 	t,,0 	Python 3.4.1: resultsState.py - fUsemNachOofoMdDesIdopimsultsState.py 
>». 
0.009396000000000015 
complete 
input= 290 
max common length= aatgcgc 7 
max unique length= gaatgcgc 8 
commonstring= 193 
uniquestring= 279 
totaluniquestrlen= 1362 
average uniquestrlen 4.881720430107527 
>>> 	 RESTART 
>>> 
0.01630899999999999 
complete 
input= 580 
max common length= tataatgcgc 10 
max unique length= gtataatgcgc 11 
commonstring= 379 
uniquestring= 554 
totaluniquestrlen= 2964 
average uniquestrlen 5.350180505415162 
>>> 	 RESTART 
>>> 
0.027939999999999993 
complete 
input= 870 
max conuen length= cttgtcaggccggaataactccctataatgcgccaccactgaca 44 
max unique length= tcttgtcaggccggaataactccctataatgcgccaccactgaca 45 
commonstring= 1365 
uniquestring= 831 
totaluniquestrlen= 6538 
average uniquestrlen 7.8676293622142 
>>> 	 RESTART 

0.04819000000000001 
complete 
input= 1160 
max common length= cttgtcaggccggaataactccctataatgcgccaccactgaca 44 
max unique length= tcttgtcaggccggaataactccctataatgcgccaccactgaca 45 
commonstring= 2337 
uniquestring= 1098 
totaluniquestrlen= 9997 
average uniquestrlen 9.104735883424407 
>» 	 RESTART 
>>> 
0.051997000000000015 
complete 
input= 1450 
max common length= cttgtcaggccggaataactccctataatgcgccaccactgaca 44 
max unique length= gcttgtcaggccggaataactccctataatgcgccaccactgaca 45 
commonstring= 2508 
uniquestring= 1368 
totaluniquestrlen= 11807 
average uniquestrlen 8.630847953216374 
>>>    RESTART 	  

!Di: 1 Icoh 01 

591'14.5 -11--ami-bin--11@illch1,1ivalllurnarvnLianiuni-sih nnaria 
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0 0093 	0.0163 	0.0279 	0.0481 	0.0519 	0.0569 	0.0608 	0.0641 	0.0724 	0.0811 	0.0965 
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NairnIn-MO.19i 3 "nil.rdi'l 4.5 ihVallkll,1,5{11,14,1116:flilflYilM163J1iE11411Alig@ 

17o-1filis'lun-nihtmat4a Lozi-iu7 4sranun17Zwiriinaail1iilum115014,1(inputs) fr&J 

rr771alamialffitAilintlfiql9i1 (repeating string) unwriurn-nouq°1210106nenz 91 	9 

3 	A 	 cs. 	cAl  .1  
1.011i'1114111, (unique string) Ltanyiaanlimunila4gnuhnin:30nanwnritotwwianau 

111711q1aBlialL7all‘INOTIl5Y10f101q111.1W111A 4.2 

01151‘1:11 4.2 tiaTillilumsaicilum.maoliiinurTufiinkirrnann6nintThwt-i 

11,917-1r,VIWarnriThaUcli 3 67allunnnlInnaralivan57m57iSia611m1iii6uti 

tinmuni 3074 ifienbilinanolullail 0.1 	aw...-417-in-ni,camievalt.-Juniun-n- 

ihnnar40CmciaAivi,luawimtioniTilfilillumxt-aumlaiotiluufutrrianc-rmaaum 

umiwleinal 

itaniontthwill 

0(n2) 	go 0(n) 

ImAntnAlniltiluIgitali.-Jantun-inhzanaN0Libmifi 4.6 61111ttIlintrinliltitTlittictt 

07161llf77arictuhnntit 3.1410-5  ?Jumlifitniun-a 1 eii6n14-5 bwilunu x viinfrrainni 

Zttivianciunv, y tiluvaalluninlInnaNa Ling-arnnitarintn-nUiciiivi,n7atfitoyi 

n-rwintrtu.nwilfivittii luvihnlairinInntinbkIliffilAwiiffam Ern 1 6cmi176n14.70 

6orianifii,010-i7@:-.Tint.10-11g11.11:3.nnt 31.4 
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0 
	 — Lamm-Alia.) 1 

290 580 870 1160 1450 1740 2030 2320 2610 2900 3074 

f11111£1172104817.40intalliVI 

pill  4.6 nrwILLamnanillilluniwhvitunctutiatfinuriufraiamiTvol"onti 

4.3 ErnwiaatfialiclaauvrnantailtEhlvtnilittiumiaaja 

baniadv:-.Lailn- smaNLN 2 (481cienTsmianA 	4 9:-..nq8alolortiaa1J 

frnanaintiniurminuurnThap ttatlurmngiao,311 5 -@:-.maalLifiuutfinuwanamainriiiiii 

niinnAvki blunir4nRuninvpivalia-in luannunnIntiltoliovnOi A Ltazaliav 

08:11 B naziliraida S 

	

	 rrtriiLatrniaajaion-mnili-ini aaja S 

6-rasturifitymiluganinlun0.1 A 155a B 1.141mMuityrnwrouo-ruhuiutrilunnii-thun 

bintliiiinAnoallulnivli"pii 2 ii-ARI-Amlniaaia 

0.10000 

0.08750 

0.07500 

4C° 

cc 
a 
ti 

0.06250 

IL,?) 0.05000 

re 
C 
ti 

0.03750 

0.02500 

0.01250 

0.00000 
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nth., A anblric-riyillainliata-inoirokian6u B (training data) tozadiallin69 	91
Liouablogo 

RI 	9  

Li\i@migau (testing data)kinithiltonugnimbwirilvirTuisilelin 	2 ii-atAafhittimt-ii-i 

`-'1-14bIalfrnartinattilumn-infiu kuriOnialjab'uvoiffitiwiaauir;u@niallairilliouriuriu ,,,  

lievinfilliatiluuui-iaal 1'Inn-i-ii-ibutirmaarlfhtt1n6GlcJUL6I5Olin7 M(A) 1.1WrIll 

vinanilltzln-i-if-Suom-ii but-4ttn-arntilltaaJiglinTol M(A) Eiliiihniinfkinguiago 

1. 6YrI8n81ntnlunn7itatrnia8a61GIL1u5atianyinil an 

2. umuilaollunerZniiiithzarirriviltun-iritiunialjatiluatinAtitiavilnurili 

1-114/iLithAlLiluffin'iluazithIlmin-ivi1criun-nualli'Livilninl 

-ini,taolliticrulili-iitkingTvwwol cciavnioailliquiffninaziluglicA ,L, 

111SYloaa91 4 miaournanaiuti-ilun-iIiittunialja kiniciinu-noliAumuinaol 

mansni-munnthMnalaluazi-iwmfitiiitiutineoliittunekiltiv-ininnuVil 
9 	1J 

25n-iirmaa,ril 4 nirniaolvitcialkiefouciinamaiutiilunni-muniolimiu tvlo 

thzIntulunimlinuril umhza'n'inn 	 9nn ukTunn un-n t-ttua rira 3/41 vi 

liataZnitkilgonlieffaajaLguimmalttufifiliub' kilo kin 

161lnOntolgia'i165uLnannviiaidajhoriT3  2 1-19:1.1 n9:3J66sim11u91aide‘ii.611Lacit11u 

linimmo{ (promoters) RazbInn9:4Jcw'ituriu'ilt6uLafthiLiJuithiaJtvial (non-promoters) 

k1n11518J6Gla5antlu6-)ullitruaA6vt,6o40-aujiirvolfiu,  

1,11-siammai uacnintimui-iquittilittAllmaaui-ittunehuloAguLafllitsinyuaririawin 

iroklaiigutalalauflfiCin@zil 2 nOicion9:1111.11liumair  ttazn9:011thillu 

11.111,11tviof inuinatinlz 53 rIEJ., ant.laz 57 Will.IUTI115n141 Iillukai-ittiv, 106 aLI l 

111)6611.111TOVIABlitIV1511111V1a6111Z1a:5911141-1111568-1D01141altl (leave one out) olimin 

impfitaioan@inn9:thiliaimmui-taal livattihmaaufiativilaullitsunquanriau 

11101.1011ilmq0f 53 0'10 Lonaan 1 aitnr.L40.7.103j0killidt11111111i1001  52 alLI 

Iq10Yh9J- iTkiu 53 61l;1 Lita:AntlamthilortilaitihtithIuma{rninn-naftlutiviiaal 

ihniaaja 53 a-1U LLaryillwlimaiv,autittiluginAutorgwil;ilaarninviamtfnu 53 

anti IqulinirrndefunthiiilajviluithimmUdiu iouaikiatannalaananicitnaluV4in-a 

liALLviani#,4,uvqra-anyiquouqhmniuimal-ii 8J61"ri8J16nan1uain17 uazilinnuvirn: 

Liivalunthilquinnn-iinukuliv\nrrnittunnivau-AtriufiLaualnunti 3 
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• G • 	 Python 3.4.1 Shell 

4 probPromoter= 9.493702178120534e-27 
4 probNonPromoter= 4.7370631364712e-36 
5 probPromoter= 8.124874574177963e-29 
5 probNonPromoter= 4.574491974371484e-32 
6 probPromoter= 2.197962592204248e-31 
6 probNonPromoter= 2.0522900741740974e-31 
7 probPromoter= 3.2977439964587663e-28 
7 probNonPromoter= 1.3453755120917608e-32 
8 probPromoter= 3.627525013557866e-30 
8 probNonPromoter= 2.015254416534825e-28 
Total error = 1 
9 probPromoter= 3.6978931886568145e-14 
9 probNonPromoter= 1.4713592381933941e-33 
10 probPromoter= 2.577377405909641e-10 
10 probNonPromoter= 5.701422302741948e-32 
11 probPromoter= 1. 1558071468337868e-26 
11 probNonPromoter= 4.1563846886203316e-24 
Total error = 2 
12 probPromoter= 5.273591788613296e-20 
12 probNonPromoter= 3.1562636808728104e-36 
13 probPromoter= 1.0393056500388322e-16 
13 probNonPromoter= 1.3275082259982172e-32 
14 probPromoter= 5.756724285720041e-09 
14 probNonPromoter- 1.5168198935965836e-34 
15 probPromoter= 1.4844494302944346e-12 
15 probNonPromoter= 1.1777150988769595e-31 
16 probPromoter= 7.175338954488905e-19 
16 probNonPromoter= 5.933541586075519e-30 
17 probPromoter= 7.673082545741726e-33 
17 probNonPromoter= 5.033647474876592e-31 
Total error - 3 
18 probPromoter= 3.738708621995746e-29 
18 probNonPromoter= 1.8837905379569321e-35 
19 probPromoter= 5.96233751453626e-32 
19 probNonPromoter= 2.9107887251354e-35 
20 probPromoter= 1.3777341445101013e-29 
20 probNonPromoter= 1.7797887104185593e-34 
21 probPromoter= 1.087625075739557e-29 
21 probNonPromoter= 3.4555820923869224e-31 
22 probPromoter= 4.735315856968895e-29 
22 probNonPromoter= 5.0472165486346335e-31 
23 probPromoter= 5. 1722289311156594e-30 
23 probNonPromoter= 4.578460405147885e-36 
24 probPromoter= 6.1654596950720995e-30 

vift;  4.7 &i-adri-onnlinnli-w-mbhunnynntzumconntinaunnOnT alja 

wanitnciaolfi 4 

r101117Y11 0.11,41il ic411149111J21.151 4.7 imiliiim6-vthirirriAliaajaaaninu-au 

106 sicatailLiJunOilthiaJtqlof 53 annual: nOillivihATIJ7Iumai 53 aiurni-ILLuviiaal 

Iri- winnOiiihilitqtairrmialqvctitn 4 ffiLlTifl 53 0-1E1 

clialaLihulaauaw (false negative) Lia:r.naJfillitilv, 

Ithimmfitvommi-molanarini-ninnnmia4vinnInih iillTativuuinaaAventana 

nili-nfienamminliry-wiallitil 102 aityain 106 nu G7MA,101Q1 ul 4 annin 106 

4111/41n0Valtaiur11eNIona: 96.23 
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iisn- dwaninwiaofii 4 FlinuLaiurimuolautitaalinlivaZniirriLitilianaz 

96.23 Iglairillalq1INalflILIIIJNOardlillt'lll 4 MEJT1f1 106 MEI 611161JuMI110/1ihill  

5.141,111rnanuliriu 

uazunarscinunnanue'ninzil 

laitiluilliTuoianginngialmuthwri4ilatiln wall-maw (false positive) AitlthbfillIJN1 

migmamiacintitti, 0 a15m6n"rmiiitcuinr/vilif1AumiJurTinrisillethiaNtvganqn4n 

niTrinao,,fi 5 Lilininfirruthray(innvviunlIimatnialiatwitiluvui-iaellunulud 

uar-l- veii-uguAilfltrr'in-rwauzirsun-nuou5u11.431ninl 

iSinilviciao‘lii 5 n-iarinuilluudttninTINTr..willuminua.111,4,1- ulniifiu 

Ilnii-auckuintiluituallmlifiothriucifinismmalriurnwaolaantilt TG iuui61Ju 

2 'Acid liganainlnuTiutitiNannrnqualanu 	uar, 2. thirmithanlaacianillAa 

m-lanzisfulinifiqrillairmargnollurmaolain-d1,6 454 JWInn-rsi-iyminlisin-nyrudl 

ruli"uittirrin-mwaalriusgywiaalfimalouriutWilit innI(Aiiiim- umaiiulimnicil 

1.11-1npr4mS1luz-iuTuriancvnti [Xing, Pei, Dong, &Yu, 2008] au:: (Towel', snavik & 

Ncerdewier, 1990 ] 6' a 

1. Tinnlit-nmilLaRZW1111,1101.1161J1J3114frilaJi (knowledge based neural 

network)vi58 KBANN 

2. "iinilitmnilmlIzaimiltniu-liRru, (standard neural network) 611J1J.IfilLTDU 

/16IJ (back propagation) 1'15a BP 

3. Tin- 5 nQrminuun6Hicu (sequential classification rule:SCR) au: 9°1063.1iq'au 

1"411159J61G11JLLIJ111711191 (generalized sequential decision tree: GSDT) 

4. TimILwArityrolumilihu-navanfrualiacia (O'neil) 

5. l'inn74/111Viu'Itek (decision tree) 61011IMJEi0 ID3 

uuninaumiaaAinnilainlithunIa.murlin-mluunlu (n-gram) Totairrai 

Ern 2, 3, 4 uaz 8 Efilviluwininniwithrualal06nnzione-nhni:104viiiaungna.A.IrmQ 

tii/milln-nimituTru, 3-gram ittalf1);  4.7 
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II 0. 0 	 Python3.4.1Shell 

37 probPromoter= 5.1134124332115790-34 
37 probNonPromoter= 5.533326808087209e-35 
error = 5.1134124332115790-34 	5.5333268080872090-35 
38 probPromoter= 2.80021425567771840-35 
38 probNonPromoter= 1.29765956510145030-33 
39 probPromoter= 1.20238224971597340-37 
39 probNonPromoter-  1.41975660135058380-34 
40 probPromoter= 2.2930363850330-34 
40 probNonPromoter= 1.73340649158096260-34 
error = 2.2930363850330-34 	1.73340649158096260-34 
41 probPranoter- 3.03522152187269530-37 
41 probNonPromoter- 5.102190558157380-35 
42 probPromoter= 5.0570291432015160-35 
42 probNonPromoter= 5.7519347058258960-35 
43 probPromoter= 1.4354188104257225e-35 
43 probNonPromoter= 8.7444336526451750-36 
error = 1.43541881042572250-35 	8.7444336526451750-36 
44 probPromoter= 1.63930623793159380-33 
44 probNonPromoter= 5. 121512086483999e-36 
error = 1.6393062379315938e-33 	5.1215120864839990-36  
45 probPromoter= 9.8314819170370890-36 
45 probNonPromoter= 2.64264369836531220-33 
46 probPromoter= 3.9678084147264260-37 
46 probNonPromoter= 3.60520897361812550-34 
47 probPromoter= 8.7701361124655550-35 
47 probNonPromoter= 2.0746470891089280-34 
48 probPromoter= 1.18928228815252770-35 
48 probNonPromoter= 3.1937420346215140-34 
49 probPromoter= 4.4125084861539050-37 
49 probNonPromoter= 8.7466671348599730-33 
50 probPromoter= 5.4082277315761135e-37 
50 probNonPromoter= 4.5973095056761590-34 
51 probPromoter= 8.9623733146964350-37 
51 probt4onPromoter= 8 . 587029932937772e-35 
52 probPromoter= 1.7893669104333502e-35 
52 problionPromoter= 2.76297389795227440-35 
error= 13  
false negative 6 
false positive 7 
>>> 

21191 4.8 41i@EllIMill:1114J-11-1,Ithum5bJi-ILL4nnO111aida61"]n'TinnI 3-gram 

wan-minauti 5: nnlymao,MtinLaiaTovii'Ll'ainlnweiiurianvan tiatTinn-n 

r1u6
1'115un781G1inlirrni,61tan-suI1 Jig 2, 3, 4, LL 	8 11,1173J 1111,11-7111.16101.1friThrMAIV-M 

91JG4Nu-anail LLatriaua-bi iwnirairanNanm-nryilvaiqi Ur4atil5o1Jv91n11ilirrAl  

4.3 TqlElnillATIglialpYlqg@l1c71111/11J0 106 ?CIO 
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Ont14+1 4.3 ilWatfintirMINMal.riliittunailOijaihtliinThill 

KBANN 1 3 4 

BP lil'uvaua 1111111'm/a 8 

O'nell 0 12 12 

1D3 13 8 21 

SCR laninu4 7 

GSDT 10 

3-NN 9 4 13 

2-gram 9 9 18 

3-gram 7 6 13 

4-gram 5 14 19 

8-gram 2 6 8 

PUSFA 0 4 4 

"dISITVIAM111591ABOTii 5 ' .-In01-11-hviii 4.3 tiagolivilicaliumiinaoAliann 

(PUSFA) alun7nimunialialsiLaiutinfl'awiluutyiinirlinn7 KBANN 

INiTlq171111.1iTlll 4 ffitAinnnTrwanu 106 dr-in uviLijaILfirinchwiiinalNauinwal 

PUSFA 14-114nd-itviTmlajthqNuina-/liatilwuntlii KBANN LTiqiwatnnail 1 aio 

ilVlit6S111501,MIJWI11.111EJIJR1V1314AULLT171.11:1\6 li-11,641"illaqii61-J-13JEJTJ 8 LINI."1:51S_114W711.1 

riTS11641111-1174-114-1111fitaninalmila@l PUSFA 4.16fiqlfITIISIWINN-10 8 arip 41.3 

nnIntrugl*Lialueirinztana'rn4tguLihonsCitrwifirJoti-Juazuliutinann 
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1.1T191 5 

5.1 giliNanirgith'in 

1-mlinf1161Lguoivuui-laazuvulvojttattumaunnliluinnalue'noutvWdari-na 

Leuvimol tlananInliautlinuili-miuuluiliaadatAalifiumnarinlanne'nnzdaufi 

niewrin6rrinttiouLan6M4nt ananne'rrinnily;-) LLanh:;A€44ifitijilo 

viAlolilunnlintsununo6-ntn-tnilua-wiutihkgnNuf Iqn4-nlatiliatingiougo atm 

nhanCiuttilutAilviai 
9J 	9J 

;111.10TA@LCD.Ilec 7111e110-11.11-506t114Pelljilillil-Walbtlitl 6Vialciiivinonnmaliu 

LciEnvi@Qion-in-ali;Diakimiluituarin 	unlaillioltnuinn17aliurrntinup-autini 

LiuuimalanTo4wramaituillunnIi-tuunioapti 

mrailtilii.rnauirTuanugninzialjaiLbruLocialim-aumnonalwflT(Inviiiocrintiu 

chwiAllun-nv:nitly7uuna'nni"uniIi-nitib- fittanTuunf)i t-unmillilqummamvia.  

11:6rna 

thr:anisimilimmiLaz.4-uillaifastrinnaiLiilymunu 

.X0 -ihriquatrahr.auignaindniun biuliv4nnn7vinalu6rnisnana'nwatoloi-u-Tql 

wriann-rvalmwritintinvntnilLiJultrIAlvilig) olaamtrumaniutfialaaiNfmadil 

lailhaunorminu-aufiyaluTAwe 

v4nn-niumminuituvlolviVtaluinaa,iiiiiifintaanTin4nTo4anin:410 oniuz 

•@:/.31 2 LaSiogtinunannwatutm-tiunfimin cilLiluannuzilliiivnuilmjaunne-nint 

LarininitiLatain6-nanzt.timlignua-au 

Qiiviluniltilnathannilauq7.1 (on-line algorithm) thlframnCirmpintiziaJtilaiintiq 

tiatihovi6nn-nannun@nnwritilanuilnAmon-m1thiJuarnunriwTilazyinlianarnti 

ranTaajoimi 

inm4nn-n tivanucriarh ry-ILitntl-ina-inrnisz, ABC luntAEn 11;iNavilmalau 

iiwiun-ntiuni9in A LL4"-)tiAlli B unciai c 	 oiariltdbiannirnymadlii 
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2 lutrnil 4 1JaucilaliluirwilauvinapaitlananInCiultimailillqiodilkpial 

ISJUali U7711 a a 
1.1.5:4;nwioarA'a €nna.E3Hiumniinutttulut11J11gnazintatjittufrrai0i-rnalaiu 

6nentLanAnwntilliatcfluiolja Loia01.117111L-JailunisCiuni4rinlaifiaootilunIcNviift4 

	

ct, 	RI 	4J 

viiitavvelinnwrrAnvvi 0(n) LianithivilaiLfiuM4riii\tunr -161ffmalwa-mtn-Auir 

0(n2) 4 luuwiliAttannnnlymaaA 3 riu-innyiyhalnaiiililuninlInnaraCjiviq 

auuLTI4S14 

WillIEM 1 n'tltalt761114111iirl a-1 	leirna-nhnin nt 32 I14391 trii@l16166141,91191M196 

1000 	winunamlinnaNavilvmoli@:.-libaithzant-u 9 icthn 

4161111 -I0.1iLt 	 LlitTIJIT011 sJsal 011W-1016 aritnenounvrAi'qtn-ts1QT 

Pofic,r@nmovialileing0 1.17zalliniyucaufiTalmtiuttjaiatiltruriumnum7 

'6 	
A 

'41/A VII1 U 	j11116.9-AufrifiliMmitriina1A1 	nn 1 8 inu-nounalturninaomilutiloon 

Lch6 2 tit-is-01'k an-uozLonnu-ntuar.an-ntrAretwi'n annunannEntilniiini4,-)ulthreht 

fl").-lann-Altiotyrzynntdaluf4ofintignIsnon6"nwnitlilatilithibl-oaaallib'utili 

ir.:21 -114-ni,laitrint-raiti-f6vor uazanlIttaig1i11tIAISIUNTITitt1L15111r1 e'rnittd0041 

LihtfhtFuniinalaiti6ninnana-rnlilicivaigi 1154 4statfirinfftrinr-Lana-nEntaltniuun 

Tounntlisnnyvilunrii 3 uniuniankigmhzurnazilimiwThuilvdiuTo 

iniulrliuvilltlict4onaJ01uilawyp 0 (n) LLanlimiumnii1911:611141,1iLThollrieliurhel 

Ron01.6144r 0(n2) €4141uniImaalliXelan-mwiaalnivairrninriunt-i4uplituui4 

figgaia inwntunnuniluTottutiAltau grilaaaviitd-miniuuganumiiiaanz 

darilni"gmilIggitiliwiiiuti-nui-iitimmilulthtmfiaoluunni•igarnialoluvownu 

olnikuuinaalainnnalmqvivaraL6%.ittig 

thzarunimailaicainiun-nitatniaada 1,q10411,-anfigaticin 

31fiinantaing-unni,01.0Arniq untfin11f1l1uli-uthi,9116c1imUir4a0d-o17 41vnn 

1v01Intiwinnti4LaAr.mrii e-106nonnana'nwetcliafflEML-Tlenr711,N1:1114010.9flillAl 

4,1414€111111iT@ZAllati1011,filt 1 114MIltiq 6i1117::iligi 	itilera6nnzLon'AM4ntalfam 

au 44thuonfrnuttliwinluittuniaada 	 mr@qiii2flauun06-015:- 

Lana-nlitaurvunzniiiiniqi,ab'utifiri2duannumnrAll 

ithi111g1anunnrywaalluur 4j 4 '2;11,7).JuuuLuynni-iitmilaviiiiaajaitlajtilu 

141-Jamidi-  `',114H1ViNan-nroa04114nnyi-itivonailolotilliiiifivnalaLilnutiticrdlintht ISJ 
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31f171111,111011,1,111,661 102 6. l a dininttinni 106 ilia E11.14111.11dOna: 96.23 islqlq-1 

LiiaLikuriu7in-nth4 Imniinurrinnimu'ii"nithrifin-nbillilinhtamvitilintuuNmi 
wane Iii4figmaiii 4 Awrinriv, iillwthutluNauinow 1 fi#4 fiaifirga Tirrnitiain 
4-m5iinitilumsrama-munnolifilatriamminiman tialwatnnailLan uuninaal 
lvolu'aiuti1411flimonym-ffaniatiiiinurrmatinallunn7LinulMailanniapenu  
6rrnttillathiuuifIvilueliovja'ilLgutacialni14qiaanilw4azifiliaJT9nrii4i1Lanthibnauvvini-

Ihniittviyiinga f171 i-Aunirinuuniavnaluuninaa41144-n47iwit 
uuu4noaniariinhi lui1intami-ta@maivormiatlii 

Vintinirminhlinauunai@il nd-nci'a al11170 
imuiirairmL116nunnuzithnkriin 

'Invg11zeramEi1lihr11Jnn7Cioupwiril 
vz..9.1"o581ni7i1Wthaw61una-v(il 61116 niTflalriuniu),ni 	 g  n .k,tiiiiisziii4§1Jolviurnoi 
giwpm-Aalins Ranywnirnvii7 

a-an7minliftiCiunitilaua 
117:annalqiutinkAni*aviipaiueirint IcipammtnimkilluaTtuiziallgtoEinlviovilal nwva 
laliiniotoiliannunnlitowm0)LiadiAndo,niald Iquil4nun-rvglurrninuttrnialjaiii 
66111,6111461 uazik-11111-filLiTrillunnylui4juazni7iimuniaap LtwAt-m ivgo-ruril 
a iviiiniunlioap -nwRailu6-"qm6-JulaitTivoritiAnivraiLinizigntannnt-pitItsanlhilii 
lqiealihAim al@ qin-adorphr.o$4ii-r-A5 6ua-umn@zoltiLith161timatitht 
lIttbentvionvlimilLnriumaofinlfialiciimailinthypiaitl 

5.2 77 e7 tauattuntarAiwluciaupo 

c; umiiiaaliwiwiiIieterarsnuluffiue'rrn:triatvaailo nIcrittluann5"ninr. 
Lanth-mniaLazain6rnnniimii 
e'rnnztignnItiti4en@nnnillia-milr6HunniTaaja luth-Liviiniliutjtmlawituum-nn 
ihr.Nrignitivw m -mainvin n-nynaiun-nonzfc-aani-io niThiglE16inn.1:thVittl M1111 
oitie-rminorininalLazann6rnnttilivii rrirA14-rwnw-ine'ninr. n1n1nain6nlizulq) 

nimienna-rint-Lannbtallatiqq) 

aillnn@riviLl'unt-41Qiatin117 PiLihnutii-oluvislyirphTniientiabini'nia 
1114 
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Ihnimillhaul@&iviiinnuAuqiouaqignthzin- witqla am5itrtil7Jni56humt 
viit-nnartinr,Lihrmlffinenintaannfififinilifilninuatillnn Linliannunarcin-nlvt, 
twianouvc,iadnlaln-nwlfnnaniianilwiliaiviln 0 Liqinifififin-rali'minutilillittfitin 
aula rboiaani-RmIti-mireinaniianilu&-milnin7inaunainviimilmaiudiunnril 
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