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210 kepalaio avto, Bo. yivel 1 omopolTnTy E100YWYN OTO. UOPKOPLOVE HOVTEAQ eE4pPTHONG KOl KOTOMLY,
Tapovoiaon Twv Kpvrropaprofiovay uoviéiwv (Hidden Markov Models) ta omoia amotelodv éva onuovtiko
epyoleio atn avyypovy PromAnpopopikn. Oo. avapepBovue oo faciia YopoxTNPIOTIKG TWV UOVIELWDY GUTWOV KOl
oty ualnuotiky tovg Oeucliwon, eva Ba  mapovoiootodv e faboc o1 oiapopor alyopiBuor mwov
APNOYUOTOLODVTAL VIO, TOV DIOLOYIOUO THG TLHOVOPAVELAS, VIO, THYV OTOKWOIKOTOINGY KOL VIO, THY EKTIUNGN
TOPOUETPOV OTO. UOVTELOD. aDTE. O TaPOvOIATTODY ETIONS, TO. LOVTEAQ VIO CHUAOUEVES OAANLOVYIES, Ta ool
omoteAodV o eméktoon tov Pacikod HMM, n omoia Ppioker mollés epopuoyéc ony avalven fioloyixmv
orAnlovyiav (mpoyvawon O1oUEUPPOVIKOY TPOTEIVDY, e0peon yovidiwy k.0.k.). Télog, Ba yiver eidikn avapopa
oto profile HMM 7o omoio eivor 6AAn o wapalloyn tov factkod puoviedov, n omoia fpiokel epopuoyes omn
HOVTEAOTIOINON TPWTEIVIKWY OIKOYEVELDV, OTHV EDPETH UOKDIVDV OUOLOYWY KOl OTHYV TOAAGTAN aToiy1oH.

[poamartovpevny yvoon
Boowés yvaroeis mbovornrwv. Katovonon twv evwoimv e oToiyions kol TOAATANG otoiyions allnlovyimv
7o ueletOnroy oto. kepdiaia 3 kot 4.

8. Ewcayoyn

Y10 kepaAolo avtd Oo peletioovpe POONUATIKG HOVTEAQ TO OTOl0. OVIKOLV GE [0 UEYOAT OIKOYEVELN
OTOYUCTIKOV-TO0VO0EmPNTIKOV HOVTEA®Y, TO. omoia ovopdalovtal povtéda eEdptnong tov Markov 1| aAM®G
Moprxofrova poviéda. Oa gicaydyovpe apykd v évvola g aivcidac Markov (Markov Chain), 1 omoia
Bplokel onuovTiKéG €papuoyéc ot dnuovpyio. Hoviéd®mv mov meptypdeovy aiiniovyieg DNA 71 kot
npoteivov. H Bedpnon piag akorovbiog evoeyopévav oc¢ aivcida Markov otnpiletatl, Tohd anid, oty 1060
0Tl K@Be éva amd to evdeyduevo eEaptdror U6VO amd TO OPESME TPOTNYOOUEVO TOL 1] OAAMMG TO KAOe
evogyouevo kabopilel pe kamowo mhavotnta 10 auécmg ETOUEVO Tov. Av autr 1 e&dptnon enektabdel kot og
2,3,....k mponyodpeva evdeyopeva tote ldpe yo aAvoideg Markov 27,37, . kK™ taéng.

[Ipénel va toviotel €dm, 6tL To povtélo Markov Bsmpeital omd ToAALOVC EpELYNTEG OC TO O PLGIKO
Y vo, TEpypdyel oddniovyieg peyoropopiov 0nmg Tov DNA oAAd kol ToV Tp®TEVOVY, Kol avTd QaiveTol
dtooOnTikd euoikd kabdg avty 1 eEaptnon eaivetor va mpooeyyilel Ty évvola Tng TANPOQPopiog Tov
eumepléyetal o€ po. aAiniovyia. 'Hom amd tn dekaetia Tov 1970 tor povtédo, ouTd XP1OLUOTOL00VTAY Kot
YPTNOLLOTOLOVVTOL OKOLLO, LE GKOTO TNV avayVAOPLoT| Kol ENEEEPYUTio EIKOVAS, POV K.0. KOt DILAPYEL TAOVGLH
Biproypapio wiveo ota Bépata avtd. H mo amdn e€nynon yw to Topamdve gival To YEYOVOG OTL GF
OTOL0ONTOTE KOIIKOTOUUEVO GUGTNUO EMKOWVOVING OTMG OTIC PUCIKEG YADOOESG, VIAPYEL L0, ECOTEPIKN
doun mov kabopilel kdmowo €idog €Edptnong Tov cupPformy. T'o mapddetypo, otV AyyAlKY| YADGGO TO
ypéppo Q axolovbeiton oxeddv navtote and 1o U, dpa n mbavotnta va eppavictel to U o pia 0éon dev
elvar Tavta id1o oG e€aptdton amo o ov tponyndnke to Q. I'o v axpifeia, o id1og 0 Pocog Mabnuatikdc
Andrey Markov (1856-1922) odnyndnke otnv GOAANYN TG £VVOL0G TOV OUMVVU®OV 0AVGIOMVY, LEAETMVTAG TIC
EVOALOYEG POVNEVTOV KOl COUPOVOV 6g KAamowo moinua tov Pushkin (Markov, 1913). Oa wpoympricovue
OTNV CGLVEYELD GTOV TLTIKO OPLoUO Tov povtélov Markov (Markov Model-MM) aAld Kot ToOv «KPOUUEVOLY
povtéhov Markov (Hidden Markov Model-HMM) ko Oa e€gtdioovpie TIc Kupldtepes QOPUOYES TOVC.

8.1. Alvcideg Markov

8.1.1. Opiopoi
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Mia aAvoida Markov 1™ téénc opiletar o¢ o otoyaotiky avéMEN SLOKPITOV KATACTACEDY 08 daKPLTO
YPOVO. TNV TEPITTOOT TV PLOAOYIK®Y OAANAOVYIOV, MG KOTAGTAGELS opilovTal To cOUPoAa TG akoAovbiog
T OTTO10L AVIKOVY GE £V0, TEMEPAGUEVO OAPAPNTO, Q (Ta TEcoEPA VOUKAEOTIOW GtV TTepintwon tov DNA 7
ta 20 auwvoléa oty MEPITTOON TOV TPOTEIVOV). AV BempNooLLE o TPMOTEIVIKY aAAniovyia pniKovg L
KOTOAOIT®V, Kol TNV OVOUACOVLE X, £TCL OOTE:

X =X, X500 X, 15X,

kot Beproovpe TV Katavoun TV dpvoééov o kabe 0om i katd punkog g aAAnlovyiog g Tuyoio
petafAnTn, tote Pmopovpe va opicovue v oivcida Markov, o¢ (o otoyaotiky] aveMEN 1 ool d1abétel T
Aeyouevn «Mopkofiavn I1o1dtnton. X dakpitn nepintmon (0T 1 GVYKEKPIUEVN), 1| avEMEN amoTeleiton
amo TNV axoAovdio TV TUYoiOV HETAPANTOV X, 1 0010 TAIPVEL TIEG GE EVO «YDPO KOTAGTAGEWDVY 0P OEVO
0O TO GLYKEKPUEVO aApdPnto. Onmwg eidape, ol Tiég TV Xx; cUPoAilovy TV «KotdoTaon 6TV omoia
Bpioketor T0 ocvoTUa TV Ypovikn otyun i». H MapkoPiovh diotta (og dokpitd ypovo) opilel 6tL

X0y X . 0800OLEVOL TOV «TOPEABOVTOC)

OEGUEVUEVT] KOTAVOUT] TV «UEAAOVTIKOVY TOPATNPNCEDV X, X;,,,

i+1° i+3°°°

X[3 Xy yeees X1, X; , €E0pTOTOL OTO TO TOPELOOV POVO HEGH TOV X;. Me GALa AdY10, 1| YVOCT TNG TO TPOGPATNG
KOTAGTOOTG TOV GLGTAWATOG KAIGTA TN AMYOTEPO TPOGPATT 15TOPia AYPNOTH. AVTO TUTIKA SLUTVTOVETOL MG
egng:

P(xl. |xl._l,...,xl)=P(xl. |xl._1) (8.1)
Mo ovykekpyévn AAvcido Markov yopoxtnpiletor amd tov mivaxko Tov «mlovotitev HETAPACTO»
(transition probabilities), o onoioc mo anid ovoudleton mivakog petafdoemv. Ta otoryeio owtod Tov Tivoka,
divovton amd TV TopaKdT® oyéon:
:P(x,. =t|x_, :s):a

a, 8.2)

1 omoia nAdvel, TV TOAVOTNTA TO KATAAOUTO ¢ Vo epPavioTel ot BEon i Tng alAniovyiag, dedopévou 0Tt TO
TPONYoVpEVO KatdAiouro (i-1) ivar s. Av avaAoyloTovpe OTL UTOPOVLE VO, YEVIKEDGOVUE TNV e£ApTNOoN oTd k
nponyodueva Katdlowra, eivar puotkd 1 dedopévn aAvoida va ovopdletar Alvcida Markov 1™ taEewc. H
ouvolikn ThavoTNTa pog oAiniovyiog vroloyiletol og e&ng:

P(x)=P(X, X500 X;,, X, ) = P(X, | %, X, ) P(X, 0 | X, 55ee0s X, )P ()

Kot oo ™ oxéon (8.1), Exovpe:

L L
P(X) = P(XL | xL—l)P(xL—l |xL—2)"‘P(x2 | xl)P('xl) = P(XI)H P(xi | X,»_l) = P(xl)H a, . (8.3)
i=2 i=2
omov P(x;) eivar n mBavéTTa Yoo TV EUEEVIOT TOL TPOTOV GLUPOAOV. ZOUPOVO LE TOV OPLoUO avTd,
BAémovpe 6T1 o1 MBavoTNTES pETOPAcE®S givar 1dieg, ave&aptTog Tng BEomng Tovg otV aAvcida ONANdT:
Pau(m—Ln)=P(x,=blx,_ =a)=p, ywkiben=12,..L.

Xi1%;

H alvoida avti Aepe 6t €xel otdoipeg mhovotnteg petafdoemc, 1, 1oodbvapa, 0Tt 1 cAvcida avt eivon
ouoyeving ypovika. O TEPLOPIGUOE OVTOG YPNOUOTOLEITOL TOALEC POPEC OTIC MEPUTTAOCELS LOKPOUOpimy (av
Kot VTApYovV e&0pEcelg, Ommg B avaPEPOLLE), KUPIOG LEV Y1OTI TPOGPEPEL VITOAOYIOTIKT OAOGTNTA OAAGL
Kot Yioti Ogv €YOVLE, OTIS TEPIGCOTEPES TEPUTTMGELS, Kapio EvOelEn mov va vrootnpilel po tétoto eEGpTnon
amd ™ 0éon oty aAvcida. O mivaxkag o omoiog mepiéyel Tig mBavoTTEG LETAPdoEmS, OTMG eldape, AEyeTon
nivakag mbavotitwy uctafacewc N wivokog uetofioews 1" taéne ko mpénet yio Eva ahpapnrto pe mAn0og k
VO IKOAVOTIOLEL T TOLPOIKAT:
Pup 200 a,b=12,.,k

Kot

k
> po, =1 naxabe b=12,...k
b=1
Ievikdtepa kdbe TETPAYOVIKOE TIVOKOC TOV 1KAVOTOLEL TIG dvo aVTEG GYEGELS, AEyetal otoyaotikds. Omnwg
eldape omd TG TApPOUTAVE, oYécels opileTor TANpmg wo oAvcida Markov, apkel vo opicovue emimiéov pia
mOavOTNTO Yo TNV Katdotaon g Evapéng g aAvcidag (B=Begin). H mbBovotnta avty ovopdletor apyikn
mOavoTTo Ko opileTor wg:

P(xl =a)= P, (3.4
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‘Opota pumopovpe va opicovpe (yopig OLME Kot va, etvar amapaitnTto) pia AN tedkn kotdotaon (E=End) yia
TOV TEPLOTIOUO TNG aALGidaG [ ThovoTnTOL!:
P(E|x,=b)=p,, (8.5)

‘Etor mAéov pia mARpNg oynpotikn avamopdotoon tov poviéhov Markov @aivetar ommv Ewova 8.1
napoakdto. Iapadosiakd 1 ANEN g aAiniovyiog dev cvumepthapfdvetor 6to povtédo, Bewpovpe dniadn
ot 1 ahvcido umopel va tedeimvel orovdnmote. To TAcovEKTNO TOV VO cLUUTEPIANEOEL oVt N KatdoTaon
07O LOVTELO, eivart OTaV BELOVLE VO LEAETIGOVLLE TNV KATOVOLT TOL UQKOVG TNG dAvGidas. 'Etot av

P(E|x, =b)=p, =q
TOTE 1| KOTOVOUT TOL 00poicpatog TV ThavoTHTeV TG oxéong (8.3) Yo pa aAinAiovyio uirkovg L sivat:
Py =q(1-q)"" (8.6)

onAadn M katavoun Tov abpoicupatog TV TOAVOTHTOV Yio OAeg TIC aAAnAovyieg pnkovg L axolovbel
YEMUETPIKY Koatavop. Avtictotya to dbpoiouo T@v mOovoTHTOV OA®V TV TOUVOV akolovbidv eival
(Durbin, Eddy, Krogh, & Mithison, 1998):

P =2 Px)=Y > > P[P %) =1 (8.7)

(X} i=2

Ewova 8.1: Eva tomixo poviélo alvoidog Markov, ue xoraotaoeis g 4 faceig tov DNA. To Pédn ovufolrilovv tig
emtpentés petofooeis.Me B kai E, ovuflorilovroi o1 kotaotaoels vopeng Kai TEPUOTIONUOD TOD HOVTEAOD, OVTIOTOLYO.

8.1.2. Exrtipnon Hopapérpov

Ov extyuntég  péyotg mibavoedvelong (Maximum Likelihood Estimates-MLEs) tov  mboavotitov
petafdoems, vroroyifovtal GOUE®V LE TN oYEoN:

a, =t (8.8)
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OTOV 7y €Vl Ol TOPUTNPOVUEVEG ELPAVICEIS TOV KOTOAOITOV § 0KOAoVBOVUEVO OO TO KOTOAOUTO ¢ OTIG
aAAniovyiec ekmaidevong, Ue TO AOPOIGHO GTOV TAPOVOUACTH VO EKTEIVETAL GE OAO TO aA@APnTO TV 20
apvo&émv (M Tov vovkieoTdimv av pAdue yio DNA). Osopdviog 600 S10popeTiKd LOVTELD, UE TN XPNoN
dvo mvikov petafdcemv (Yo Topadetypa, Evo HoviéAo + o T Agyopeva Beticd mapadeiypoto kot Evol
HOVTEAO — Yl To AgyOuEVA apvnTiké), pumopovpe va opicovpe éva log-odds score, S(X) yio oAdKANpN TNV
aAAniovyia, To omoio eivat yproIo Yo Slaxmptcrucof)g GKOTOVG:

L
S(x)zlog X|+

Zlog Zﬂl . 8.9)

X, 1%

01OV glvar 10 log-odds Yoo TV ThovOTNTO PETAPOONG OO TO KOTAAOITO X;; OTO X;, Kol gival évol

XX
OYETIKO PETPO TNG Thong TV TbavoTitov petdfaocng va ueovilovial To cuyva 6To £va 1] T0 A0 LOVTELO.
To okop awtd, givorl EviEA®g aviAOYO LE TO OVTIGTOLO OV EISOUE GTO KEPAAOLO 2, OTTOL KOl LEAETOVGOE
TIG aAANAOLYiEG, KATO amd TG Tpoimodéoelg Tov poviédov g avegopmoiag. Tipéc Tov ,BX  MEYOADTEPES
a6 10 0, VTOOINADVOLYV TPOTINGCEL TOV GLYKEKPIUEVOV UETAPACEDY Y10, TO HOVIEAO (+), EVA TIES
pikpotepeg and 10 0 mpotipnon ywo to povtéro (-). T va ekundevicovpe v €mppon ToL UAKOVG TMV
AKOAOLOIDY GTO GUVOAIKO GKOP, KOVOVIKOTOLOVUE TEPULTEP® TIG TIUEG, OUPMVTAG HE TO PNKOG L Tng
aAAniovyiog €161 dote va whpovpe £va log-odds score avd KatdAouro.

L
S(X) _ ;ﬂxi—lxi
L L
Xapaktnplotikd mopdderypa, 1" 14ENC poviEAOL pe TNV TOPOTAVD STHTMOT, AVOPEPETOL GTNV £HPESN
wmoidwv CG ota svkopuoTiKd yovidiopota (Durbin, et al., 1998).

S (x) = (8.10)

10

-0.4 03 -02 -0

BITS

Ewéva 8.2: Eva mopdderyuo poprofiavig olvoioos yio v eopeon vnoiowv CG ota evkapvwtika yovidiwuoto. Evag
op1OUOS TPOYUOTIKDY YOVIOIWY Kai Evag oplBuog un-yovidiav, avolvbnkayv ue w Ponbeio twv oyéoewv (8.8) rou (8.9) kot
10, awoteléopota Yo 10 2kop mopotifevial o€ éva omAo 10ToYpouuo. ovyvotitwy. Ilopatnpodue ot 01 000 KOTOVOUES
owywpilovror ikavoromtixd. To bits oTic TIHES TOV TKOpP, Ovapépoviol ae LoydpiBuo ue fdon to 2.
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8.1.3. Alvcidec avartepng Taemg

Mia £ té€ewg aAvoida Markov, pumopei va Tpokdyel avTtopaTo omd yevikevon g Moapkoplovig 1810TnTog
g e&lomoemg (8.1). Zvykekpiéva, 1 ox£CT 0TI TPOTOTOIEITOL £TCL MGTE VO, CLUTEPIAGPEL EEApTNOT OTIC k
TPONYOVLEVES TAPATNPNGELG:

P, 1260, ) = P06 1 X005 s Xy ) = 0 (8.11)
Agdopévov OTL 1oyYVEL:
P('xi | X 15X, 55 xi—k):P(x X peees X gt | X Xigse 7xi—k) (8.12)

N k" té€ewc alvoida Markov, gival icodbvoun pe pia aAvoida 17 tdewe, oG pe éva aleapnto g Taéng
tov 20", Katd ocvvénew, omartel tov vmohoylopd mwékev petafdosov peyébove 20°x20%. Apa, oty
TEPIMTOON TV TPOTEIVOV, evd Yoo po advcida 1™ tafemg ypealdpoote vo vmoloyicovpe 20°=400
mOavOTTES Y100 KGOE POVTENO, Yo éva poviého 2™ taEeme ypetaldpaote 20°=8000 mopapétpous, apOpdc
vepPOAIKE PEYEAOG O 0mOl0g OTNV TEPIMTOOT AAANAOVYIOV TPWTEIVOV Bo amattovce viepfolikd peydlo
aplBpd axorovBidv Yo vo xpnollonmomBody ®¢ TAPASEYHOTO Yot TNV EKTAIOEVOT] TOV HOVIEAMV.
[lepumtmdoelc aAvcidmv avotepng TaENG €lvar duvatdv Vo €QOPUOCGTOLV 7O €V0KOAN O€ OAANAOVYiES
voukAeoTIdimVY, 6oL TOo CAEAPNTO €ival pkpdTEPO KO Ol aAAnAovyiec moAv peyaivtepeg (Ellrott, Yang,
Sladek, & Jiang, 2002; Phillips, Arnold, & Ivarie, 1987). X¢ o evorapépovoa epyacio, ot Audic ko Claverie
(Audic & Claverie, 1998), ypnoiponoinocav oAvcideg avatepng TENg o€ cLVOLOCUO PE L0 VTOAOYIGTIKG
evtatikny pebodoroyion €Tol MOTE Vo aviyveDGOLV JPOPETIKNG GUOTACNG TEPLOYEG GE  PakTnplaKd
yovidiopata. Me ovto, Tov Tpdmo, dydPIoay YWpig TNV avAayKn GUVOAOL EKTAIOEVONC, TEPLOYES Ol OTTOiEg
KOOIKOTOLOUV TPOTEIVES, TEPLOYEG TOV OEV KMOIKOTOLOVV TITOTO KOl TEPLOYEG TOV KMIUKOTOOVV TPMOTEIVES
OALGQ 0TI CUUTANPO®UOTIKY TOVS 0AVGId0, 68 T0G0GTO ToV £pTave Kot To 90% (Audic & Claverie, 1998).

Xe MEPMIMOELS TPAOTEIVAOVY, £xel TPOTabel 1 TPoGEYYIon TV TOAVOTHTOV LETAROCNC HEYOAVTEPNG
TaEne.  Zvykekpipéva, M mbovotnta petdfoocng yio pa K 1aéng alvoida Oo pmopovoe va mpooeyyiohei
(Yuan, 1999), and ) oyéon:

P (%, | XX, e X HP(x x_,) (8.13)

H oyéon (8.13) xpnctuonom@nKs and tov (Yuan, 1999) otnv mpoorndfeio va mpoPrepbel
VTOKVLTTAPIKY] TOTOBEGIN TV PUKTNPIOK®Y TPOTEIVOV, UE OPKETN EMLTUYIN. ZE YEVIKEG YPOUUEG, OVOUEVOVE
OTL pe peyoardtepnc téEemg alvcideg Ba Exovpe Kot KOADTEPT SAYOPICTIKY IKOVOTNTA TOV LOVTEAWDYV, YEYOVOG
mov emPefardverar kot and tov (Yuan, 1999). Amd tv GAAN pepld, peyoldvovTog Tépa Toly v taén (>6),
OO0 KO Y10 VOUKAEOTIOKES aAANLovYieg, TEPAV TOV TPOPANUATOG VITEP-Tpocappoyng (over-fitting) kot g
EMheyng dedopévav, aVOKVTITEL Kol TO TPOPANUA TG eloaywyne Bopvfov, amd pn-onUOVTIKEG LOKPIVEC
aAniemidpacelg (Ellrott, et al., 2002; Phillips, et al., 1987; Yuan, 1999). AX\n pébodoc, ypnoun kuping o
oAAniovyiec voukAeoTdimv, €ivol avth TNng YPNoNg UN-opoyevav oAvcidmv (non-homogenous Markov
chains), pe v omoia ypnouwomoovvTol OlopopeTIKol Tivakes peTaPdocmy, €161 OOTE VA EVIOMGTOLV
KOADTEPO Ol OTOTIOTIKEG TPOTIUNGCELS OTIC Odpopeg B€oelg TG TpumAéTag Paoemv UG KOOKNG TEPLOYNG
(Borodovsky & Peresetsky, 1994).

Meydho evolopépov, TOGO TPOKTIKO 000 Ko Bewmpntikd, moapovoialovv to poviéha Markov
petafintov unkog (Variable length Markov Models-VMM), 1o omoia 6mw¢ dtotummOnkay ond tov Bejerano
(Bejerano, 2004) eival o eméktoon NG OWTONTOONG TOV XToYaoTikdv Ilemepacuévov Avtopdtov
(Probabilistic Finite Automata-PFA), an6 tov Ron kot toug cuvepydteg tov (Ron, Singer, & Tishby, 1996).
To povtého avtd, avti va vroroyiler Oia ta C mAaicio mapabipov pnkovg #, To omoia Bo Kabopicovv Tig
TapauETPoug G aAvsidag A taéng, vmohoyilel mapapéTpong povo yia éva vmosvvoro C < C , To omoio
nmpocdlopiletal pe ekmaidevon amd ta dedopuéva Kot TPoPAETEL peyolvTepeg eEapTNoES ot mponynoévta
KatdAowta, Otav eivol amopaitmrto, evad WKpoTepeg Otav dev eival. ‘Etol, n mpooeyylotikn oyxéon mov
¥pNoLomoteital, ivor n €€ng:

P(X, X% 50 X ) & (x |nkl§10x{x I A EC}) (8.14)
Me ) ypnon avtig TG oxéong (Kot pog ToAvmAokng dtadikaciog ekmaidevong mov dev Ba avapepbei edm), o
Bejerano kot o1 cuvepydteg tov (Bejerano, Seldin, Margalit, & Tishby, 2001; Bejerano & Yona, 2001),
KOTAPEPOV VO KATAGKEVACOVV HOVTEAD TO, Omoio, Slakpivouv pe apketd peYdAn okpifelo oyxedov Oleg Tig
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01KOYEVELEC TTPMTEIVOV TIov gival katatebeévec oty Pdon dedopévov PFAM (Bateman et al., 2004). H
TPOGEYYIoN OVTH, £l eVOlPEPOV YiaTi £0g1Ee OTL amAovoTEPO GAAA KOANG TPOYVOOTIKNG 0&iag HOVTEAD,
UTOPoHV VO KOTOGKEVOGTOVV, KOl VO, suvaymvilovtol o€ emttuyio ta mo moivmioka Hidden Markov Models
(BA. mopaxdtwm).

Mo dAAN mpocéyyiomn, sivor 1o Aeyouevo Mixture Transition Distribution (MTD) model to omoio
wpotabnke oapywd and tov (Raftery, 1985a), koau oto omoio ot mbavotnteg petdPfoong g oxéong (8.11)
npoceyyilovtal amd ™ oxéon:

k
a, = P(xl. [ X, 15X s X, ) = Z:/”L_J.Ots_YO (8.15)

y
j=1

"Etot, n enidpaon kdBe modg mapoatipnone (j=1,2...k) Aappdavetor vadym Eexwplotd Kot TEAKA N
avotepng téEng mbovotnto petdfoonc vmoAoyiletor cav Evag YPOUMKOS CLUVOLAGUOC TOOVOTHTOV
petafoong mpodtNg TAENG. LTV Mo YeVIK) Hopen Tov poviédov (MTDg), n omoio mpotdfnke apyotepa
(Raftery, 1985b), ka0 mold Béom j cvvodeveTal 0md SUPOPETIKO TIVOKO LETARACEDVY, O j KOl £TOL EYOVUE:

k
_ _ J
ask.“slso =P (xi | Xits Xigsees Xig ) - z/ljas/-so (8 1 6)
J=1 ‘
[popavmg, yia va dotnpel To povtéro Ty mlavobewpntikn Tov epunveio Bo mpénet va 1oyveL:
k
<X al, <
0< /1/‘055‘/_50 <1 (8.17)
Jj=1
k .
J _ 7 . 7 s 7 7 .
Ko z Z A sy | = 1, kot KoTd GuvémELn 01 TOPAKATO TEPLOPIGHOL Ba TPémEL vaL 1o HOVV:
Sp ees87580, VS €Q \_ j=1

k
DA =1L4,20V =12,k (8.18)

J=1

O Raftery, pelétoe 11§ AGLUTTOTIKEG 1O10TNTEG TOL LOVIEAOL aVTOV Kot £de1ée OTL Tpoaeyyilel v
avatepng taéng aAivcido Markov. Tlapdha ovtd, OVOAVTIKEG EKOPACELS YO TOVG EKTIUNTEG UEYIOTNG
TOOVOPAVELNS TOV TOPAPETP®V Ogv Pmopovv va Ppebovdv, kol kotd cuvéneln ypeldletonl KAmolov &idovg
emavoAnmriky owdikacio. O Raftery, oty apywkn epyocia (Raftery, 1985a), Peitictomoince v
mlavopdvela e o pouvtiva ypopukig Peitiotomoinong pe mepropiopovs (NAG). O Bercthold, mpotetve
Jio Lopen euprotikol odyopibuov mov ypnoponotel o gradient (Berchtold, 2001). Télog, pia mpocéyyion
mov Paciletoan otov adyopBpo Expectation-Maximization €ywve npdoato and toug (Lebre & Bourguignon,
2008). To povtého avtd eival 10aitepa LIOGYOUEVO YTl EYEL Ll OEPA OO GUYKPLTIKA TAEOVEKTILLOTO,
(amhoTNTO, €VKOAD OTNV gpUnVeio TOV TOPOUETP®V K.0.K.), OAAG TOPOAO aLTA, dEV €xel Ypmolomotn el
OKOUO OPKETA GE EPUPUOYEG GTN PLOTANPOPOPIKT.

Tomkd mopadetypota epaployng Towv popkoPloavdy alvcidov agopodv otnv ebpeot yovidiov (gene
finding), eite oe emPrenopevn (Borodovsky & Mclninch, 1993; Borodovsky & Peresetsky, 1994) eite og un-
empPrenopevn dwdikacio (Audic & Claverie, 1998). Enektdoelg Tov facicod poviéAov, OTmG ol AeyOUEVES
interpolated Markov chains 1 o1 olvoideg petapintod unkovg, &xovv emiong ypnowomombei yio tov 1010
okomd oe Baxmpia (Salzberg, Delcher, Kasif, & White, 1998) kot oe Evkopvwtikodc opyaviepovg (Ohler,
Harbeck, Niemann, Noth, & Reese, 1999; Salzberg, Pertea, Delcher, Gardner, & Tettelin, 1999), yio v
gvpeon potifov oe Proroyikég aainiovyieg (Barash, Elidan, Friedman, & Kaplan, 2003), yio. tov evtonioud
optlovtiag yovidtokng petapopdg (Dalevi, Dubhashi, & Hermansson, 2006), tpdyvoon g Kuttapikng 0éong
tov tpoteivav (Yuan, 1999), yioa ta&vounon npoteivikov aiiniovyiov (Bejerano, et al., 2001), ywo v
avakotookev omAotoinov ot yevetkn (Eronen, Geerts, & Toivonen, 2004) kot yio T Aeyopevn avéivon
TOAMOV onpeiov o€ pehéteg yeveTikng cvoyétiong (Browning, 2006).
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8.2. Hidden Markov Models

8.2.1. Opwopoi

‘Eva. Hidden Markov Model (HMM), amoteAeitar amd €vo cOVOAO KPLOOV KOTOCTAGE®V, £Ve. GUVOAO
TOPOTNPOVUEVOV CUUPBOA®V Kol dVO GUVOAN TOAVOTHT®V, T THAVOTNTEG HeTdPaong Kol Tig TOUvVOTNTEG
EKTOUTNG N eUQavions oLpuPorwv (emissions). OewpdvIog (o TPOTEIVIKY oAlniovyio X pfixovg L
Kataloimmv:

X=X,X) 500X, 15X, (8.19)
OmOV e X; CLUPOAILOVIE TIC TOPATNPNOELS ATOTEAOVUEVEG amd €val K TV 20 apvoleémv (1] YevikoTepPa, EVOC
dtokptod aApdfntov Q), oto HMM o1 mopatnpioslg mAéov amodeopedovtal amd TIG KOTOUGTAOELS.
YovnBiletar va ocvpPoArilovpe v aAinAovyio TOV KATOOTACE®V €mG WO GLYKEKPEVN Béom i otnv
aAAniovyia, pe m;, kot vo TNV ovoudlovpe «povormdtyy (path). ‘Etot, dvo kataotdoelg &, [ cuvdéoviol pécw
TV TOVOTATOV PETAPacnS oy, oynuatilovtog pa odvoida Markov 1™ taénc. O TuIIKOG OPIGHOG VTOV TMV
TOOVOTTOV HETARACEWS, £XEL OC EENG:

a,=P(r,=1l|n_, =k) (8.20)
Kol oupPoAilel ToOAD amAd v mBavoTTO, 1 KatdoTaon k£ va ddaoet petdfaocn (va mponyeitat dniadn) mpog
v Katdotaon /. Avtiotoyo pe To amAd poviého Markov, opilovtot kot €06 €101kEG KATAGTAGELS EVAPEEDG
KOl TEPULATIOUOD NG aAAnAovyiag, ol omoieg Yo cuvtopia ovopdlovior B (Begin)

a, =P(rn, =k|B) (8.21)
kot E (End) avtictouyo
a,. =P(E|r =k) (8.22)

H ovvdeon tov mapatnpndéviov couforov pe TIg KOTAOTAGELS, YiveTal HECH TOV THAVOTHTOV ELPAVIONS
oLUPOA@V:

e (b)=P(x,=b|x =k) (8.23)
o1 omoiec, SNAmvovy TV mhavdTTA ERPAVIong ot B€omn I TG aAinilovyiag, evOg CLYKEKPILEVOL GLLPBOAOL
b, dedopévou 6Tt To cuoTnua Bpicketal oty Katdotaon k. H amd kotvov mbavotnta pog eAiniovyiog X Kot
TOV povomaTlov 7, vroAoyiletan g e&Ng:

L
P(x,7) = P(x;, X 1500y X, T) = Ay, H e (x)a,, (8.24)
i=1

"Eva yapaxmpiotikd topaderypo HMM, 1o onoio avaeépetar ot fipAtoypagia (Durbin, et al., 1998)
elvar avtd T0V «avévTipwov kolivoy (dishonest casino). 1o mapdderypo ovtd, t0 kalivo ypnoionolel Kotd
MEPIOTOON KKAVOVIKA» apepOAnTTa (apta, oAl €xel T duvatdTnTa vo To oAAGCeL (.y. pe mbovotnta 0.05
v kdBe Capid) Kot vo ypnoLpomolel kdmow GAAa pepoAnTTikd, ondadn Cdplo ta omoio uvoodv KAmOlo
OULYKEKPIUEVO OmoTéELECUO. ATTO TNV HEPLE TOL 0 TTaikTng, To UOVO oV Pmopel va del gival Ta amoteléopata
Tov Laprov, aArd dev pmopel va. EEpet moto (dpt ypnoiponoteital kabe opd.

Onwg Prémovpe (Ewova 8.3) n mbavétto pe v omoia aAraler to (bpt omd opepdAnmTo o€
pepoAnmTikd eivor 0.05 (emdéyfnie ovbaipeta oe avTd TO TOPASEIYUR) KOl OO HEPOANTTIKO TiowW OF
apepoAnmro, 0.1 (emiong awbaipetn emioyn). To poviého awtd dikaia ovopdaletarl «kpoppévoy (hidden) yori
N TPOYUOTIKY KOTAoTaor otnv omoia PBpioketor 1o {dpt sivor kpoppévn amd tov maiktn. Ilpoeavdg n
petdfoon amd tn po katdotaorn tov {oplov (LEPOANTTIKG) otV GAAN (aUEPOANTTO) Kot TAAL Tio®, gival pia
avéaén Markov. H onuavtikn dtapopd tov poviélov avtov (HMM) and 1o ankd Movtého Markov (MM)
glval 10 OTL 6€ AT TNV TEPITTO®OT OV VILAPYEL U0 TPOG L0 OVTIGTOIYION aVALESH 0TA COUPOAN KOl GTIC
KOTOOTACELS TOL HovTEAov. Anhadn BAEmovtog Eva cOpPoro (my. to (apt va Exel pépel amotéleopa 4), dev
UTOPOVLLE VO TOVLLE OO TOL0L KOTAGTOAOT £XEL OLEADEL TO LOVTEAO Y10 VO ODGEL TO OTOTEAEG O OVTO.
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Ewéva 8.3: To mapddeiyua tov ‘avévtyuov kalivo’. Ta ovo mapalinloypouue oopfolilovyv tig 000 KATOOTAGELS TOVD
{apiod (opepolnmro-pepolnmriko), kor ta PéAn Tic emtpentés uetafaoceis. Méoo oe kale KOTAOTAON, AVAYPAPOVTIOL O1
mOovoTNTES EUPOVITEDS TWV GUUSOADV.

8.2.2. Ta 3 Paocikad epotipatae oe évo HMM

2y evotnta vt ovoarticcovtal To 3 Bacikd ep@THOTa, To 0Toio propovv va tefovv oe éva HMM omwmg
drotvrtmvovtot ard tov Rabiner (Rabiner, 1989).

Aedopévov evOg HOVTEAOL 6, TOC UTOPOVLE VO, VITOAOYICOVE TI CLUVOMKN TOAVOTNTA, Lol
oAMnAovyio X vo xet eppoviotel amd avtd To povtého;  AnAadrn, TOG HmopovUE Vo
vroAoyicovpe v mocdtra P(x|0);
Agdopévov evog povtédov 6 kot piag aAiniovyiog X, TOG UTOPOVUE VO DTOAOYIGOVUE TO
MOVOTATL, ONAGON TNV OAANAOLYI0 KOTUOTAGE®Y, e TNV KoAvTepn mhavotnta; Me dAla
Loy10, TG PITopovLE VoL VTTOAOYIGOVE TO pOVOTaTL T, £T01 Mote: 7' =argmax P(X,7);
[Iog umopodue v TPOTOTOIGOVE TIC TAPAUETPOVS TOV HOVTEAOL 6, LG TO WG VEWOV
dedopévav, mate va Eyovpe Kahdtepa poviéda; To mpdPfinua ovtod, avdyetor oty EKTiUNoN
mopopétpov pe TN péBodo g péylomg mOavoeavelg.  Zuykekpipévo, (ntape Tov
VIOAOYIGHO TV Tapapstpov 0, étot dote O = arg max P(X |6 )

4
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Ewéva 8.4: I'pagixy avarapdaotaon twv mbavobewpntikdv poviéAwv mov Epovue oovavinoel éwg tpa. A. To Pooixo
uovtéro g aveaptnoiog. B. To paprofiovd uoviého 1™ taéng. I. Evo poprofiavd uoviéio 3™ taéne. A. To Hidden
Markov Model. 2ta poviédo A-I', o1 k0TaoTAOEIS AVTIOTOL0DV 08 TOpoaTHpRoiia obufora. Xto A o1 kotootdoels (otnv
Kdtw ypouury) axoiovBodv o uoprofioviy alvoida 1" talng, kale kotdotoon e omOIAS «TOPAYELY UE OLOWYOPETIKI
mhovotyzo. o moapoTnpRoyo. coufola.

8.2.3. Ymoroyiwopdg IMBavo@averog

H oyéon (8.24), eivar 6Tmg €idape, n omwd Koo ThovoTnTa PG GAANAOLYING X KOl TOV LOVOTTATION 7T, KoL
dev pag etvar Wwaitepa ypnoun yroti dgv givar duvatov va yvopilovpe ol oAANAOVYI0 KOTOOTACE®DY £0M0E
vévvnon otV oAAniovyio teov mopatnpioemv. o vo vroloyicovpe Tn ouvolkn mHavOTNTO UG
aAAnAovyiog X dedopévou Tov povtédov, Ba mpénel va vroloyicovue To0 ABpotoua TiG Yo OAeg TIG TOAVES
oAAniovyiec KOTOOTACE®Y, dNAadN va abfpoicovpe T GLVEICEOPA GTIl CLUVOAIKY] TOAVOTNTA, OA®V T®V
TOOVOV LOVOTUTIOV 7.

P(x|0)=Y P(x,7|0)=) a,, ﬁ e (x)a,, (8.25)

H nocotta avtr, Tpoaktikd 6gv pumopet vo vroAoyilotel, yioti pia amin arapifunon tov mAndovg tov
ThovaV povoraTiov avéavel ekfetikd kabmg avdvel To pnkog g aAiniovyioc. ‘Etol, my. av éxovpe éva
Hovtého pe 50 kotaotdoels kon o oAniovyio pikove 300 katoloinwv, to mbavé povomdtio sivor 50°%
apOuog aotpovoukd peydios. H cuvnBiopévn taktiki o€ 1€10100 €i000G VTOAOYIGTIKA TPOPALOTO, OTMC
eldape Ko 010 kePdAaio 3, givar 0 duvapikog TPoypappoTicpdg (dynamic programming). Me tn pébodo
0T, TO LEYOAO TPOPAN LA GTIAEL GE OPKETE LUKPITEPO, Ol AVGELS TOV 0TOIWV VTTOAOYILoVTAL TOAD 10 EOKOAQL.
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O o YvooT1dg aAyOoplOog SVVOLLKOD TPOYPUUUATIGHOD OV £xEl TPOTUDEL Y10 TO Tapomdve TPOPANUa, eivar
0 oAyopiBuog Forward (Ewodva 8.4), o omoiog oxiaypagesiton mapaxdto (Durbin, et al., 1998; Rabiner, 1989).

AkyoprOpog Forward

Vk#B,i=0: f,(0)=1, £,(0)=0
VI<i<L: fi(i)=e/(x)D fi(i-Da,
P(x|0)=2_ f,(L)a,; (8.26)

O alyopiBuog avtdc, kataokevalel évav mivako pe daotdoelg N(L+1), dmov N o aplBudc tov
KOTAOTAcE®V Kot L to pikog g oAAniovyiag, kot Oewpel o evdidpeon petafinty f, (1' ) v K6Oe Béom i

Kol Kotaotaon k g oAAniovyicg. H mocdmta avth, aviietotyel otnv amd kKool mhovotnto NG
aAANAoLYiG mG TO KATAAOLTO 7, KOL TOV LLOVOTOTION TTOV OVTIOTOLYEL OTNV Katdotaon k. AnAadn:

S (@) =P(x,,xy,....x,, 7t = k) (8.27)

Sequence
| x3 | x4 | x5 | x6 | x7 | x8

States 0

w |a |= |h |n | b |3 [P | =

e
(=1

i
s

b
ra

Ewéva 8.5: diaypauuatixy arcixovion tov wivaxe Forward, yia évo vmoBetiko poviédo ue 12 kotaotaoeis (states) koi
o aAdnlovyio omo 8 kardlowwa. [0 tov vWOAOYIOUO THS TIWAGS EVOS KeAL0D (). oV f1(2) ), vmoloyilovtal o1 GVVEIGPOPES
OAwv TV mponyoduevay kelicv oty Béon 1 e arlniovyiag (Péin).

210 mpdTo Pripa, o mivokag TOV f; (l' ) OPYIKOTOIEITAL, GTO OEVTEPO GLUTANPAOVOVIOL Ol TIUES TOV

StadoyKd amd TNV apyn ®¢ To TEAOG NG aAiniovyiog, Kot 6To TeElevTaio fripa abpoifovtal yio vo TpokhyeL N
teMkn Thovopaveld. Av o HLOVIELO Oev €xel Katdotoon ANEems, TOTE 61O TEAELTAiO P oL avTioTolyeg
mOavotTTEG amAidC amaieipovtol. O alyopBpog avtdg amaitel NL vToAoyIGHOUG, YU avTo Kot Aépe OTL glval
e taéng O(NL).

Evtehdc avdhoyog eivan o aiydpiBpog Backward (Durbin, et al., 1998; Rabiner, 1989), o omoiog
Slapépel Lovo ¢ TPog TNV Katevvvon mpog v omoia dratpéyel TV aainiovyio. H evoidueon petafint
mov ypnotponoteitat, ovopdletar méov b, (1), kou opietar yio ke i g N mBoavoTTa TG aAANAovyiag and
) 0éom i+1 €wg To TENOC, dedopéEvoy OTL 6N B€om i GuVaVTAUE TNV KoTdoTaon k. AnAadn:

b,(i)=P(x,,,...x, |7, =k) (8.28)
Apa o adyopiBpog, StoetumveTol g eENG:

i+10°
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AkyopOpoc Backward
Vk,i=L: b (L)=a,,

V1<i<L: b(i)=) aye(x,)b(i+1) (8.29)

P(x|0) = Z age (x;)b,(1)

Opota, av dev VIEAPYOLY KATUOTAGELS ANEEWMC, OTNV apyIKomoinoT, ot avtiotolyes mbavotnteg TiBevTon ioeg
pe 1. To tehkd amotédeoua Tov aiyopibuov, eivar axpifmg opoto pe avtd tov Forward.

8.2.4. Amoxkmodwkomoinon

210 0e0TEPO EPAOTNUA, BENOLLLE va fpovue Tota etval 1 mo mBavY] aAAnlovyio KotaoTaoemy omd TV omoia
TPOEKVYE M OAANAOVYIO TOV TOPOTNPNOE®V. AVTO, OVOQEPETOL OTNV OLGIN, OTIV OIOK®OKOTOINGT
(decoding) evog povtédov. 'Evog mapopotog adyopiBuog pe ontoig mov eidaple Topamdve, sivol o adydplOpoc
tov Viterbi (Durbin, et al., 1998; Rabiner, 1989).

AlyoprOpog Viterbi
Vk#B,i=0: uy(0)=1, u,(0)=0
VI1<i<L:u(i)= e,(xl.)m?x {u(i-Day} (8.30)

P(x, 7™ | 0) = max {u (L)a, }

O aiyopiOuog tov Viterbi, eivar otnv ovcio 6potog pe tov Forward, pe tn poévn dwpopd va
evtomileTon 6To OTL TO dLdOYIKAE 0BpoicpaTo avTIKABIGTAVTOL OO LEYIGTOMOICELS. XE OVTH TNV TEPITTOON

max

pue 7", ovpporilovpe 1o povomdtt pe TN peyardTepn mOavoTNTA Kot 1 ThovoTnTa avt cvpforileTon pe
P(x, 7"0). TIpopovmg, woyvel Ot P(X,;rmax | 0) < P(X |6 ) .'Eva emmAéov yapaktmpiotikd tov odydpipov

OVTOV, GTO OT010 HOIACEL e TOVG alyOPIOOLS oTOolYIoNG dAANAOLYI®V, ival TO OTL amottel TV Vmapén evog
EexwploTov Tivaka otov omoio Ba kpatovvTon dgikteg (pointers), Yo TNV KoAOTEPN (TOOVOTEPT)) KATACTOON
o€ kaBe Béom g alAniovyiac. Me avadpoun (back-tracking), o€ avtov Tov mivaka, ovaKTd Koveig 6To TEAOC,
7o 1010 T0 TBAVOTEPO LOVOTATL.

Ex Tov votépov amokmokomoinoen
[ToAAéc popég pmopel va YPELOGTOVLE KATL TOPOTAV® OO TOV OTAG VITOAOYIGHO TOV 710 THAVOL LLOVOTTATIOV.
Mmnopel yioo Tapdderypo, vo BEhovpe va vwoloyicovpe TV mo THOVY KATAGTOON Y0 L0 GUYKEKPLUEVT]
TOPATHPNON X;, N 7O YEVIKA pmopel va BEAovpe va Bpovpe Ty mBavoTTa 1 TAPUTHPNON X; VO TPOEPYETOL
amo o Katdotoorn k, OEOOUEVNG OAOKANPNG Tng OAAnAovyiag X. Avalnrodue dnAadn, TV mocoHTNTA
P(ri=k|x). Zmmv apyf vroroyilovue tnv amd Kool ThovotnTo TG GAANAOVYING X KOl TOV EVOEYOUEVOL 1| §
TOPOTHPNCN VO TPOEPYETAL OO TNV KATAGTAOT k. Apat:

P(x,w, =k)=P(x,,x,,...x;,,7, =k)P(x

= P(x17x27'--7x1‘57z-i = k)P(x

O TpAOTOC OPOG TOL TEAEVLTAIOV YIVOUEVOL, TPOKVTTEL Ao TN oyéon (8.27), evd o tedevtaiog amd T oxéon
(8.28). Apa, mpokbmTel OTL

P(x,7, =k) = £,(0)b, ()
Téhog, ovppava pe o Bedpnua Bayes Ba éyovpe:

P(z :k|x):% 831)

DX, | XX, 7T, = k)

i+12°*

WX, | T =k)

i+10°"
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Meg tov  TOmO 00TO, UTOPOVILE VO, VTOAOYIGOLHE TNV THOVOTNTO L0 TOPATNPNOT VO TPOEPYETOL OO L0
OULYKEKPIUEVT] KOTAOTAOT. MTOpOULE EMIONG VO OPIGOLLE [ia GAAT GAANAOVYI0 KOTOGTAGE®Y, Y10 TV OToia
Loy VEL:
7, =argmax P(7z, =k |X) (8.32)
k

H oyéon avti pmopel va glval mo ypnoiun 6tav evolapepdLaoTe TEPIGOTEPO Y1, TOV KABOPIGLO TNG
KOTAGTAONG HOG CUYKEKPLUEVNG TTAPATPNONS KOl Ol Y10, OAOKANPO TO povomdtl. Me tov TpOTO 0To,
opifovpe T0 LOVOTTATL TOL LEYIGTOTOLEL TNV €K TV VOTEPWOV TOAVOTNTA.

Mmnopovie emioNg, VO OLLAOOTOGOVLE KOTA KATO0 TPOTO TIG KATUOTAGELS TWV OToimV 1 VIapEn et
mv 10w Proloykn onuacio. Me ovtov 10 0e0TEPO TPOTO, GE YEVIKEG YPOUULES, OV oG EVOLOPEPEL 1 101 M)
oAAniovyio. KOTOOTACE®V OAAG KATOW GAAN 1010TNTA OV TPokLATEL ond avtiv. o wopddeypa, oty
mEPINTOON 7OV £YOVUE €V LOVTEAO, OTO OMOI0 Ol KOTOGTAGELS, OHOOOTOOVVTAL GE dVO KaTnyopies (.Y,
StopepuPpoavikéc-un StopepuPpovikég), av Exovue pa cvvaptnon g(k) mov va opileton mhve otTic 101E¢ TIC
KOTOOTAGELS, LE

g (k) ={

Lav keC™

0,av ke C"™

T0TE

G(i|x) =Y P(r, =k|x)g(k) (8.33)

Kot avT ival akplBag 1 ek TV VoTEPOV THAVOTNTO TO AVOED § VO OVIKEL GE Lo STOUEUPPOVIKT] TEPLOYT
COLLPOVA LLE TO HOVTELO.

H Baocwkn advvapio Tov Topamdve TEYVIKOV amoKm®mOtKomoinong, ot omoieg ovopalovtol TEXVIKES «EK
TOV VOTEPOV omoKkmdkomoinong» (posterior decoding), eivar Oti €ivar duvatdv va dOGOVYV TPOHYVOGON
acOuPatn pe to poviého. Me dhda Aoyio, pmopel va mpoPAéwouv ®¢ tnv mo mbavny aAiAniovyio
KOTOOTACE®Y, ol aAAnAovyio 1 omoia dev Ba pmopohoe Vo TPOKOWEL HECH TOV HOVIEAOL (LN EMTPEMTEG
petafdoeig). H coPapni avt) advvapia, 1 omoio Wropel TPOKTIKA VO aKVPAOGCEL T0 TAeoveKTaTa Tov HMM,
UTOPEL VO OVTIUETOTIOTEL HECH UI0G SLOOIKAGTOG «PIATPUPIGLOTOCH Kol EMEEEPYACIOG TV EK TOV VOTEPWOV
TOOVOTATOV, e Evay odlyopOpo SuVOUIKOD TPOYPAUUOTIGHOD.

Hapaderypa 8.2.4.

‘Eoto 011 érovpe éva vmobetikd poviédo to omoio va meptypdeel Tig aiiniovyieg DNA, kot 10 omoio
ePLyphpeToL TOPAKATO (eivarl avdAoyo e To mopddstypo pe to Capt): LIAPYOLY 2 JAKPITEG TEPLOYES OTIC
aAAnAovyiec ol omoiec vmoBétovpe OTL £0VV KATOW AEITOVPYIKY ONUACIH, KOL Ol OTOIEG SLUPEPOLY OTIC
TOovOTNTEG ENLPAVIoNS TV 4 Bdcewy (emission probabilities). "'Etol otnv meproyn «1» 1oyvouy :

e(A)=P(x,=A4|r, =1)=0.6,
e(T)=P(x, =T |x,=1)=0.1
e(G)=P(x, =G|z, =1)=0.1
e(C)=P(x,=C|rm, =1)=0.1
evd oty meproyn «0» woydovv avtictolya:
e,(A)=P(x,=A|r, =0)=0.25
e,(T)=P(x,=T|r,=0)=0.25
e,(G)=P(x,=G|x,=0)=0.25
e,(C)=P(x,=C|m, =0)=0.25
Or mBavotnTeg petafdcews (amd T pio Teployn otnv GAAN) etvat:
a,=P(r,=1|rn_ =1)=0.9
a,=P(z,=0|7,_ =1)=0.1
a, =P(r,=0|x,_ =0)=09
a, =P(z,=1|x_ =0)=0.1
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[Mopaxdatw eoaiveror pia oAiniovyio DNA pnqxove 200 Bdoewv 1 omoio mponAbe amd to mapoamdved HovtéLo.
2TV TpATN GEPA PaiveTal 1 aAiniovyio Tov DNA, evd amd KaTm eoivetal 1 aAANAovyic TOV KATOCTACE®DY
(1/0). Zmv Ewova 8.7 gaivetar m S1001K0010 0TOKMIIKOTOINGNG KOl Ol €K TOV VOTEPMOV THOVOTNTEG Yid
VTV TNV AAnAovyia.

AAACAAGAATGCGCACACTACGCAAAAACAATTAGTCGCACTCACGATGAAACAAATTACCACGGTGAA
111111111100000000000001111111111100000000000000111111110000000000001

AACGAATAAACCTCAGAGGCCCAGCGTATATAAACAAGATAAAAACCTAGTCAGCACTCTGACCAGACG
111111111100000000000000000000011111111111111100000000000000000000000

AGCTCACGACTTGAGGATAAGAAAAAAACAACAGCTCACGACTTGAGGATAAGAAAAAAACA
00000000000000001111111111111100000000000000000011111111211111

Ewéva 8.6: Mia wyaio aiiniovyio DNA omo to mapamave poviédo. Koatw arxo v arlnlovyia divetar kai 1o aviiororyo
povoraz (0/1)

Ymv mopokdto ewkovo (Ewova 8.7) oaivetor 1 amokmducomoinon pHe TOvg VO SUVOTOUG TPOTOLG
(amokmdwkomoinon Viterbi Kot €K TV VOTEPOV ATOKOIKOTOINGCT) TOL AVAPEPONKAV TAPATAV®.

I \ I \ \
0 50 100 150 200

Ewova 8.7: O1 ex twv votépwv mbovotntes koi 1 omokwokoroinon Viterbi yia tv alinlovyio wov 6o0nke otnv Eikova
8.6. Orwg gaiveror koi o1 dvo uéBodor doviebovv kold, mpofAémoviag v katdotoon otyv omoio Ppickoviol Ta
vovkieotioio, tov DNA. Topotnpodue ot 1 «ek TV DOTEPMV OTOKWOIKOTOINGNY, EIVOL Alyo TLO OmOTEAEGUOTIKY KOOWMS

Exel mpofléwel owota kar Tig 7 TEPLOYES TOTOV «1», evad n «amokwdkoroinon Viterbiy Eyel amotiyel vo, eviomioel uio. amo
QUTEC.

Av 6g [o TopaAlayn) Tov VTOBETIKOV 0LTOD PHOVTEAOL, AALAEOVY Ol THAVOTNTEC LETARACENG MG EENG:
a, =Pz, =1|7n_ =1)=0.98

a,=P(r, =07, =1)=0.02
a, =P(r,=0|x_ =0)=0.97
a, =P(r, =1|z,_ =0)=0.03

Tote, 60tOv 0NV TOPOUKAT® AAANAOVYIO TTOL TPOEPYETAL OO TO LOVTEAO ALTO, EPAPLOCOVUE TIG OVO
TOPATAV® LeBHOOVS ATOKMOKOTOINONG !

277




GCGCACACTAGCGCACACTACGCCTACGCAATTAGTCGCACTCACGAAGAAACAAATTACCACGGTGAG
000000000000000000000000000000000000000000000011111111110000000000001

AACGAATAAAAATCAGAGGCCCAGCGTATATCAGCACTCTGACCACCTAGTCAGCACTCTGACCAGACG
111111111111000000000000000000000000000000000000000000000000000000000

AGCTCACGACTTGAGGATAAGAATAGAAAAACAGCTCACGACTTGAGGCACGACTAGCTCAG
00000000000000001111111111111100000000000000000000000000000000

Ewéva 8.8: Mia toyaio aldniovyio DNA omo to poviédo, otav o1 mbavotytes arldlovv. Katw amo v alinlovyio
oiverau kat to avtiororyo povomatt (0/1)

Ba &yovue TO ETOUEVO OLAYPOLLLLOL:

1 QD

0 - J L/ L
I I I | I
0] 50 100 150 200

Ewéva 8.9: Or ek twv votépwv mibavotntes kor n amoxkwoikomoinon Viterbi yio v alinlovyio. amd to aldayuévo
Hovtédo. Omag eivar povepo o’ ovth v mepintwaon o alyopiBuog tov Viterbi, dev mpoflémel kouio mepioyn vo. eivai TOmov
«1», kaBd¢ to To TWHAVO HOVOTATI KOTACTAGEWY 0EV ETIOKETTETOL KoUio. Yopa. TV Katdatoon «1». Avtibeta 1 «ek twv
VOTEPWV OTOKWOILKOTOINONY OLVEL IO, OPKETO. TO KOA TPoogyyion e oinbie kataotaocns. H «ex twv votépwv
OTOKWOIKOTOINGN Y EVOL 0 YEVIKES YPOUUES KaADTEPN wEQ0JOG, 1010iTEPO. 0E TEPIMTWOEIS OTWS OVTES (MO Eldoue
TOPOTAV®) 0TI OTOIES Eyovue TOAD uikpéS (W peyolieg) mbavotnteg uetofdoews. Ipémer va tovicovue edw, ot oto
OVYKEKPIUEVO TTOPCOELYUA, OEV EYIVE AVAADGH VIO, VO. DTOLOYIGTEL TO KoTwpAL (cut-off value) the mbavotntag tavw awo v
omolo. Qo Oeawpodue ot n uéBooog mpoflémet meproyes tomov «1». To kotwpil mov dexOnroue edw (avboipeta) eivar to 0.5
(mpaoivy ypouun), kar av axoiovbioel avaloon evaicOnoiag, Oo emitdyovue Kaldtepn mpofieyn.

AxoOp0 0 SUOKOAEG KATAGTACELS OVAUEVETOL VO GUVOVTIGOVILE GE TPAYUOTIKA TPOPAUATA, OTAV TO
HOVTELO TEPLEYEL OPKETEG KOTAGTAGELS TOV GLVOEOVTOL LETOED TOVG UE ol OELPA oL £)el KAmolo ProAoykd
vomua. o wapdderypa, oty edpeon yovidiov, propel ) kotdotoaon 1 va avtiototyel oe e£®V1o, 1 KATACTOON
2 OTO ONUEIO OMOKOTMNG, 1 KATAOTOON 3 GE E0MVIO, EVM OTIG OIOUEUEPPOVIKEG TPOTEIVEC Ol KATUOTACELS
umopel va ovpforilovv avtiotorya Tig EEOKVTTAPIEG, TIG SIOUEUPPOVIKES KOl TIG KOTOTAUCUIKES TEPLOYES. XE
OLEC OVTEC TIC TEPIMTMGELS, N €K TOV VOTEPMV ATOKWOIKOTOINGT givar duvatdv vd cuVONKES Vo dMGEL Eva
mOovO povomdtt Tov tomov 1-3-2, kdtL Tov OUWS givol adbvato amd Proroykn oxomid. To 6Ao emyeipnua
Tiow amd TN ¥PNon KPLATOUUPKOPLOVAOY HOVTEA®V € aVTA To TPoPfANuaTa, Eivol OTL LE TO HOVTELD 0T
UTOPOVUE VO LLOVIEAOTOGOVUE KOADTEPO, TO VO PEAETN Proroyikd cvotnua. Kotd cvvéneiwn, mpémetl vo
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ava{nmBodv mo amodotikoi aAyopOpoL amoKkmdtkomoinong ot onoiot (6mwg kot o Viterbi) va dtapuAdccovy
TN YPOLLOTIKT TOV LOVTEAOV.

Ex TV vo1épv 0moK®OIKOTOiN 61 NE (PN 61 SOVVOULKOD TPOYPUURATICHOV

Me 1 pébodo avtr, ol ek TV VOTEPOV THAVOTNTEG PIATPAPOVTOL PEGO amd £vav aAYOplOUo SUVOUIKOD
TPOYPULUATIONOD, 0 omoiog meplopiletl TIg mBUVEC AVOELG HEGO GE KOO0 TPOUTOPUCIGHEVO OptaL (TT.y. TO.
e AIoTA KO PEYIOTO UK TOV SOUEUPPavIK®OV TUNUAT®V) Kol Bpickel TNV OAIKY] KOADTEPT) TOTOAOYIO Yol
mv npoteivn. H pébodog avtr mpotddnie apyucd and tov Jones kai tovg cuvepydreg tov (Jones, Taylor, &
Thornton, 1994).

To cvuvoiikd TPOPANUA TOL EVTOTIGLOV TNG BEATIOTNG BECEWMC KL TOV UNKOVE TOV 7 OLOUEUPPaVIK®Y
TUNUATOV GE pid. oAAnAovyio m KOTOAOIT®V, VTOSWIPEITAL GE 1 PIKPOTEPH TPOPANUOTO AVTILETOTILOVTOG
KG0e SropepPpavicy meproyn Eexwptotd. ‘Etot, pe s” ovpBorilovpe 10 cuvolikd okop (GOPOIGHO TOV €K TMV
VOTEPOV TOAVOTHTMV TOV OVTICTOLYOVV GE JUEUPPAVIKT TEPLOYN), VIO TO OUUEUPPAVIKO TUNMO LE URKOC /

ot 0éon i pag aAAniovyioc. Tote, TO GULVOAKO GKOP Sj. (z' L,2,..,m):1L2,.., m) , 0o vroroyileton omd v
VOO POLUKT) OYEON:

i il k

;= ; : .34

S; =, max {Sf * k:lfi}?iin{Sf—l}} (8.34)

Omov j €ivor 0 GLVOAMKOG aplBUdc SlopepPpovik®y TUNUOIT®V, L, Kol L, To €AdyloTo Kot pHEYIoTO
EMTPETOUEVO UNKT] TOV OLOUEUPPOVIKOV TUNUAT®V, Kot A TO EAGYIGTO EMTPETOUEVO UNKOG GTPOPNG. Mia mTio
YEVIKN HOPON 0LTOL TOL aAyopiBuov mpotabnke apyotepa (Fariselli et al., 2003), cav o yevikodtepn Adom
TOL TPOPANUOTOC EVIOTICUOD VITO-TEPLOYDV LLE CLUYKEKPIUEVA YOPOUKTPIOTIKAL.

Posterior-Viterbi

IToAv mpdoeata, o Fariselli kot o1 cuvepydteg Tov, TpoTevay Evay aAyOplOUo OTOKMIIKOTOINGNG 0 0T0iog
oLvOLALEL YapaKTPIoTIKE Tov aAyopiBuov Viterbi kot g ek tov votépov anokwdikonoinong (Fariselli,
Martelli, & Casadio, 2005). O oAyopOpog, Ppicket to povomdrt '

L
7" =argmax [ [ P(x, |x)
zell, i=1
omov 11, elvor 10 6OVOLO TOV EMTPENTOV OO TO HOVIEAO HOVOTOTIOV, Kot P(7;=k|X) 1 €K TV voTépav
TOOVOTNTO Yo o KATAOTOOT), OT®G opiotnke otn oyéon (8.31). ['a vo opioTtodv 10 EXTPERTA LOVOTATLOL,
ypewlopacte o SiTiun cuvaptnon 1 omoia va maipvel Tiun 1y pio emtpenti petdPaon kot 0 yio puor pun-
emrpenty. 'Etou

5(1{,1):{

Telkd, 10 PEATIOTO EMTPENTO £K TMV VOTEPOV povomdtt 7, divetar amd T oyéon:

L

" =arg maXH5(ﬂi,ﬂi+l)P(ﬂ[ | x)
z i=1

O ovvolikdg aAyoplBuog, o omoiog mopovcldleTol TOPAKAT®, €ivol OTNV OvVCio [ TAPOAAAYH TOL

aAyopiBuov Viterbi, otnv omoia ot wBavotnreg yevvnoemg avtikobioTavtol omd TIC €K T®V VOTEP®V

mOavoTNTEG Kot 01 ThavOTNTEG HeTdPaonc amd Ty ST GuVEPTNOT OV EIOALE TUPATAVE.

L, ifa, >0

0, otherwise
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AlyopOpog Posterior-Viterbi
Vk#B,i=0: uy(0)=1, u,(0)=0

V1<i<L: ul(i):P(ﬂi:l|x)m?x{uk(i—1)5(k,l)}

P(x,7" |6) = max {u,(L)5 (k,E)|

Amokmowkonoinon Forward
"Eva Ao €ldog amokwokomoinong, eivar exiong duvatdv va mpaypatoromel ue tn ypnomn tov alyopiopov
Forward. H péfodoc avtr, n onoia ovopdaletar moArég opég ‘Forward Decoding method’, ivan ypioiun otav
Yo TOPAdEY O £XOVUE €VOL LOVTELO TO Omoio Tepiéyel moAdamhovg kAadovg (Euwova 8.10). Xe avtn v
ePinTOON, 0 KAAS0C Tov divel TNV peyodvtepn mBavotnta, o givol o TPoTIU®UEVOC dALG dev Ba pmopolpe
He autd ToV TPOTO Vo fpodpE TNV akpiPr] CAANAOVYI0 TOV KOTAGTAGE®DV (LTOPEL KOt VO, UMV LaG EVOLUPEPEL).

H ypnon g olikng mBavotntog amd ™ oxéon (8.26), dev apkel yiati peyaddvtepeg aArniovyieg,
KaTd Kovova Bo divovv kot peyodvtepn mhovotnto. 'ETol ¥p1olLOTOCaLE o KOVOVIKOTOUIEVT] GYEoN
avaroyn pe ovti g oxéong (8.10). Zvykekpiéva, Bo EOVLE Lo T GKOpP:

log P(x|0)

L

omov L, Ba givar to punkog g mpmteivng. ['evikd, peydieg Tiég antig g ovvaptnong Ba sivar €voeién 6t n
TPOTEIVT OV TAPAYETAL OO TO HOVTELOD, EVOD HKPES (TTOL AVTIGTOLOVV G UeYOAN TavotTTa), £voelln OTL T
mpoTeivn Topralel pe to poviédo. Evoaldaxtikég oyéoelg, €xovv mpotabel (S. R. Eddy, 1998), ot omoieg
YPNOOTOOVV Evay AOYo TnAikov miBovopaveldv, cvykpivovtog yio mopddetypo v mbavdtnto g
oAAnAovyiog dedopévov Tov HOVTEAOL, HE TNV TOAVOTNTO TNG aAAnAovyiag Ocdopévov evag ‘tuyaiov’
HOVTELOL ), €VOG LOVTELOL dNAOON, TO O0moio TPOoHTOBETEL “TUYOIES” KUTOVOUES TV aUVOEE@V (UNdEVIKO —
null povtéro).

S(x6) = (8.35)

logP(x|l9)

S(x6) =~ log P(x|6,)

(8.36)

Movtero 1

e Movtero

Movtero 3

-2

Ewova 8.10: Yrobetikn mepintwon evog oviélo ue tpeis kladovs. Me epapuoyn tov alyopiBuov Forward, umopodue vo.
Ppodue tov kAado ue ) peyatvtepn mbavorya.

Ot mBovOTNTEG Y10 TO TUYAIO AVTO HOVTELD, TPOKVTTOLY OO KAmold Pdon dedopuévav, Kot yio, kabe
KOTAAOUTO 6TV 0AANAOLYiC OVTIGTOLOVY GTO TOGOGTA EUPAVIONG TOL KataAoimov ot Bdon. ABpoilovtag

280




TIc mBavotTeg Yoo kéBe KatdAoimo g aiAniovyiog, €yovpe TEAIKA TNV mOaAvOTNTA TG OAANAOLYIOG
OEJOLEVOD TOV UNOEVIKOD LLOVTEAOV.

8.2.5. Exrtipnon Hopapétpov octa HMM

Méywotn [IiBavogdavera
H extipnon 1tov mapopétpov  evdg  ototiotikod-mifavobewpntikod  poviéhov, ovvnbiletan  va
mpaypotoroleitan pe tn dwdikacio e Méyomg [Mbavopdvelog (Maximum Likelihood). Ot Extiuntég
Méyotng Mbavopdaverag (EMII), opiloviar wg ot Tyéc tov mapapétpav 8 tov poviélov, ot omoiec
UEYIGTOTTO00V TN cuvdptnon mlavopdvelng. H tedevtaia, elvar amid n amd Kowod cuVAPTNON KATAVOUNG
OAOV TOV TOPUTIPHCEDV, SEGOUEVOV TOV TOPUUETPOV TOV HOVIEAOL OV BEWPGOVE TIC TUPOUETPOVS GOV
Toyaieg petafAntéc. Apa:

0" =argmax P(x|0) (8.37)

4

Mo Adyovg vroroyloTikng amAdtnTag, cuvifog dovigvovpe pe To AoyapiBuo g mhavopdvewng /(x]6), o
omoio¢ peyloTomoleiTol ota 1010 oNUEia PE oVTY.

I(x|6)=logP(x|0)

Av gpyaldpoote pe tov AoyaptOpo g mBavoPAvELNS 0 GKOTOG VAL VO LEYIGTOTOMGOVIE TNV TIUT TOV, EVD
av gpyaldpoote pe 10 avtiBetd tov (apvnTikny AoyoplBukn mBavoedveln) o okomdg eivar va
elayiotomomoovpe v avtiotoyyn tiun. [pénel va toviotel €0d, OTL Ol OTOUIKEG TOPATPNOELG Elvar Ta
apwvoéikd katdhowto. Koatd ovvémela, ov dwbétovpe yio exmaidevor, meplocdtepeg aAAnIovyieg, TIC
Bewpole ave&aptnteg Kol 11 cLVOMKN MAvoPdveln €ival TO YIVOUEVO TOV TOAVOPAVEIDV TOLS. Apa, O
AOYapOUOC e, eivar To dBpotoua TtV AoyopiBumv tev mbavopaveldv kdbe orAnlovyiag. Xe OAo Ta
TopoKAt, 0o Bepodpe ®g dedOUEVA TOV GLUVOAOL EKTTOIdEVONG Mo OAANAOVYIOL X, HE T YEVIKELON GE
TEPIMTOOT TOAAATADY OKOAOLOIL®DV, VO ElvaLl TETPLUUEVT] TEPIMTWOOT).

2y Wavikn (660 Kot avEPLKTN) TePInTon, Katd v oroia yvopilovue to akpipr] povordtia yio Tig
aAAniovyieg ekmaidgvong, o VToAoyiopog Twv EMIT elvan apketd amddg. ZoyKeKpLUEVa, dEV EXOVUE Tapd va
KOTOUETPTICOVUE TOGES POPEG TOPATNPNONKE U0 CLYKEKPIUEVT HETAPaoN omd KAbe KaTAoTOOoT, KOl TOCES
Popég Eva apuvolD gppaviotnke o€ Kabe katdotaor. Apa ot EMIIL, ywo tig mBavdtteg petdfaong Oa giva:

.4
a, = Z (8.38)
k'

7
KoL Yo TiG ThovoTnTeg ERLEdvions cuuBormy,

5 oy~ Ex(B)
¢ (b) = SE ()

OOV Ta AOPOIGLOTA GTOVG TOPOVOLUOTES, EKTEIVOVTOL GE OAO TO €VPOG TV TOPAUETPV. TIpOPANUA pE avTh
™V Tpocdyyion, umopel va vdpel, av Kamol TapAUETPog dev Tapotnpndel ovte o popd 6Tto GHVOLO
EKTOIOEVLONG, LE OMOTEAEGLO VO ELPUVIOTOVV UNOEVIKEC TOOVOTNTEG. TNV TEPITTOON CLTY, UTOPOVUE VL
npocHicovpe kamoteg yevdoTiuég (pseudo-counts), g €ENG:

(8.39)

A Ay +1y
P il (8.40)
. ZAH.+Zrk,,
0 T
R E (b)+r.(b)
b) = k k 8.4
S SATTES yATy (®40
X b

Av kdmoioc vioBetoel o Mrebliovn TpocEyyion oty avaAvon TV SEd0UEVMV, 01 TOGOTITEG QVTES
71, (D) avTIoTOYOVV OTIC TAPUUETPOLS oG katavoung Dirichlet. H koatavopr avthi ypnouionoteitor g
EK TV TPOoTEP®V (prior) KoTavour, AOY® Tov OTL givol ovluyng UE TNV TOAVOVUMIKE KOTOVOUN TOL
axoAovBobv o1 ThavOTNTEG HETAPACEDS KOl YEVVIOEDG,.
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O aryoprOpog Baum-Welch

2 yevikdtepn Ko mo cuvnBiouévn mepinmtwon, xotd tnv omoia dev yvwpilovpe v aiiniovyio TV
KOTAOTACE®V, TO TPOPANUA givar o obvOeTo yiati TpEmel va eKTIUNOOVV Ol TOPAUETPOL TOVTOYPOVO LE TO.
povordtio. H Avon, mpotdbnke katd tn dekoetio tov 1970 amd tov Baum kot tnv gpevvnTikn Tov opddo, Kot
&yve yvoot ©¢ 0 oAyopifuog Baum-Welch (Baum, 1972). Ztnv mpdén, éxetr amoderybel, 611 0 adydpBpog
ovTog, glvat pa e101KOTEPT TTEpinT®on Tov aAyopiBuov Expectation-Maximisation (EM) (Dempster, Laird, &
Rubin, 1977), o omoiog mpotddnke cav pio YEVIKY TPOGEYYION YO TNV EKTIUNGCT] TOPOUETP®V OO JESOUEVA
pe elieimovoeg Téc (missing values). Etvat evdiagépov 6t1, 0 Baum kai o1 cuvepydteg Tov, TPOTEVOY TOV
alyopiBpo, ywpic va yvopilovv v yevikevpévn mpocséyyion 1 omoia mpotabnke apydtepa (Dempster, et al.,
1977). 210 mopokdTo, yio AOYoug GTATIOTIKNG oLVETEWNG Ba mapabécovpe v Tapovsicon Tov aAyopifuov
V7O T0 TPicpa Tov aAyopiBuov EM.

I'evikd o aiyopiBuog EM ypnouomoleitor yroo eKTiuioelg PEylomg mbavopdvelog dtav vadpyovy
el eimovoeg Tiuég (missing values). Edm ot eéldeimovoeg Tipég eivarl o1 AyvmoTeg KOTAOTAGEIS T. € 0AOKAN PN
mv mapdypogo avtq 6, &,0" ki, evvoodue 10 GET TV TAPUPETPOVY TOV HOVTELOV GE KGOe emovEAyM
(iteration) 7 Ko X yeViKd To 0€00MEVA O, ONAAOTN TIC aAAniovyiec. O AoydapiBuog g mbavopdvelag Ba sivat:

I(x,0) = log P(x,0) = Y log P(x,7 | 6)

Emedn amod to Bedprua Tov Bayes givotl yvooto ot
Plx,7 |0
P(r]x,0)= Plx,70)
P(x|0)
Ba &yovpe:
log P(x|0) =log P(x,7 |0)—log P(x | x,6)
Téte ov moAkamhacidcovpe pe P | x,0") , kar aBpoicovps yia Oha o mOavE LOVOmaTioL 7, O £)OVLE:

log P(x|6) = > P(7 | x,0")log P(x,7|6) = > P(x | x,0")log P(rr | x,6)

Tov tp®dTO 6p0 TOL TOPUTAVE® 0OPOIGIATOG TOV OVOLALOVLE:

(016" =Y P(xlx,6')log P(x, 7| 6) (8.42)

INo va peyiotonomBei n mboavopdvela, BEAovue:
log P(x|0)>1log P(x|6")
yio kéBe oet TapapéTpov 8, dpa:
t : (|t g PO 1%,0")
logP(x|0)—logP(x|6)=0(00")-0(0" |0 )+ZP(7I |x,0")log——————
. P(z|x,0)
Ko emedn o tedevtaiog 6pog eivar 1 oYty evrpomio ko ivon mévta OetTikdg extoc av O=6 Bo £xovpe:
log P(x|0) —log P(x|0") 2 0(0|0") - 00" | &)
Tote av dtaAéEove TO GOVOAD TV TOPOUETPMV OV LEYICTOTOLEL TN cuvapTnor O, ONAaon:

0" =argmax Q(06")
4

N TOOVOPAVELD TOL VEOL LOVTEAOL Ba eivon Tdvto peyardtepn. Ag Sovpe OVOADTIKA TMPO TOV alyOp1Lo:
H oyéon (8.24) yivera:

E, (b,m)
A
P(x,7|0) :HH[ek (b)] HHakl ) (8.43)
k=1 b k=0 [=1
omov, Eub,m), ko, Ay(r) eivor ol cuVOMKEG eUPavicels Tov cLUPOAOL b, Kol TOV UETOPACEOV GTNV
katdotaon [ avtiotoro, ond v Kotdotaon k, o€ éva povomdtt . Avtikabiotovioag topa oty (8.42)
Eyovpe:

000" =" P(xlx, et)[ZZEk (b,)loge (b)+ D" 4, (r)log aki (8.44)

k=1 b k=0 [=1

282



®a deifovpe TapakdTw, 0Tt o1 avopevopeve TWEC Ey(b,m) Ko Ay(w) tov mapapétpov, abpolloueves yio Ol
TO. HOVOTATIO, UTOPOLV VO EKQPPOCTOLV GOV oLVAPTNOT TV HETOPANTOV fi(i), bi(i), mocdNTES MOV
vroAoyifovtat amd tovg adyopifuovg forward kot backward mov gidape mapamdvo. [pdypoatt,

P(x,m, =k, 7, =1|0)=P(x,,%,,...x,,m, =k, 7., =1]0) =
:P(xlaxza xmﬂ. k|0) (

Kot €MEWN] gV LIAPYEL €EAPTNOY 0VTE TV TOPATNPNCEMV OVTE TMV KOTAGTACEMV ONO TPOTYOULEVEG
TOPOTNPNCELS, KOTAAYOVLLE:

P(x =k, = l|6’)=
P(x,%,5.0 X, 7, =k | ) P(x

i+1°

Xipgreens Xps Wiy =L X0, X500 x;a”l':ka‘g)

1+1 s

Xipaseees Xy ﬂz+1_l|ﬂi:k’9)

Am6 ™ oyéon (8.27), Brémovpe ot
[ (@) =P(x,,%,,....,x,, 7, =k)

Emmiéov,
P(x, %X 00X, =17, =k,0)=
( i+1 2 L 1 ‘ ) (845)
P(xma 7o =llm =k, ‘9) ( Xivgoeees Xy | Xpys Ty =L, 7w, = k, 9)
O mTp®TOG OPOC TOL YIVOUEVOD, YIvVETAL:
P(xi+1’ z+1 llﬂ. k 6)
=P(7. =17 =k)P(x,, |7, =1) = (8:46)
=au€ (xm )
evd 0 0e0TEPOG, Le T PonBeta g oxéong (24):
P(x, s, | X7, =1L, =k,0
( i+2 L ‘ 1 1 ) (847)
=P (x5, | 7, =1) =0, (i+1)
Avtikafiotavtog Tig oyéoelg (8.46) kar (8.47) otnv (8.45), &ovpue:
P(xmaxnza-"axu v =l =k, 0) aklel(xi+l)bl(i+1)
KoL TEAKAL:
P(x,z,=k,7,,, =110)= f, (i)aye (x,, )b (i+1) (8.48)
am’ 6mov e ypnon tov Bempnuatog tov Bayes:
b(i+1
P(7Z' k T, = ] | X 9) — ﬂ(l)aklel ()CH]) (l ) (849)

P(x)
omov fi(7), bi(i), elvar o1 mocdTNTEG TOL LITOAOYILOVTOL ATd TOVG aAyopiBuovg forward ko backward. Me 6poto
Tpomo, eidape ot oyéon (8.31) ot

P(r; =k|x)=%l;’f)(i)

Tote, and Tov opiopod g avapsvéusvng TIUNG, EYOVUE YO TIC LETAPACELS:
Ay = P(r]x,0') 4, (7) = e )Z 1, (age (x,)b, (i +1) (8.50)
Kot avriotorya yio Tig mBavoTnTEg ysvvncsscog

E,(b)= ZP(zr|x,6”)E (b,7) = T{,XZ‘,, 17@)b] (i) (8.51)
Ko avrma@tctmvwg ot oyéon (8.41) &yovpe:

0016')=>_> E (b)loge,(b)+>.> A4,loga, (8.52)
Kot oot n vadprk:cs; TEAMKA psytctonowkij()xi:(;né Tovg ekTUNTEG TV e&lomoewv (8.38) kat (8.39). 'Etol o¢
YEVIKEC Ypouués o olyopiduoc tov Baum-Welch omoteleiton and to E-Prua (Expectation) oto omoio

283



vroAoyifovtor ot mocdtnteg fi(i), bi(i), oamd Tovg aryopiBuovg forward kol backward avtictolyo kot kaTdmTY
VTOAOYILOVTOL Ol OVOLUEVOUEVEG TIES Y10l TIG TOAVOTNTEC Ay, Kot Ex(D) amd Tic oyéoetg (8.50) xan (8.51). 'Etot
kaBopiletar povoonuavta n ocvvaptnon Q. To M-Prue (Maximization) meplopileton oto vo 1000V 01
Topamdve TéEg v Ay ko Eyb) otig oyéoelg (8.38) ko (8.39), va vmohoyiotovv Eavd ot E.MLIL ko 1
mlavopdvelo Tov povtédov. O aiydpiBuog teppatifeton amid otav ot petaforéc oty mhoavopdvelo (log-
likelihood) xot ovtiotoyo omv ocvvaptnon @ petd amd Kamow PrApoate eivol HKpOTEPES Amd  Uio
npokabopiopévn tiun (threshold).

M£00d0r Gradient-Descent
O aAryopiBuog Baum-Welch, mapovcidlel 6nwg eidape po oepd and Bovpactd mpotepripota. To Pacikd,
glval 0Tt eivar paBnuotikd eyyonuévog Ot Ba cuykAivel, evd deVTEPEVOVTIMG, OMOOEIKVOETAL KOl OPKETA
ypriryopoc. To Pacucd tov petovéktnuo, ivar 6Tt amottel n avovéwon (update) tov TapapéTpoy vo yivetat,
aeov OAo 10 obUVoho ekmaidevong &xer mapovowotel (batch mode of learning). EmumAéov, sivan
KOTOPPOPNTIKOS», VIO TNV Evvold OTL OV L0l TAPAUETPOS UNOEVIOTEL, OEV VIAPYEL TEPIMTWOOT VO ATOKTIOEL
TAEOV OPOPETIKN TIUN. AVTE TO, VO UEIOVEKTIOTA, TPOoSTAONGay va avTipeTonicovy ot Baldi ka1 Chauvin
(Baldi & Chauvin, 1994).

H pébodoc Gradient-Descent, sivor o yevikn gvpiotikn pnébodog elayiotomoinong evépyslag. Av
BempnooLLLE Lo GLVAPTNON, f e 1 LETAPANTEC:

£(x)=f(x,%,,..,x,)
N omoia givol Tapay®YiGIUn, TOTE £VO, TOTIKO TNG EAGYIOTO, GTO TOAVOLAGTATO OTUEID

() = (5 ,”)
umopet va Tpocdiopiotel, mpooeyyilovtag dtadoyikd To onueio HEs® e oyEong:

ST = () =nAf ()
omov, A elval To0 SIAVLCUO TOV HEPIKMDY TOPAYDY®Y TNG CLVAPTNONG Kol # €VOG OPKETA HKPOS pLOLOC
nabnong (learning rate). Ztnv TepInTOON UOG, MG KEVEPYELOY UTOPEL VO 0ploTel To avtifeto tov Aoyapibpov

g mbavoedvelog (negative log-likelihood), eved o1 mapdpueTpor givor puoikd to chvoro TV THAVOTHTOV
petaPdosmg Kot yevvinoewc. ['a kdbe TapaUeTpo @ TOL HOVTEAOD, 1 OVOVEWDGCT] EMLTLYYAVETOL BETOVTOC:

ol (x | 9)
Ow
Apa 10 TPOPAN U EYKELTOL GTOV VITOAOYIGLO TOV LEPIKDV TOPAYDY®V TOV Aoyapifuov g mbavopdvelag, wg

TPOG TIC TOPOAUETPOVS TOL HOVTELOV. AoV opicovie

(=-log P(x|6)

Y10 TOV VTOAOYIGUO TOV LEPIKMVY TOPAYDY®V KIVOOLOOTE MG EENG:

oM =0 -n (8.53)

dlog P(x16) 1 0P(x]0)

ow P(x|0) o
1 ep(xrl6)
~P(x|0) o

1 dlog P(x,7|6)
=——>» P(x,7|0
P(x|9)z,r: (10—,

=> P(z|x,0) alog};(xm ‘) (8.54)
= 1)

Me ypnon g oyéong (8.43), kot apod AOYoplOUOTOMNGOLLE, EYOVUE YO TN UEPIKT TOPAY®YO MG TPOG TIG
TOOvVOTNTEG LETAPACEMG:

dlog P(x,7|0) 8(22/&1(”)10%}

k=0 [=1

oa,, oa,,
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—Akz<n>a(;zzll°g“’“J

oa,,
A, (7
_ A7) (8.55)
ay
Apa, n oxéon (8.54) tehkd yivetou:
olo P 9
dlog P(x|6) ZP (1%0) Ay(7) A4, (8.56)
day, Ay Ay

Me evtehdg o010 csl)MoyLGuo, vroAoyilovpe Kol TNV avtioToryn WEPIKN| TOPAy®Yo Yo pio, ThovoTnTo
YEVVIOEWG:

dlog P( x|9 ZP Ek(ﬁ,b)zEk(b)

de, (b e(b)  e(b)

[Tapatnpodpe, 6TL n LEPIKY] TOPAYM®YOS TOL AoYapiBpov e TOUVOPAVELNG MG TPOS TIG TOPUUETPOVS TOV

HovTéLOL, gival iom pe TV avtioTtoyn Hepikn Tapdymyo tng fondntikng cuvaptnong O amd  oyéon (8.52).

Mmnopovpe dnAadn, vo copmepdvovpe 0Tt kot ot dvo péBodol Kvovvtal Tpog TV 0o katevbuvon oty

elayrotonoinom evéPyElog, Kol 0dNyouV TEMKE 610 1010 amoTéEAESO KABDS GTO TOTIKO EAIOTO Kol Ol dVO
undeviovton (Baldi & Chauvin, 1994).

INo va odoxAnpwBel o odyopBuog, ypetdletarl éva akoun amapaitnto Prina. Ipénel pe kdmolo tpomo,
va. TEPLOPicoVE TOV aAYOP1ONO, £T0L MGTE Ol TIEG TOV TOPUIETPMOV VO, Elval TPayHaTiKég TavoTnTeS. Av
epopuocovpe 1t oyéon (8.53), mpayupoatomowwvrag Gradient Descent, Tave OTIC TPAYUATIKEG TUYLEC TOV
TOPOUETPOV, Elval TOOVOV VO TAPOVIE OKOUO KOl OPVITIKOVG EKTIUNTEG Yo TIC mlavotnteg avtés. Katd
oULVETELD, Elval amapaitnTo va opicovpe Kamoteg fondntikég petafAntéc, ol omoieg va maipvouy ThvTo TYHES
peta&d 0 kot 1, vo TPOoyUOTOTOMGOLIE TNV EAUYICTONOINGN KOl KATOTLY VO, OVOKTIOOVUE TIG TIUEG TOV
TOOVOTATOV. XT1 GUYKEKPIUEVT TEPIMT®OT], Ypnoponomoape ™ péBodo tov Krogh xar Riss (A. Krogh &
Riis, 1999), n omoia Bewpel Tov Aeyouevo «soft-max» petacynuotiopod. Ia v axpifeia, yio tig mbavotnreg
petafaong oy, opifovion po oepd amd PondnTikég TOPAUETPOVS z)y £TCL DOTE:

exp(z,)

(8.57)

T (8.58)
Z exp (zk,, )
T
[Ipayuatonoidvtog tdpa, TV eAayiotonoinomn e 1 pébodo Gradient Decent, Oyt 6ta oy, OAAGL OTO Zy:
N or'
z) =z, -n— (8.59)
0z,
TOIPVOVLE TIC OVOVEDMUEVEG TAPUUETPOVC Yo TIG TOAVOTNTEC HETAPaoNC:
© ~ Q)
Zy " eXp| 1 Py
ak[(t+1) _ kl (860)

Zy

a((l)
Z z,d ) exp 8

Me adhayn petafAntig ot oxéon (8.56), umopole vo. VITOAOYICOVE EMIONG TIG LEPIKES TOPAYDYOLS TOV
avtifeTov Tov AoyapiBupov g TBavoEdvelng WG TPOG TS fondNTUKéG TAPAUETPOVG 2/

ol
_:_|:Akl_aklekl':| (8.61)
-

0z,
Avtikabiotovtog, T oxéon (8.61) ot oxéon (8.60), maipvovpe o Ekppacn 1 omoia e&aptdrol TAEOV HLovo
00 TIC TIUEC TOV TOPUUETPMVY GTIV TPOTYOVLEVT ETAVIANYT KOl 0O TIG OVOUEVOUEVES TILES TOVG:
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o (Z]f;) exp(_77|:Ald - aklz Ak[‘:|)
w = ’ (8.62)
Yalexp (—77 [Ak, —a, Y A, D

Me ovtév T0vV TPOTO, M AVAVEMOT] TV TOPOUETPOV EMITUYYXAVETAL YWOPIG Vo ypelaotel va
VIOAOYLGTOVV G€ KAmOo10 evilaueco Prina ot fondntikég petapintés. Ipopavmg, pe dpoto tpdmo epyaloduacte
Kot Yo Tig mBavotnteg yévvnong. Me 1 puébodo avtr, UTOpovUE TAEOV VO, TPOYUATOTON|GOVUE «OUOAT
(smooth) ekmaidevon, ywpic Tov Kivouvo UNOEVIGHOD KATOW®V TOPAPETP®V O ONOI0G EVUTAPYEL OTOV
aAyopOpo Baum-Welch, odAd kot va mpaypotonotcovpe tn Aeyouevn dwdikacio «online training», Kotd
TNV omoio, Ol TWUPAUETPOL LITOPOVV VO OVOVEMDVOVTOL KOTAAOWTO-KOTAAOLTO, KOl OYlL WHE TNV TOPOVLGiOoT)
0AOKANPOL TOV GLVOAOL gkmaidevonc. H pébodoc avtr, Ba pavel ypnoun mapakdto, kabng povo pe avt
umopel va mpaypotonomBel exmaidevon Aegouevuéving Méyiomg [Mbavopdvelng (Conditional Maximum
Likelihood-CML). ITap’ 6Aa ovtd 10 Pacikd TG petovékTnua, Kobmdg TpoKertol mepi EVPIoTIKNG 1eBOd0V,
etvar 1 avBaipetn emhoyn g mopopétpov 4 (pOudc nabnong), n oroia 0dnyel oe aotdbeio, 6N dadKocio
EKTTOUOEVOTG KOL 1] LIKPT) TG TOXOTNTA GVYKAONG GTOV TOAVIIAGTATO YMDPO TOV TOUPOUETPOV.

Viterbi training
Téhog, TpEmel va ava@EPovpE Kot Evay GALO, OPKETE OTAG TPOTO EKTIUNGONG TOPAUETPOV, O OTTOI0G LAMGTO
TapovcldoTnKe GYeTIKA apyd ot Biproypaeia. O alyopiBuog avtdg ovopdletor Viterbi training 1 aAAdG
Segmental k-means algorithm ko1 mapovoidotnike and tovg Juang ko Rabiner to 1990 (Juang & Rabiner,
1990). O aAyopiBuog ompiletarl otnv amhn 1Wéa, va evorlldocovtol dtadoyikd ovo Prinata: o) e0pecn TOL
KOADTEPOV LOVOTTATION UE TOV odyopOuo Viterbi, kot f) Oecdpnon tov LOVOTATION GLTOV M TPUYUATIKO Ko
ypnomn tov tHnev (8.34) kot (8.35) yio Ty €0pecT TOV TOPAUETPMV TOL LOVTELOL.

H 1¥¢éa ticm amd tov adyopiBpo, eival apKeTd omAn Kol EAKEL TNV KATAY®Y TG oo T BifAoypapio
NG OTOTIOTIKNG opadomoinong (clustering), 6mov Kot 0 akydpiBuog Tpotddnke yio Tp@tn Popd to 1968 ue 10
6voua k-means algorithm (MacQueen, 1967). Mg v gdpeor tov BEATIOTOV HOVOTOTION Kol TV Topodoyn
OTL aVTO givarl «mopoatnpnBévy, N amd Kowod TOAVOEAVELD oG dAANAOLYIOG KOl TOL UOVOTOTION OLTOV,
dtveton amod éva amko yvopevo (8.20), omdte gival ovolkTog 0 dPOUOG Yol TNV AT EPAPUOYT TOV TOTMV TOL
dtvouv tovg exTiuntég péylotng mbavoedvelag. Ot Juang kot Rabiner €6ei&av 6tL 1 01000)IKN EQAPLLOYY TWV
Vo awt®V Pnpdatov, odnyel oe PHOVOTOVIKN avENGN TNG TIUNG TG TOAVOPAVELNG, TNV OTOl0 KOl OVOUAGOV
mlovopdaveln PedtioTomoinuévn Yo Tig Kataotdoelg (state-optimized likelihood). ‘Eva emumiéov evdlopépov
onueio avtov tov aAyopiBuov, eivar 1o yeyovog OTi, emedn to mOAVA pHovomdtio givol mEmepacUEVa, O
alyOp1Bog cuyKAvEL G€ éva TOTIKO PEYIOTO TNG TOUVOPAVELNS GE TEMEPUTUEVO 0PSO PridTov.

Dduoikd, OTmG Kot OA0L 01 aAYOPLOLOL BEATIGTOTOINGTG TOV AVOPEPOVUE €0, OEV VIAPYEL EYYONOT OTL
0 aAydpBpoc Ba evromicel Eva oAkd gldyloto g mbavoedvelas. ‘Etol, e€aptdtol amd Tic apyikés TLES av
TO TOTIKO aTO eAdyioto Ba ivar Kamolo to omoio Ba divel povtéla pe onpoavtiky Tpoyvootikn aéia (to idto
(QLOIKA oYVEL Kot Yo Tov odyopiBpo Baum-Welch aiAdd kot yia tovg adyopiBupovg gradient). AtoncOntikd, o
aAyopOpog avTog givar o, d1akpitr kdoyn Tov adyopifuov Baum-Welch. Exel mov o tehevtaiog Bpioket tnv
avopevopevn tun abpoiloviag T ovvelspopd AV TV TIOOVOV HOVOTATI®V, 0 TPMTOS EMAEYEL VO
KPOTAOEL TI GLVEICPOPA LOVO TOV LOVOTOTION HE TNV KaADTEPN TOavOTNTA. AVTO £XEL GOV AMOTEAEGLL, VO,
dtvel, Beopntikd TavTa, Alyo XEPOTEPQ OTOTELEGUATA, GAAG OO TNV GAAN €Yl TO UEYAAO TAEOVEKTNUO, OTL
amolTel Lovo €va TEpaco Tov aAyopifuov Viterbi kel mov o adydpifuog Baum-Welch amaitel éva népacua
tov Forward kot éva tov Backward (kotd cuvéneila, amottel 1o picd ¥pdvo VTOAOYIGHOV, TPAYLLO GTLOVTIKO
0€ MEPIMTOON PEYOA®V LOVTEAWDV 1)/KOL LEYAAOV OYKOV OESOUEVMV).

8.3. Class Hidden Markov Model

8.3.1. Opiopoi

To Pacikd YopoKINPIOTIKO TOV TOPATAVE KAUGIK®V TPOCEYYICEMV OTNV EKMAIOELOT| €VOG HOVTEAOL,
amoteAel To yeyovog Ot eivar «pébodot ympic emifreyrny (unsupervised methods). To pdvo mov €xetl va kdvel o
YPNOTNG, EIvOL Vo TPOCSEEPEL KATOLEG OAANAOVYiEC-TapadeiypoTa, Kot ot aiyopipol Ba fpouv v Bértiom
KOTAVOUY TOV TOPAPETPOV Yo VO TEPLYpdyovy Ta dedopéva avtd. Eva Boacikd mpdfinua otn Proroyia,
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OVOKOTTTEL OTNV TEPITTO®OT KOTA TNV omoio. BEAovpe vo exkmaideboovpe €va peydlo LoviéLo, TO omoio va
TEPLYPAPEL UE PEYOAN oKpifetal (PNOLUOTOIDVTOAG SIOPOPETIKES KOTAGTAGELS) SLUPOPETIKEG TEPLOYEG UECU GE
U0 TPOTEIVIKT 0AVGIda.

550

Ewova 8.11: Ipagixn ovamoapdoraoy tov xlacikod HMM xoir tov CHMM. A. To paciké HMM omws t0 Eyovue
mepryplyel éwg tpa. O1 kotaotdoels (otnv kdtw ypouur]) oxolovBodv o uaprofiovii alveida 1" télng, xdbe
KOTOOTO0N THG OTOLOG «TOPAyeLy [e dtapopetikh) mhavotyto. ta wopatnpioyo. oopfolo B. To CHMM otnv mwo yeviky tov
Hopen, uropel vo. Oewpnbei ws éva poviédo mov oe kGbe KaTGOTOOH «TOPCYEL) TODTOXPOVA ODO GEIPES OTTO TOPATHPHTLUO
ovufolo. H uio eivar to. ovufolo s arlniovyiog (omws axpifag o HMM), evo n dalln eivor n olinlovyio twv
onuaveewv. H alinlovyio twv kotaotdoewv tov poviélov, elarxolovbsi va eivar poprfiovi 1" taéng.

XopakTnploTikdtato mopddetypa, sivar avtd g npodyvoons tov StouepPpavikov meploymv. Eival
QLOIKO, Vo, BEAOVUE VO KOTOOKEVAGOLUE €VO TOADTAOKO HOVTEAO, TO OTOI0 VO TEPLEYEL OPKETEG KoL
OLOPOPETIKEG KAUTOOTAGELG YloL TNV SOUEUPPOVIKT TTEPLOYT], GALES Yo TV EEMTEPIKN TEPIOYXN TNG MEUPPAVIG
Kol GAAEG Y10 TNV E0MTEPIKT], £TGL OGTE VO UTOPOVLLE VO, LOVIELOTOMGOVE KAADTEPQ TO TPOPAN L KOl Vo
OTTOTUTMGOVLE TO OTOTEAECUATIKA TV TPOTEPT] PLOAOYIKN YVOOT. XTNV TEPINTTOOT avth, Bo énpene va
YOPIoOVUE TIG TEPLOYES, VO EKTOOEDGOVE 3 SLOPOPETIKG LOVTELD KOl KOTOTLY VO TOL EVAOCGOLUE avBaipeTa e
Kkémoleg mBavotnteg petapaons. To mpOPANUa avTd TOPOKAUTTETAL, OV ¥PNCUYLOTOMGOLHE Mo HEBodo
expaonong «ue emifreymy» (supervised learning). H pébodog avtny Paciletar otic onpacuéves aAAniovyieg
(labeled sequences), mpotabnke and tov Krogh ot avtiotoyei oto Aeyouevo Class Hidden Markov Model
(Anders. Krogh, 1994). Zuykekpipéva, [LE TNV TEYVIKN 00T, KO odinAovyio copBoimy

X=X,X),000X; 15 X] ,
oVVOOEVETL, Kot 0td pio aAAnAovyio onudveemv 1 etiketdmv (labels)

y :ylayza'“’yL_lﬂyL
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21N CLYKEKPIUEVT TTEPIMTOON TNG TPOHYVMOONG TMV SOUEUPPAVIKOV TUNUATOV, Ol onudvoelg sivar 3:
po yuo toe dtopepPpavikd tunpota (M), o yio v ecoteptkn mepoyn (1) kot pa yio v eémtepikn (O).
Emumiéov, eivar avaykaio TAEOV Vo opicOvNE L0 KOTAVOUTR Yo TV TOOVOTNTO TAVTIONG MG KOTAGTOONG UE
pia dgdopévn ofuaven. v npdér, oLadoTOl0VLE TIG KOTACTACELS G€ OIAOES Ol 0Toieg £xovv a BroAoyikn
onuacio, OoNAad OUASOTOOVUE TIG KATOOTAGELS 7OV OVTIGTOWOLV GE OlOUEUPPOVIKG TUAUOTO K.O.K.
Xperalopoote £Tol, pio, LETOPANTN di(c) Tov dnAdvel Ty mhovoTnTo N Katdotaon & va €xel onuaven ¢. H
KOTOVOUT TTOV akoAoLOEL avTh 1 HETAPANTY], Elval TPOPUVDG S1OVLLIKY, OALL GE OAES TIG EQAPLOYES OV Ba
YPMNOOTOCOVLE, elval amA®d¢ o ditiun ocvvaptnon (delta function) wov mwaipvel amAdc v T 1 av
Katdotoon ovueovel pe T onuavorn kor 0 oe avtifetn mepintoon. Aniodr, gV eMITPEMOVUIE GE id
KOTAGTACT] VO GUUTHTTEL LE TEPIOTOTEPES OO L0l CNUAVOELS.

8.3.2. IIBavogavewn

Onwg yiveton mhéov @avepod, LE TNV EIGAYMYN TOV CNUAVOEWDV, £VOC TPOTOG VO EMITOYOVUE «EMPAETOUEVN
puabnon», eivar vo Oe@prGOVHE OC OVTIKEWEVIKN ouvapTnorn Tnv ond Kool mbavotnta P(xy|d) tov
aKOAOLOIDV X g TIC ONUAVOELS Y, OEGOUEVOD TOV LOVTEAOV:

x,y|9 ZP ,y,7r|9) Z x,7r|9 Z:aB,rl—lem(x)awl
IZ'EH IZ'EH

H povadikn dwapopd g oyéong avtg, pe tn oxéon (8.25), eivar 6t1  aBpoion npémetl va yiver uovo
Y awtd o povomdrio 17, to omoia SEPYOVTIOL PEGH KATAGTACE®Y Ol 0moieg efvan cupfaté pe n ofuaven.
H ol and xowvod mBavdtnto TV 0KoAoVODY Kol T®V oNUAVoE®DY 0e00UEVOD TOV HOVTEAOL, UTOPEL VO
VTOAOYIOTEL UE KAMOIEG TETPIUUEVEG TPOTOTOCEIS TOV YVOoT®V aiyopifuwv Forward xoar Backward, mov
ocuvavInooe mopamdve. H povn diagopd, EyKelTol oTov TOAATAUCIOOUO TOV EVOIIUECHV LETAPANTOV, LE
m dttun ocvvapton (0,1), n omoia deiyvel v cvpPVia KATOoTAGE®Y Kot onuaveemy. Katd cuvéneila, o
Tpomomonpévog aryopiBuog Forward, givat:

Tpomomompuévog aryoprOpog Forward
Vk#B,i=0:f,(00=1 f,(0)=0

VI<i<L: fi()=¢/(x)5, (). fili-Day, (8.63)
P(xy|0) =2 fi(L)ay;

Evtedmg opota, o tpomomompévog akyopibpoc Backward, Oa eivar:

Tpomomompévog arlyoprOpog Backward
Vk,i=L: b (L)=a,,

VI<i<L: b (i)=Y aue(x,)0 (y,)bG+]) (8.64)
!

P(xy|0) =" aye (x)b,(1)

AwoOntikd, ot odyoplBupol avtoi omidg pndeviCovv Tic meployég TV mvikmv Forward ko
Backward, o11g omoieg dev vrdpyel cuppovia Kataotdoemy Kot onuavoeny (Ewova 8.12). Adywm tov 011 T0
GUVOAO T®V EMITPENTOV povomotidv Iy, lvoal vTocuvoro Tov cuvolov OA®V TV Thavedy povorotiov I1,
avtihappavouacte 60tL P(X,y|0)< P(x|0).
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Sequence
| I | | M M M O O

States | Labels _ (/] xl x2 x3 x4 x5 x6 x7 x8

1 |

2 |

3 | J=0

4 |

5 M s

6 M

= M Scalculated as usual

8 M

9 O =t

10 (8]

11 (8] F

12 O

Ewova 8.12: Awaypopuotixy omeixovion tov mwivaxo Forward yio. onuacuéves oiinlovyies. Exovue évo, puovrédo ue 12
VOOETIKES KATAOTATELS, KOl Hio. olAnlovyio ue 8 kotddoima yia to omoio eivor yvwotés ot anuaveels (labels). Eivai
QOVEPO OTI Y10, TO. KATGAOITO, KO TIGC KOTOOTAOEIS TOD OEV GOUPVODV UE TNV OHUAVOY, Ol TYES TOV TIVAKO. OTAG
unoevidovraa.

8.3.3. Exrtipnon mopapétpov

Méywotn [IBavogavera
Me Vv g160ymyn TV aAyopiBUOV Yo oNUOCUEVEG aAANAOVYIES, Elval EPIKTO TAEOV VA TPAYLLOTOTOU|COVLE
extipnon péylotng Thovopavelag:
0" =argmax P(x,y|6)
4
Olot ot aAyopiBuol mov €idape OTL 1oYOOLY YO TIG U1 ONUOCUEVES OAANAOVLYIES, 1OYVOVV UE WIKPEG

TapaALayEG Kol £00. Ady® Tov dTL, 01 aAANAOVYiES Kot o1 onudveelg elval aveEaptnreg, ol oyxéoelg (8.65) kat
(8.66) yivovton avtictotya:

1 . )
Ay = mek (Daye (x,,)0, (yi+l )bz (i+1) (8.67)
1 . .
E (b)= P(Tylﬁ){,-,;_b} £ ()b, (i) (8.68)

o6mov o1 mocdtteg P(X,Y|0), fi(i) xan bi(i), vmoroyilovtal TAEOV ad TOVG TPOTOTONUEVOLS aAYOPLOLLOVS TTOL
eldape mopomave. Me Olo To TOPOTAV®D, UTOPOVUE GVETO VO TPOYUATOTOMGOVUE EKTOIOEVOT] UEYIOTNG
mhavopavelag, eite pe tn péBodo tov Baum-Welch eite pe ) pébodo Gradient Descent.

Agopegopévn Méyiotn IBavoeavera

Me v g1oay@yn tng £Vvolag ToV oNUacHEVEV okolovbiov, o Krogh (Anders. Krogh, 1994) mpotewve ko pia
véo uébodo exmaidevone, avtiv g Asouevuévng Méyiomng IMbavoedveiag (Conditional Maximum
Likelihood). Mg 10 kprtfplo avtod, avalntodpe TAEOV VO, LEYIGTOTOIMNGOVUE TV THAVOTNTA T®V OTUAVCEDY,
OEJOUEVOV TV 0KOAOLOIDV KOl TOV LOVTEAOL:

P(x,y|0)
P(x]0)
O Krogh, ¢6ei&e emiong (Anders. Krogh, 1994), 611 1 tpocéyyion avtn omoTeLel YeVIKY TEpinTmON
G 0O TOAOTEPO YVMGTHG d1adKacing eKTaidevong pe To kprtiplo e Méyiong ApoBaiog [TAnpogpopiog
(Maximum Mutual Information) 6mw¢ avagépetar otov (Rabiner, 1989). O apvntikdc AoyapiBuog avtig g
deopuevIEVNC TIOAVOQAVELNS, UTOPEL VO EKPPACTEL WG 1 d1opOpdL:

O™ = arg max P(y | x,é’) = arg max
9 9
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(=—logP(y|x,0)=( 1,
omov:

l, :—logP(x,y|¢9)
L, =—logP(x|c9)

Me tovug dgikteg ¢ kau f, ovoudlovpe avtiotoyo tnv mbavoedvelo mTov LVTOAOYI(eTOL GTN (ACT OTOL Ol
onuaveelg Aappavovrar veoyn (clamped phase), kot ovt otV omoia ol onudveoelg dgv vroloyifovran (free-
running phase). And 11g oxéoeig (8.56) ko (8.57), umopovpe €0KOAN VO VTOAOYIGOVLLE TIG OVOUEVOUEVES TIUES
KOl TIG LEPIKES TOPAYDYOVE TOV TAPOUETPOV TOV LOVTEAOL:

or o, azf__ A - AL

%t %y _ (8.69)
Oay  Oay  Oay, Ay

ol ‘(b)-E/
or _ ot, o, _ Eb)-E b (8.70)
e, (b) 0Oe,(b) 0e,(b) e, (b)

Onwg eivar pavepod, o adydpBpoc Baum-Welch dev pmopel va ypnoyonombei, Adyw tov 6Tt 1 dapopd Twv
OVOUEVOLEVOV TILDV Ba dDGEL apVNTIKES EKTIUNGELS Yol TIC TapapéTpove. Ilap’ Ao avtd, pe ) ypnon twv
UEPIKDY TAPUYDY®OV UTOPOVUE VO TPOYmPNoovue o€ ekmoidevon pe tn uébodo Gradient Descent.
AovAgvovTtag pe TOV 1010 PETACYNUATIOUO OT®G KOl OTIG TPONYOVUEVES TTAPAYPAPOLS Yo TIC TBAvOTNTES
petaBdosms, 1 Lepkn TAPAy®YOS TG TOOVOPAVELNG WG TTPOS TIC fondnTikéc peTapintés, Ba sivat:

ol . X . )
- :—(Ak[ A —akIZ(Ak,,—A,f,.)j 8.71)
Zk '

KoL TEAIKA 1) ox€on 1 omoio B0 dMOEL TI AVOVEOUEVES TIES TOV TOPAUETP®V OTNV EXAVIANYT ¢, Oa gival,
EVTEAMG aviloya.:

a/Elt) GXP(—U[AZ} — A - aklZ(Alfl' — A4, )}j

7

Z al(c;) 28Y [_77 {A/fz ~ A4 ~ay, Z(Alfl — A )}j
-

(#+1) _

ki

(8.72)

’

Mo Pacwkn odvvapio ovtig tng pebodov, m omola Oswpeiton ko «uéBodoc exmaidevong
TPOGOVATOAGUEVT, 6TO Otaywplopd» (Discriminative Training), eivor 6t amortel OUTAGGIO0 VTOAOYIGTIKO
YPOVO KOl LVAUN GTOV LTOAOYISTH, KaOD¢ ypetdloviar dvo «mepdopotoy TV oAyopifumv yuu Tig dvo
dtapopeTikég mBavopdveleg mov vroAroyilovtat. [op’ 6Aa avtd, To TAEOVEKTHOTO TO OTOl0 TPOGOIdEL pia
Tétoln SrodtKacio VTEPTEPOHV, KUPI®MG AOY® TNG KOAVTEPNG KAVOTNTOS TPOYVMOOT|G OV TPocPEPEL. To peydro
LELOVEKTN O TOV aAyopiBpov, elval 1 LIKPT TOV TOOTNTO KOL 1) GVAYKT €0peoNnG Hiag BEATIOTNG TIUAG Yo TV
EMAOYN TNG TAPAUETPOV # (puOUOG nébnong). To mpofinua avtd, Aobnie ce peydio Babud pe n onovpyia
evog adyopiBuov o omoiog xpnoUoTolEl SLOPOPETIKOVG pLOUOLG PHABNoNG Yo KAOE TOPAUETPO, OAAG EXEL KoL
mv widtrto vo tovg avampocapuolel katd tn dudpkewn TG Oladikaciog exmaidevong (P.G. Bagos,
Liakopoulos, & Hamodrakas, 2004).

8.3.4. Amoxkmdwkomoinon

1-best Decoding

Kobng €idape 6t1 pe ™V mPOcEYYIoN TOV CNUOCUEVOV OKOAOLOUDV, OTOKTAUE M0 OVTIOTOIYIoN TMV
KOTOGTACE®MV LE TIS ONUAVOELS, Mol Aoywkn amopic Oa Mtav ov Bo umopel va €xel kaveic po uéBodo
amok®owonoinong 1 omoia va Ppioket v mo mbavny aArniovyic (LOVOTATL) TV onudveemy Kot oyl TV
KATOOTACEMY. Mo 0AANAOLYI0 KOTAGTACE®DY COLUPOVA LLE TOV OPLGLO TOV OMCALLE, AVTIGTOLYEL LLOVOGTLLOVTOL
o€ [0 aAAnAovyio onpavoemy aAAd To ovTifeto dev 1oYVEL, KaOMOG Elval SUVOTOV Vo, EXOVUE TEPIGCOTEPEC
omd o oAAnAovyiec Kataotdoe®mv ot omoiec divouv Tnv 1dl oNpoven Katd pNKog TG aAAnAovyiog
ovuPormv. Axping alyoplBuog, o omoiog va. VIToAoYilel TV oldikd kKoAVTEPH OAANAOLYIOL ONUAVeE®Y OgV
VILAPYEL, ALY ExovV TpoTafEel TPOGEYYIOTIKEG ADGELG.
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O aryopBpog 1-best (A. Krogh, 1997), eivon pua tpomomoinon tov akyopibuov N-best, o omoiog iye
nwpotabel modaotepa Yoo avayvapion opthiog (Schwartz & Chow, 1990). v ovoia, Tpoxeltal yio Evay
EVPLOTIKO aAYOpIOUO SUVOIKOD TPOYPOUUOTIGHOD, O omoiog avalntd Tnv €0peon TG o TOAVAG
aAANAovyiog onudveemy ymax ovti aut e o mlavng aAinAovyiog kataotdoemy. O aAydpBuoc, yio Kébe
0éon 1 g aliniovyioc, amodnkevel OAeg TIc mOavEg «evepyég vmobéceio» hi-1 yia ™ ofjpavon, ot omoieg
amotelobvTon amd Oheg Tic mBavEC aAinlovyieg onudvoewmv péypt ekeivo to onueio. Kotomw, yio kdbe
katdotaon 1 «rpowbei» T1g VIOBEsEIC TPpocBiTovTag 610 TéAOG KABE o amd TG TOUVEC oNUaveElg yi Kot
StaAéyet v KohOtepn. H 6An dwadwkosio eravarapfavetor o¢ to T€Aog TG aAAniovyiag. Xe avtifeon pe tov
olyopOpo tov Viterbi, o aAdyopiOuog 1-best dev ypedletor avadpoun oAAL €xel Ko UEYOADTEPES
VTOAOYIOTIKES OTOLTIOEIS TOCO GE VTN OGO KOl GE TPOYLOTOTOLOVIEVEG TPAEELS.

AdyoprOpog 1-best
i=1:y,(h)=aye(x)
VI<i<L: y(hy)=e¢ (xi)z Vi (h_ay (8.73)
k

P(x,y™ 60) =7, (h,)ay
k

H mbBavotnta g BéATIOTC 0vT] ofjpaveng, eivatl mivia peyaAvtepn 1 ion amd v mbavotnta, Tov
BéATIOTOV HOVOTTATION KOTAGTACEWMY, KAODC TOAAE S1APOPETIKA HOVOTATIO KOTAGTACE®MY GUVEIGPEPOLY GE
outi, apa

P(x7™ |0)< P(x,y™ |0)< P(x|0)

Optimal Accuracy Posterior Decoder

[Ipwv amd pepd ypovia, o Kall ko cuvepydrteg mapovoiacay Evov EVOALOKTIKO 0AyOplOHo, TOV AEYOUEVO
Optimal Accuracy Posterior Decoder (Kall, Krogh, & Sonnhammer, 2005). O aAyo6piBpog avtdc potalet mapa
moA0 e tov Posterior-Viterbi, aAAd d1aB€tel KAmOLEC SLOPOPOTOINGELS Ol Omoieg gpavilovtal Wdkd otV
nepintoon tov CHMM (av kot yevikd, ot 600 adyopiBuotl amodidovy GyeddV TOVTOGUN GTO TEPICTOTEPA
mpofAnuata mwov Exovv epapuootel). O adyopBuoc, Aertovpyel ¢ €ENG: yia kdbBe Béon oty aliniovyia,
aBpoilel TiIc ek TV votépmv mBavoTNTEG TG KABe onuavong (posterior label probabilities -PLPs),
YPNooToldvTag T oxéon (8.29), ko petd vmohoyiloviag povo Tig emTpentés HETOPACELS, VTOAOYIlEL pE
évav alyopdpo tomov Viterbi tn BEATIOT 0AANAOVYI0 TOV GNUAVOEDMY TOV UEYICTOTOLEL TNV TOGOTNTOL:

7" = argmaxi{é‘(ﬂi,ﬁm)(zk:P(ﬂi 1x) 4, (c)j} (8.74)

z i=1

AlyopOpog Optimal Accuracy Posterior Decoder
Vk#B,i=0: 4,(0)=0, 4,(0)=—o0

VI1<i<L: 4()=P(y, =c |x0)+ m?x{Ak(i—l)é(k,l)}

(8.75) P(x,7*"™ | 6) = max {4,(L)5(k,E)}

Onwg simape, 0 akyopiBuoc avtdg potdlel modd pe tov Posterior-Viterbi kot ot poévec dtapopég Toug
glvar OTL, o) YPNOCILOTOIEL TIG EK TOV VOTEP®V THAVOTNTES TOV CNUAVEEDY KOl OYL T®V KOTAOTAGE®Y, Kal )
avTi Yo TO YWOUEVO T®V THOVOTHTOV OVTAOV, LEYIGTOTOLEL TO0 AOpoIGUd Tovg. AvTtod, elval avaykaio yiati o
Posterior-Viterbi vroioyilel teAikd évo povomdtt Kataotdoewv, evd o Optimal Accuracy Posterior Decoder
pio aAANAovyio amd oNUAVoELS oL ival SPmG cVUPATEG e TO HOVTELD, OAAG EVOEYETOL VO TEPLEXOVY TTOAAN
EVOALOKTIKA povomdtio. ' o Adyo awtd, ot TeEAKN ThavOTNTa 1oL 0odidel 0 oAyOPlOLOG aVTOg, dev gival
oLYKpPIoUN 68 amOALTEG TIES [E TIG TOAVOTNTEG TOV GAAWDV alyopiBuwvy.
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8.3.5. Acgopgvpévn Tpoyvmon Kot aAyoprtOpol yio EVEOUAT®ON TEPOURUTIKNG TANPOQPOPLaS

Ye Oapopa Proroywkd mpoPAnpaTe, OTMG Yoo TOPASEYHO OTNV TEPITTOON TNG TPOYVOONG TOV
SWOUEUPPAVIKAOV TPOTEIVOV, €ival YVOGTO OTL 1 EVEOUATMOT H0G OKOUO KOl TEPLOPIGUEVNG TEIPOHUOTIKE
TPOGOLOPIoUEVTG TANPOPOPIaG OYETIKA e TNV TomoAoyia Ba Peltiove Katd £vo peydAo PEPOC TNV AmOS00T
aKOMO Kot TV KoAOTEp®V HeBddmvV. Me v avAamTuEn €0KOA®MV KOl YPYOPMV TEIPUUATIKOV TEXVIKOV
Baciopévov oe cuvtniéelg yovidiov (gene fusions), pe v omoia kabopiletar 1 B€on Tov apvoTEAKOD AKPOL
LG TPOTEIVNG, TPOTAONKE OTL AVTEG 01 TEYVIKEG cvvovaldpeves pall Oa Pertidoovy Kotd Eva peydio pépog
™V ondO00N TOV TPOYVOSTIKOV HEBGd®MV Kol TNV EPUPLOYN TOVE GE TANPWOS TPOCIIOPIGHUEVO YOVIOIMLLOTO,
(Drew et al., 2002; Melen, Krogh, & von Heijne, 2003). Aedopéva otnv BifAloypagio vrdpyovv apketd to
omoia. Ogiyvouv Kol GAAOVG EVOAAOKTIKOVUG TPOTOLC TPOCIOPICUOV TNG 0éomng dopopmv TUNUATOV TNG
aAAnAovyiog (avticoOpata, TPpOTEOALCT KAT) GAAE O O OAOKANPMUEVES TEIPAUATIKES ATOOEIEEIC OE LEYOAN
KAipoka YU autiv v Bertioon, fploav and peiéteg mov apopovv tpwteiveg g E. coli (Rapp et al., 2004)
kot tov S. cerevisiae (Kim, Melen, & von Heijne, 2003).

Amd Tig 10N dbéciueg Tpoyvootikég puebddovg, to TMHMM kot to HMMTOP (Tusnady & Simon,
2001), mpoc@épovy €MAOYN GTO YPNOTN £I0L MOTE VO EVOMUATMOOEL GTNV TPOYVMOCT TOL TEPALUATIKG
TPOGOIOPICUEVT] TTANPOPOPIOL VIO TNV TOTOAOYiD, OM®G €MIONG TETOWN EMAOYY, TPOGPEPETAL KOl OO TNV
OLVOLOGCHEVT TTPOYVOCT SapeUPpoviK®v eAikav Kot TenTdiov odnyntov and v uébodo Phobius (Kall,
Krogh, & Sonnhammer, 2004). H np@tn 6umg mpoonddeio. vo avalvbodv avtoi ot odyopiduot, Kot va
evoouat®bobv pe yevikn popen oe kabe aAyoplBpo amokmduomoinong, £ywe amd tovg (P. G. Bagos,
Liakopoulos, & Hamodrakas, 2006) kot 1 epappoyn tovg otov adyoptdpo HMMTM.

Sequence
States [Labels| 0 x1 | x2 | x3 | x4 | x5 x6 | x7 | x8
1 o
2 I
3 | £=0
4 I
5 M £=0
B M [ calculated as usual
7 M
8 M
9 o =0
10 o
11 o =0
12 o

Ewéva 8.13: Awaypoupoticy oameiwovion tov mivaxa Forward, otov yivetor n evowudtwon e €k TwV TPOTEPOV
wAnpopopiog. Eyovue évo. (vmobetikd) poviélo omo 12 koraordoels, kou pio olinlovyio x amo 8 wardloima. Xtov
vmoloyiouo ™S THOVOPAVEINS THS OAANLOVYIOS X, EVOWUOTOVETOL 1 TANpopopio. 0Tt t0. Katdloima 3,4 eival
owueuppavikd, ot to kotdlowmo 1 Ppioketor oty elwkvtiapio. wAEVPG kar Oti o Koataloimo 8 Ppioketor oto
KOTTOPOTAGTLUAL.

O1 Tpomomomoel; ovTé, elval evieAdC OVAAOYEC LE TIS TPOMOMOU|CELS TOV EMITPEMOLV TNV
EKTTOIdEVOT E ONUOCUEVEC OAANAOLYiEC, ME TN Ol0@Opd OTL €3G YPNOUOTOOVVTOL GTO TANIGIO TNG
amokwowonoinone. Ot cvyypageic €dei&ov, O0TL 0t TOAVOPAVEIEG TOV TPOKVTTOLV HE OVTO TOV TPOTO,
UTOPOVV VO EKQPOUCTOVY GOV €K TMV VOTEPMOV TOAVOTNTEG TWV TEIPOLATIKOV TANPOPOPIDY dES0UEVNG TG
oAAniovyiog Kol Tov HovTéAoL, doTnpmdvTag £Tol TNV movofempnTIK epuNVeEi. TOV OTOTEAEGUAT®V.
[Mopopolog PHCEDS TPOTOTOUGELS EIGAYOVTAL GE OAOVS TOVUG OAYOPIOLOVS OTOK®MOIKOTOINGNG TOVG 0TOI0VG
avapépape 101, KoL [LE 0VTOV TOV TPOTO, EILACTE GE BEGT VO TPAYLLOTOTOUCOVUE dECUEVUEVT] TPOYVMOCT] Y1d,
OTOLUCONTTOTE LOPPNC TELPOLOTIKN TANPOPOpia, Kot Le 0ToladNmoTe PEB0O0 OMOK®OIKOTOINGNC.
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Koat’ apydg opiCovpe v évvola ¢ IIAnpogopias (Information) ®, | onoio amoteleiton and 1<r<L,
apoBoimG ATOKAEIOUEVE, UN-UNOEVIKOD UAKOLG TUNUOTO OTNV aAAnAovyia, ta omoio cupfoiilovtal pe wy,
@y, ...0,, KOl Yo To. omoio yvopilovpe TV OoKpp TEPAPATIKOG TPOGOIOPIGUEVT] TOTOAOYIO, KOl KOTA
ocuvémela, T onpaven. Ouola pe v TePinTon e EKTAIdELONG e ONUACHEVES OAANAOVYiES, HmOopoLLE VO
opioovpe o STTIN GLVAPTIOT TOL VA SEIYVEL TN CLLPOVIN TNG CUAVOTG LE TV KOTAGTOON:

0,if L (w)#0andiecw
dk(i)={ i k(f",)gt andi e w
1, otherwise

Olr am\éc TPOMOMOINGELS Ol Omoieg mPoTAdnKavY Yy TNV mepintmon Tov oiyopiBuov forward,
ouvviotavtal oto va Bécovpe t forward petaPintn fion pe o undév yuo kdbe Béom i ko Katdotaon k n
omoia. d¢ ovupwvel pe v aAnpoeopio. (Ewdva 8.13). Avtd sivar axpifpodg opoto pe tn dwdikacio
ekmaidevong pe onuacuéveg aAiniovyiec, omov emrpémovpe povo tow povomdtio 7, too omoio eivor g
CLUUQMOVIKL UE TN CNUOVOT Y, VO GUVEIGPEPOLY GTNV OMKN TOOVOPAVELN. XTI GLYKEKPIUEVT] TEPIMTOON,
EMTPEMOVIE OTTAY, TN GUVEICQOPA UOVO TOV UOVOTOTIOV [1, To omoia €lval o€ cuu@Vio Pe TNV €K TOV
TPOTEPOV TANPoQopion . Ektog amd tovg aAdyopiBuovg forward wor backward mov vmoloyilovv v
mlavopdvela, pe tov 1010 akpPdg TPOTO TPOTOTOOVVTAL KOl OAOL Ol aAYOPIOOL OTOK®OIKOTTOINGNG OV
eldape og mponyovpeveg evotntec. Me Toug 0aAyOplOHovg OLTOVE, LTOPOVUE VO KAVOUUE OECUEVUEVEG
TPOYVACELS EVOMUATOVOVTAG OAN TN SBECIUN €K TOV TPOTEP®Y TANPoYopia yio pic aAAniovyio. Tétowa
TOPAdELYLATA, TTOV QPOPOVV TIG StaUEUPPaVIKES TPOTEIVES, O dovlE GE ETOIEVO KEQPAANL0. AETTOUEPELES Y10
TOVG TPOTOTOMUEVOVG aAYOpIBovg, umopovv va Bpebodv oty avtictoyyn dnuocicvon (P. G. Bagos, et al.,
2006).

8.3.6. Asgmrouépereg g alyoprOpikig viomoinong

‘Eva onuovtikd mpoPfAnue oty viomoinon Tov  oAyopibumv, mpoxvmtel Kabdg ot dradoyukol
moAloTTAacloopol  pkpmv mhavotitv odnyodv pe pafnupoatikn axpifeld o€ TEAKO PNOEVICUO TOV
mhavoTHTOV, AOY® NG pobnuatiknig akpifelag twv vroroyopuav (underflow error). H ypnowomoinomn tov
AoyapiBpov g mBoavoeavelog Avvel v pépet avtd 10 TPOPANUA, KaBMG To yvdpeve TV mOAvVOTHTOV
€0KOAO LETATPETOVTOL GE 0BpoicaTa AOYOPIOUIKOY TOOVOTHTOV.

[Tap® 6Aa avtd, yperdleton pio. EMTALOV TPOTOTOINGN OTNV TEPIMTMOTN KOTE TV Omoio TpEmel va
vroAoylotel 0 AoyapiBuog evoc abpoicpatog omd Tovg Aoyapibuovg twv tpocbetéwv. 'Etot, Asttovpyovpe g

ednge:
o8 +) 1o o{1 7)) =) (1)

:10g(a)+log(l+exp(log(a)—log(b))) (8.76)

Ortav n dweopd |log(a)-log(b)| sivon pikpotepn amd —37, To omoio €ivar To Gp1o Yo TOVG APLOROVG dTANG
axpifelag, 10TE 0 OgVTEPOG TMpochetéoc Tng mopamdve oyxéong Oa eivor mepimov icog pe 0, aAMdg
yYPNoLoTOLEiTAL cvTOVoLo 1 6YEom (8.76).

8.4. Xyeduoopdg TG O0UNS TV HOVTEALMY

Towg 10 MO evOPEPOV OAAGL KOl TO EMIMTOVO GTAGIO0 OTNV KOTOOKELN €VOG TPOYVOGTIKOD 0AYopifpov
Baciopévo oe HMM, eivor n dwadikacio oyedlacod tov KatdAAniov poviéiov. Tlap” 6Ao mov didpopeg
puébodot €yovv mpotabel yio v gupeon ¢ BEATIOTG dOUNG €VOC LOVTELOV €iTE LE YEVIKOTEPEC TEYVIKEG
Méyiotng [MiBavopdavelog (Ostendorf & Singer, 1997; Vasko, El-Jaroudi, & Boston, 1996 ), eite pe ypnon
Ilevetikav aiyopiBuwv (Won, Prugel-Bennett, & Krogh, 2004; Yada, Ishikawa, H., & Asai, 1994), yevikng,
0€ TOAOTAOKA HOVTEAD OVTEG OV ammodidovy TOCO KOAG KOl TO KOADTEPO HOVTEAO TPOKVUTTEL TAvTO Omd
avBpomvo yépt. H dadikacia, amaitel dpiotn yvaon tov aiyopifuwmy mov xpnoipuonotovviol 660 kot Babid
Katavonomn tov Plodoyikod TpofANIOTOS TO 0010 KOAODUOOTE Vo avTipetonicovpe. H peydin 6vvaun tov
HMM eivon 611 pmopet va, povieromomoet moArd Proroyikd mpoPARaTe, TOVAUYIGTOV OTaV aVTE ApOPOVY
aAANAovyiec ot omoieg VIAPYEL «OlapEPICHATOTOINGT», ONANOY Teployés pe Eexdbapeg Olapopéc o
ovotaon Tov apvoéémv. Otav mnyaivovpe ota mo cbvheta CHMM, 6tav dniadn vdpyovy onuivoels, kade
ONUOVOT aVTICTOXEL O€ €va EMTAEOV VTTO-LOVTELO.
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Ievika, ywo vo poviehomomcovpe oOvieteg meployss (my devtepotayn doun, SIUUEUPPAVIKA TUNUATA,
E0OVIN-EEDVIO, K.0.K.) TPENEL Vo Adfovpe vdyn pag dVo Tpayuato: Tig TOAVOTNTES EUPAVIONS GUUPOA®V
Kot TiG petofaoeic petald tov kotaotdoewny. [ToAAEC Popég, 101K OTaV £YOVE TEPLOYES UE PLEYAAO UNKOG,
YPEBLETOL VO YPNGLLOTOMGOVE CTAPOLOIES) KOTAGTAGELS. ANAOT, KATAGTAGELS TOL EIvVOL LEV SLUPOPETIKES
OAAG epUEVOLHE VO Exouv TIG 101eg W10t TeG. [0 Tapddetypa, ota OlopepPpoaviKd TURUATO TPEMEL VO
&yovpe peEYGAo aplfud KOTOOTACE®MY Y0 VO LLOVTEAOTOUGOVUE TO SOUEUPPAVIKG TUNUOTO TO OTToio XYoLV
unkog 15 €wg 35 apuvolikd Katdlowma. e oVTEG TIC TEPITTMOCELS, W0 KOAY TPUKTIKY €lval Vo KAVOLUE TO
Aeyouevo «parameter tying» 1 aAM®d¢ «sharingy. Tlpaktikd, avtd onuaivel 6Tt Ba Exovpe meplocoOTEPES OO
pio KoTooTAGELS Ol 0Toieg oS Ba £xovv Tig 101eg TBAVOTNTES EULPAVIONS CLUPBOA®Y. AVTO EMLTLYYAVETOL LUE
t0 va afpoifovtor ot avopevopeveg TwEG E otovg oiyopiBuovg forward ko backward. To Pooikd
TAEOVEKTI IO, L0 TETOLUG OTPATNYIKNG, €lval OTL EAATTOVOVTOL KOTE TOAD Ol TOPAUETPOL TOV HOVTELOL (av
evaooovpe 10 kataotdoelg, Oa Eyovpe tehucd povo 20 mbavotnTeg peaviong cuuformv avti yia 10%*20).

EO_.O_.

Ewéva 8.14: A. Tomxn eixova evog ypaupuxod povredoo (left to right). To uoviédo av apnoer wio dedouévy kotaotaoy,
oev emiotpépel woté. B. Eva tomiko wapaderyo kvrAikod poviédov. To poviélo umopel va emotpéyel (amepiopiotes popeg)
0€ 10, OEOOUEVH KOTATTAO.

To dAlo peydro mpoPAnpa, gival Tt eidovg mbavomteg petdfoong Oa emrpémovpe. Onwg idape, av
KOl LDITAPYOVV TPOTACELS Yoo aLTOHATY €TAoyn] Tov PEATIOTOL HOVTEAOL, GLVNOMC OTIC TEPICCOTEPES
epappoyég yperaletar avOpamvn mopépuPacn. evicd, edd ypeldletol Kot KATOW QOVIOGIO Kol yvmdon
Kkamolov facikdv kovovev. To Bacikd mov ypetdletor vo AGBOVHIE VTOYN KOG, EIVOL TO UHKOG TOV TEPIOYDV
Kol T0 TOG0 TePLoPLoTiKd BEAove va eivar To povtéro. ‘Eva amhd povtélo pe AMyec katootdosls, pmopel va
topldlel oe kdbe €idovg aAAnAovyic mov pmopel Vo CLUVOVTIOEL, OAAG UdAAov Ogv Ba &xer peydan
nmpoPrentiky a&lo. Ao v GAAY, £va LOVTELD pE TOALODG TEPLOPIGUOVG, EVOEXETOL VO, ATOTVYEL GE KATOLES
aAAniovyiec mov dev Touplalovy 6e ovtd. Zuvnbmg vapyovy 3 yevikoi TpOTOL Yo Vo poviehomon el pio
meployn and k katootdoelg (Ewdva 8.14). H mo amdn mepintwon eivar 6tav 1 adiniovyio eivarl teleing
YPOULUKY Kol M pio Katdotaon akolovbel vToypewtikd tnv dAAn. Me ovtdv Tov Tpdmo, 0 omoiog odnyel o€
povtéla aviaioya pe ta profile ta omoio peretnoape 6€ TPONYOOUEVO KEPAAMLO, avayKA{ovUE TO LOVTELD VO
nmepdoel akpPmg pio eopd (0VTE TEPICCOTEPES, OVTE AMYOTEPES) AMO TIG KATOGTAGELS TNG TEPLOYNG ALTHS (Ao
70 VIO-UoVTELD avTd). Mo dAAN TTEPITT®OT], CLVAVTAUE OTOV 1) TEPLOYN TOL BEAOVLE VO LOVTEAOTOI|COVLE
Exel éva EAGYIOTO PNKOG, OALA OV €lval EDKOAO VO, DVTOAOYICOVUE KATOLO UEYIOTO. X€ QT TNV TEPINTOOT),
glodyovpe pia Katdotoaon 1 omoia £xel Letdfacn Tpog Tov €0vTd NG, LE CLUVETELN VO UTOPEl va emavaineOet
en’ anepov. H xatavoun mov umopet va ddoet pior tétoto TomoAoyia, ivol n yeopetpiki kotavour. Ouoikd,

294




HE KATAAANAN aAloy TV TOAvOoTHTOV HETAROONC UTOPEL TO OVOEVOLEVO UNKOG LOG TETOOG AAANAOVY NG
Kataotdoemv mov Ba mapdlel avtd To povtéro, vo oArdgel. Téhog, oe MEPIMTAOGEL TOV 1 TEPLOYN TOL
0élovpe vo poviehomomcovpe €yl Eexabopa eAdylota Kol UEYIOTO Oplo, UTOPOLUE Vo emAEEOVUE pia
TomoAoyio Katd TNV omoio amd o dedoUEVT KOTAGTOOT EMTPETOVTOL LETUPAGELS TPOG OAEG TIG EMOUEVEG TNG.
Tétowa mepintwon Ba dove OTL TPOKOTTEL GTNV TPHYVOCT] TOV SIAUEUPPUVIKDV TUNUATOV.

 O—O—0—C
. (Oo—0-0

Ewéva 8.15: A. Eva poviédo 1o omoio Eyel mavio, KOTAGTAGEIS 01 OTOIES AIAOEXOVTOL TAVTO, )| Hia. THY aAAn. Av T0 puovrédo
ptdoel oty katdotaon 1, Qo wepaoet avoykaotixa kor ano tis 2,3 kot 4. B. Evo uoviélo ue 4 katootdoels, omo T omoieg
ouw¢ N pio emovatoufaveror ue pio mOavotnto. AvTo 10 HOVTEAO UTOPEL VO, LOVTEAOTOINGEL TEPLOYES UE UNKOG TAVW a0 4
Kataloimo, (0ev vmapyel ouws ovwtoto opio). 1. Evo poviélo ue evoidueoes uetafdoels. To noviélo avtod umopet vo.
TEPLYPAYEL TEPLOYES UE UNKOS amd 1 Ew¢ 4 KoTdAoima.

"Eva a\ho B€ua mov cuyvd tpokhntel 6tov KaBopioprd g Soung tov Hoviélov givatl o Kabopiopog
KOO0V «ClOTNA®V KoTooTdcevy (silent states). LiomnAéc kataoTdoelg ovoudlovTol o1 KOTOOTAGELS TOV
dgv Tapdyouv KAmolo GOUPoA0, OTWOC Yio TaPAdELy o, Ol KATAGTAGELS TOV GLVOEOVTAL e TNV Evapén Kot Tov
TEPUOTIONO TOL HOVTEAOL. Mia mifavy] ¥pNOWOTNTO TETOI®V KOTOGTACEWV gival Otav Béhovue va
EMTPEMOVIE O€ KADE KATAGTAGCT VO GUVOLETL e KATOIEG OO TIG EMOUEVES TNG. AV 0T YiVEL Y®PIg TN ¥pnom
silent states tote av&dveton ekBeTikd 0 apOUOg TOV TOPAUETPOV (TBAVOTNTES HeTAPAoE®S) TOV HOVTEAOL,
evd av ypnoiponombovy, to mbavo pelovEKTNUo ivor 1 adEnon e ToAvTAOKOTNTAG TV OAYopiBuwy ot
omoiot ypetdlovtal tpomomoino.

8.5. Profile Hidden Markov Models

Mo, moAd €dikn] katnyopioc Hidden Markov Models, givar to Aeyoueva mpogik (profile) Hidden Markov
Models (S. R. Eddy, 1998), ta omoia enéktevay v évvola tov Tpodil odiniovyidv (Gribskov, Luthy, &
Eisenberg, 1990; Gribskov, McLachlan, & Eisenberg, 1987) ta omoio GUVOVINGOUE GE TPOTYOLLEVA
KeQAAalo Kot TNV enévovoav pe mbavobewpnrikd yopoaktipa. Eva Profile Hidden Markov Model (pHMM),
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glval oty ovoia éva HMM 1o omolo meptypdeet pe akpifela pio ToAAomAn otoiyion aiiniovyiov. H Bacikn
dtapopd tov profile amd To KAOGIKG LOVTIEAD TTOV OVOQEPULE TUPOTAVE®, Elval OTL € aVTO Kabe KatdoTaon
TEPLYPAPEL 10, CLYKEKPIUEVT] BEoM (0TNAN) otV ToAAamAn otoiyion. Katd cuvénela, To HOVTELOD £xEl E1O0IKES
mopapéTpovg avd B€om (position specific) Kot mg €K TovTOL 1 KartevBvvon TV petoPdocwv Bo Tpénet va gival
mavTo povodpoun. I'’ avtov akpiPdg 1o Adyo, ta povtéda avtd ovoudlovtol povtélo left-to-right oe
OVTIOWIOTOAN UE TO KUKAMKG 7oL €i00jle TOPATAV® T OTOlN ETITPEMOVY GTO HOVIEAO va emokePBel pia
KOTAGTAOT) TEPICCOTEPES OO LU POPEC. ATO TNV TAELPA TV KAUGIKOV TPOPIA dAANAOVYIDV TOV EIOOUE GE
mponyovueva Kepdiaia, to mpoeihk HMM egivor o yevikeoon, oty omoio dev LOVIEAOTOLO0VTOL LLOVO Ol
TOOVOTNTEG EUPAVIONG CLUUPOAY o KABe Ofom TnNg MOAAUTANG oTOl(IoNG, OAAG LOVTEAOTOLOOVIOL LE
TBovolempnTIKS TPOTO Kol Ol THAVOTNTES ElCAY®@YNG KEVOL Ko amoloipng (insert/deletion). Avtd eivar Tohd
ONUAVTIKO, KAO®DG TO TPOPANLA TG ETIAOYNG TG TOWNG Y10 TO, KEVE, ATOTEAOVCE PEXPL TOPU EVOL TPOPANLLOL
070 0moio N amdvinon dwotav pe Eekabapa UTELPIKO TPOTO, YWPIG Kapio OempnTikn Tekunpioo.

D,
I,
s T
Begin p—— E— M:; —1 End

Ewova 8.16: Zynuoatixy ovaropaotaon evog tomixod profile Hidden Markov Model

Mo dAAN ONUOVTIKY JPOPA TMV LOVIEAWDV LTV, gival 1) VTOPEN EWOIKOV KATOOTAGE®MY 01 0moieg
dgv eKTEUTOVV KOvEVa VPO, 01 omoieg ovopdlovTol clonnpég Kataotdoels (silent states). Ot KaTaoTAGELC
OVTEG, YPTOLLOTOLOVVTOL Y10 VO TPOYLOTOTOMGOVY UETAPACELG OO £VO KATAAOUTO G€ KATO10 GALO apKeETA
KOTAAOUTO, LAKPLE TOL Y®PIC Vo VIAPYEL avaykn Yo TOAATAES LeTofdoelg amd TV Katdotaon ovth. H
Oapén TETOLOV KATAGTAGE®V, EIVOL OVOYKAio Y10, VO LELOMOCEL TOV aPOO TOV TOPAUETPOV TOV HOVTEAOL Ol
omoieg peyaAmvouv vrepPorikd Koo kdbe OTAAN OTNV TOALOTAN GTOIYION AVTIOTOVXEL TAELOV GE pia
katdotacr. Onmg €idape oty TPONYOUREVY] TOPAYPOQPO, L0 TOTOAOYiDL GTNV Omoiol [0 KOTAGTAOT
emTpénMeETOL Vo KAvel petdfoon oe k emduevec, Bo pmopovoe va ypnoiponombel yioo vo LOVTEAOTOCEL TO
KEVA o€ o ToAlomAY] otoiyion. [Tapoia avtd, pio tétota otpatnyikn Oo avéave mhpo ToAd Tov aplBpd TV
TOPOUETPOV TOV LOVTELOL Kol Ba dnpovpyovoe duokora otnv ekmaidevor. 'Eva tomkdé pHMM, eaivertal
otV Ewova 8.16.

Ol KoTOOTAGES OV TOPATPOVVTOL GE £va TETO0 UOVTEAO (EKTOC QTMV TNG €KKIVNOMG KOl TOL
TEPUATIOUOD) Yopilovion og 3 kaTnyopiec:

Kozaotaoeig Tavtiong (Match states) My TeTpdyva
Koartaotdoeic Eloaywyng (Insertion states) Iy poupot
Kotaotdoeig Atodowpng (Deletion states) Dy KOKAOL

Kol ovvdéovial pe TIG avtiotoyyeg mbavotnteg petapdoewc, mov ocvpPolrilovror pe PEAN. Avtictorya
opifovtor ot mBavotNTES ERPdviong ouuPoilwv ol omoieg yevvouv ta ovuPoia oe kdBe katdotoon. ‘Etot
VIAPYEL KOl €0 [0 GAANAOVYI0 KOTOGTAGE®DY 1) OTToia €ivol KPLPN Kot Lo aAAnAovyio cuuformy mov gival
pavepn], Kot Bewpovpe 0TL Tapdyetor amd TV oAANAovyio TV Kotaotdoemv. Ot KOTaoTAGES TANTIONG Kol
EIOAYMOYNG, VOl KOVOVIKEG KOTOOTAGES Ol OTOieg GLVOLOVTOL UEGH TOV THOVOTATOV YEVVWNONG LE TNV
eupdvion couformv. H dwapopd toug givor n €€ 01 PeV KATAGTAGEIS TOOTIONG OVTIGTOLYOVV GE GTNAES TNG
TOALOTTANG oTolylonG Ol onoieg otoryilovtal KoAd Kot dpo avTloToyobV GE TEPLOYN UE OUOLOTNTO, EVD Ol
KOTOOTACELS EL00YMYNG, OVTIOTOL(OVV OE TEPLOYES OTIC OTMOIEG EYOVUE EICAYMYN YOPUKTHP®Y 7OV OEV
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otoyyilovror kahd. Ot meploy€c avTésg, ol omoieg dev VILAPYOVV OTIC LIOAOITES OAANAoLYies, eppavilovtol g
KEVA TOL 07010l LOVTEAOTTOIOVVTOL LEG® TV CLOTNPAOV KOTOGTAGE®DY ATUAOLPNG.

Y10 oAyoplOUIKO KOUMATL, WETATPOTEG yYPeWlovVIol Yoo TNV EVOOUAT®ON T®V  ClOTNPOV
KOTOOTACEMY, KOOMG KoL Y10 VO LNV KOTAUETPDOVTOL LETARAGEIS GE KOTAGTACELS TTOL TPOTYOUVTIAL, GE OAOVG
Tovg mopamdve oiyopiBuovs. ‘Etol sivan dvvatdv pe ypnon OAov v Bacikdv oAyoplfumv Svvoutkov
npoypappatiopov (Viterbi, backward, forward, Baum-Welch kAm) mov avagépape mpv, vo vtoloyicovpe Tig
mopapétpovg Tov HMM mov meptypdoet pua ToAlomAn otoiyion.

8.6. Eg¢appoyég tov profile HMM

Me v €160y®0Y1] TOV JSIPOPETIKOV KUTOGTAGE®DY TOVTIONG KOl ELGOYWOYNG, YIVETOL L0 GT|UAVTIKT] TOU HE TIG
KAoowég pebddovg otolyiong, ot omoiec kabdg dev mpovmobétouv €va poviého dev draywpilovv TIg
TANPOPOPLaKEG BEGEIC 6T GTOlY oM Ao TIG ATAEG TVYaiES El0aYOYEG. EmumAéov, yia mpdtn Qopd ot TovE Yo
v eloay®yn Kevov (gap penalties), dev tifevtal ek TV TPOTEPO®V OAAY EKTILOVTOL OO TO OEGOUEVO KO
avamopiotavral pe Kabopd mbavobewpntikd Tpomo, amokieiovtag tnv vrokeevikn napéupaon. ‘Etol, pe
tétolo. povtéda, cipoote oe 0éomn va mpaypotomomcovpe daitepa gvaicOnteg avalnthioslg Kot va
EVTOTICOVUE OTOUAKPLOUEVEC OpoAOYieg (remote homologies), Tic omoieg o1 mapadociakoi aAyopOuoL
oTolyong dev Ba PTopoOvLGAV VO, EVIOTIGOLV.

MNpwTeivn n oTroia £XE1 XOpaKTNRIOTEI
AeIToUpyIKG 1) SoKd

——— '

v

Avalnmon opooTarac o= Baon Gebopsvwy (BLASTIPSI-BLAST f phmmerjackhmmer )

Emravainyn

e
Sladikacoiag

MoMAcTTAR oToiyion (ClustalW)

:

profile HMM (hmmbuild)

Ewévo 8.17: Zynuotiky ovamopdotaon g Ol00IKAGIOC XOPOKTHPIOUOD WIS VEOS TPTEIVIKNG oikoyévelag. o
Aemrouépeisg, deite 10 Keluevo.

H ypnowomta tov pHMM, Eekvdiel amd onpiovpyio TOAAATADY GTOLYICEWY, 01 0TOieg TOAAES POPES
elvar edpdreg avtiotoyymv dopuikmv Tolamidv ototyicemv (S. R. Eddy, 1995) kot @tdvel ot onovpyia
LOVTEL®V HECH TMV OTOIMV Umopel va yivel evaicOnt avalntnon anopokpusuéveov oporoytodv (A. Krogh,
Brown, Mian, Sjolander, & Haussler, 1994). Idwitepa pe v televtaio pébodo kot t dnuovpyio 6A0 Kot
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MEPIGGOTEPOV LOVTEAWDV Y10, TNV TAEWVOUNCT TPOTEIVIK®Y OIKOYEVEIDYV, £XOVV KOTACKELAOTEL £101KEG Pdoelg
dedopévav ommg 1 PFAM (Bateman, et al., 2004), uéoo tng omoiag ta&ivopeital peydlo HEPOS TV AYVOOTNG
Aertovpyiog TPOTEIVOV TOL TPOodlopilovTal KaOMUEPVA, T.Y. UE TNV ATOKMOIKOTOINGT TMV YOVISI®UATOV.
[Tapdro mov vdpyovy kat dAAeg avticTtotyeg Pdoets, 6mmg yia mopddetypa 1 TIGRFAM, n PFAM Bswpeiton
onuepa 1 Kopveaio Pdon SedoUEVOV Yo TPOTEIVIKEG O1KoYEVELEG. AVTO 0PeileTal, TOGO GTO GYEOAGUO TNG,
Bacel Tov omoiov i TPOTEIVIKY TEPLOYN UTOPEL VO AVIKEL LOVO GE pia OIKOYEVELD, OGO KOl GTO AOYIGUIKO
70 omoio ypnoonotel, To omolo gival Wiaitepa amodoTiKd Kot Ba meptypoapel oty enduevn evotnta. TENog,
TpEMEL Vo, oNUEIDBel OTL Lo 6e1pd BepnTikéS Kot aAyoptOuKéC BEATIOGELS OV £Y0VV TPOKLYEL T TEAEL TN
XPOVIL, £YOVV EMTPEYEL TNV VAOTOINGN oAyopiBuwmv 7mov emTeEAODV OKOUO Kol KAOOIKEG avalnTNoelg
opototntog oe po Paorn dedopévov, pe éva profile HMM (S. R. Eddy, 2011). I'evikd pio dadikaocio
YOPUKTNPIGLOV LLOG TPOTEIVIKNG OtKoYEVELag Exel Ta €ENG Prinata

o Xtnv apyn, Eexvdpe pe pio oAANAOVYIO Y10 TNV OTTOl0 VTLAPYOVY TEPAPATIKEG EVOEIEEIS Y1l
TN Aettovpyio 1 T doun TG
INvetan avalnon oe Paceig dedopévav (BLAST, PSI-BLAST 1 miéov, pe to HMMER)
YVAAOYN OHOAOY®V, ETIAOYT Kol EECKOPTAPIGOL
IMveton pa moAloamAn otoiyion (UTopel Kot TPOTOTOiINGT QVTNG UE TO YEPL)
Avaloya pe TNV TEPITTOOT, TPOAYUOTOTOOVVIOL TPOYVMOGEIS (OELTEPOTAYOVS OOUNG,
SIOUEUPPOVIKAOV TUNUATOV 1] OTOL0VINTOTE GAAOV YPTIGLUOV YOPOKTNPLGTIKOV)
IMveton kataokev) HMM kot a&lohdynon oo (HMMER)
e  Avalnmon ek véov oe Pdoeig dedouévav, HEXPL VO UV TPOKOTTOLV VvEX UEAN TNG

01KOYEVELNG,.

a=CAEFDDH b=CDAEFPDDH

Viterbi

a = CAEFDDH b = CDAEFPDDH

Pa=mgm,m,m,m,dd mmymym,, FP=TM; 1 mmm,dsmem,memem,

CAETF D DH
MMy MpMsm,dsd momemem,

NN AN

CDAEF PDDH

- 11
MMy 14M,MyM,dsme M MeMgM, g

Ewova 8.18: 2roiyion dvo allnlovyicarv ue éva profile HMM.

Ewdkd m mepintmon g moAAUTAN G aToiyiong aAinAovyimv pe évo profile HMM, eivou pio, onuovTikn
dwdwkocio, kabmg Ommg €idape 6TO0 AVTIOTOWO KEPAANLO, AAyOP1OLOL SLVOLKOD TPOYPUUUATIGHOV Eival
dVcoKoA0 va vAoTonBovy, Kol 6TV TPAEN OAo To aVTIGTOL(O TPOYPAUUOTO KOO KOl TO O TETVYNUEV,
Bacilovtar oe egvpiotikodg alyopiBuove. Katd ocvvénewa, to profile HMM eivan pio wdiaitepa agidmom
EVOALOKTIKNY, 1) omoia paAioto Exel amodetybel 0Tt Asttovpyel e€anpetikd kald (S. R. Eddy, 1995). H Bacwm
apyn ™¢ uebddov, eaiveror otig Eucoveg 8.18 kan 8.19. To Pacikd yapakmpiotikd g uebddov, givar o1t
Kkd0e arAniovyia ctoyiletal pe To povtéro, aveEapTnTa omd TIg VIOAOITES, KOl KOTO GUVETELN, LGPYEL LOVO
ypoppky e£aptnon omd tov aplfud Tov aainiovyidv. ['a kdbe aliniovyio, o akydpBuoc Viterbi Bpickel 1o
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LOVOTTATL TOV KATOCTAGE®V Omd TIG OMOiEG £xEl mEPATEL. AVTEG 01 KOTAOTACELS, Omwg eidape glval Yo kdOe
0éom i otV aAAnlovyia, ooV eW®V (m, d, i), TAOTION, ATOA0IPT Kol El6aymYN. ETedn oumg ot Kataotdoelg
avTioToryovy otn Béon I pe avtdv TOV TPOTO WTOPOVUE GUECH VO OTolyicovue TIG OAANAOVLYiES,
avtiototyiCovtag amAid Tic tavtioelg o kGbe BEon (m;).

CAEFTPLVH 0 oM, T 505, T M LT M MM, g
CKETTPADH Viterbi THL, ML T, T T T T T TH 5 THS T
CAETFDDH » MM, MM, d MM MMM,
CAEFDDH MM, M, de d Momamem, o
CDAEFPDDH g, 1 MM, A 0 IaT et
C-REFTPAVH
C-KETTPADH
C-RE-TPDDH
C-REF--DDH
CDREF-PDDH

Ewova 8.19: [ToAhormiy oroiyion aliniovyiov pe évo. profile HMM.

8.7. To nokéto hoyispikod HMMER

To mo yvootd mokéto Aoyiopkov yio kataokevn Profile Hidden Markov Models, eivar to HMMER (S.R.
Eddy, 2000). To mokéto avtd, eivar puo GLALOYN TPOYPOUUAT®V, OVEUOUEVDV gAehBepa e TV AdEL
‘avoiktod kmotka” GPL (GNU Public License), n onoio emitpénetl eAevBepn mpdofaocn otov mnyaio KOIIKO,
Kot T0 0moio €xetl amoderydel To KAAVTEPO 10MC TAKETO TETOLOL EIO0VE e TOALEG EQUPUOYEG GE PEYAAO EDPOG
Bloloyikdv dedopévav.

To HMMER, o1ty éxdoon 3, mepi€yet peta&d GAA®V T ToPOKAT® TPOYPALLOTOL:

hmmbuild: TIpoypappoa pe ypnon tov omoiov, Eekvaviag omd o, apylk] TOAAATAN oToiylon,
kataokevaletal éva poviého HMM 10 omoio va tnv meptypdpel.

hmmalign: [Ipoypoppa pe to omoio o GePpd oAANAOLYIOV Ol omoieg mpoépyovian amd &va HMM,
ototyiCovtal og o moldamhn otoiyion. H moAloamAn otoiyion, emtuyydvetol HEGM dO0YIKAOV GTO(IGEMV
TOV OAANAOVYLOV LE TO LLOVTEAO.

hmmsearch: IIpoypoppo 10 omoio, mpayuatonotel avolntioelg evog poviéAov HMM évovtt pog Baong
OAANAOVYLDV TPMOTEIVAOV.

phmmer: [Ipoypoppo to omoio mpayuatonolel avalntnon W TpOTeivikig aAiniovyiag Evavtt pag Bdong
dedopévav mpmteivav (avdroyo pe 1o BLASTP)

jackhmmer: [Tpoypappo To 0moio mTpayHaToTolEl EXUVIANTTIKEG avalnTHOEIS Lo TPMTEIVIKAG aAANovyiog
évavti pog Pdong dedopévov tpoteivov (avdioyo pe to PSI-BLAST)

hmmscan: [Ipoypoppo pe to omoio TpaypoTtomolovvion avalnTioel WOG 1 TEPLGGOTEPWV UAANAOVYIDV
évavti piag Paong dedopévov and poviého HMM. [pénet va toviotel €00, OTL av £xovpe o aAAniovyio Kot
éva HMM, ta dvo mapumdve TpoypaUoTo ETGTPEQOVY akpPds To 1010 amotéleoua. Av dlapEPovy, €iTe o1
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aAAnAovyiec gite ta povtéra, TOTE divouy GALO ATOTEAEGLLO, AOY® TOL SLLPOPETIKOD TPOTOL VITOAOYIGLOV TNG
GTOTIGTIKNG ONUOVTIKOTNTOG.

nhmmer: [1pdypoppa mov Tpayuatomotei avalnnon pog aAiniovyiog DNA, pog otoiyiong 1 evog pHMM,
évavtt pog Baong aAiniovyiov DNA. (avaioyo pe to BLASTN)

nhmmscan: Ilpéypappo mwov mpaypotonmolel ovalntnomn wog oAiniovyiog DNA évavit g Pdong
dedopévev and DNA profile HMM.

hmmconvert: I1pdypappa mov petorpénet poviéha HMM amd kon mpog ) popen oo HMMER3.

hmmemit: [Tpoypappa, pe to oroio ‘exméumetarl’ 1 KaAVTEPN (AvAAOYQ LE TOV OpPIoUO) aAAnAovyio 1 omoia
0o umopovoe va mapaybel amd To povéro.

hmmpress: Metotpénet puo faon dedopévov HMM ce dvadikd kddika yio. o hmmscan.

hmmstat: Agiyvel cuvontikd otatiotikd yo po Béon dedopévev HMM.

Ta mapomdve TPoYPAUHOTO, TEPIEXOVV UK GEPE OO PEATIOTOMOMGCEL L€ OKOTO TNV EMTAYLVON
Tov Swdkacldv. Mo mapddetypa, vrdpyovv PBEATIGTOTOMGELS Yo TV TAXOTNTO KATO TNV EKTEAECT] TOV
oAyopiBumv pe ToV [N VTOAOYIGHO TV TPOTYOVUEVOV KATOOTAGE®MVY, PEATICTOTOMGELS GTOV VITOAOYICUO TWV
KOTAVOU®MY GLUYVOTNT®V TV apvo&émv Tov undevikov (null) poviélov pe v elcayoyn MEewv amd €K TV
TPOTEPMOV KUTOVOUES, SAPOPIKO GTAOUIoUN TOV OAANAOLYIOV HE SLoQOPETIKO Pabud opoldtTTag, Kot [
oelpd amd PeATIOTOTOMGELS 0TN dopn Tov povtédov. To tedevtaio, sivarl TOAD onuovTiKd, KaB®G e avT ™
dwdkacia, o ypNotng dev acyoreitol KaBolov pe T doun kot to péyebog Tov povtéAov. Me emavaAnyelg
evog Paoctkod potifov to omoio amoterel mopaiiayr] TOV KAOGIKOD UOVTEAOV, EMITUYYAVETAL, OVOAOY®G KoL
TOL UNKOVG TNG TOAAUTANG OTOlYIoNG, N TEAKT SlopdpP®on Tov poviéhov. To mapoamdve poviélo, dapépet
amo v tumikn ékdoon tov Profile Hidden Markov Model, mov gidape mopomdvm, oto OTL Ogv EMITPENEL
petafdoelg and e katdotaon swooynyng kevod (I) oe katdotaon armarowpng (D) kot to avtiotpogo. To
TpOypappa, eivorl StaBécio oty NAEKTpoVIKN devBvvon: http://hmmer.janelia.org/.

Iotopikd, a&iCer va avagepOel tL vIapyoLvY peYdAESG dtopopég LeTaEd TV ekddsewv tov HMMER.
O exdooelg uéypt m 1.8 emétpemav T Onpovpyio HOVTEAOD OKOUO KOl OO UM GTOU(ICUEVES OAATNAOVYIES.
Ao v éxdoon 2.0 kon petd, n vmopén pog ToAAATANG oTolyong £ywve amapoitnty, Kabdg T0 AOYIGUIKO
eEedikevTNKe o€ avalvoelg mpoteivav. Tap® 6l avtd, T0 AOyoHKO NTav eE0PETIKE TETVYNUEVO Kot
YPNOWOTOMONKE Yot YIAMAOEG OVOAVGEIC. X& UEPIKEG WAACTO TEPUTTMOELS, YPNOULOTOMONKE KOl Yo
OVOADGELG TOV QUIVOUEVIKA Ogv TPpobmEfeTay KAMOL0 «OUOOTNTO» OTIS VIO UEAETN aAAnAovyieg (Zhang &
Wood, 2003). Extdc avtov, vinpéav kot PEATIOCELS TOV, amd TPITOVG EXGTNUOVES, £TOL MOTE VO UTOPEL Vi
TPAyLaTomolel «dloymplotikn ekmaidevony (discriminative training) (Srivastava, Desai, Nandi, & Lynn,
2007). Amd v ékdoon 3.0 kou petd, to AoylopKd, PacIGUéEVO Gg o GEPA oAyoptOKEg Kot BempnTikég
BeAtidoelg, €ytve moAv koAvtepo (S. R. Eddy, 2011). Kotopydc, éywe modd mo ypiyopo. Emiong, dgv
ypedleTon TAEOV VO TPAYLOTOTOLOVVTAL TPOGOUOIDGELS Y10 VO VITOAOYIGTOVV Ol TOPAUETPOL TNG KOTOVOUNG
tov Gumbel, 0AAd avtéc mpoxvmTOLY BewpnTikd. TéAog, PacioUévo &v UEPEL KOL GTO. TPOTYOLLEVA, TO
Aoylopikd pmopel mAéov va emtedéoel Ko avalnTioElg oG aAiniovyiog €vovtl piog Pacng dedopuévov
oAAnAovyov, -6mwc akpifac to BLAST xor 1o PSI-BLAST-, 11¢ omoiec mpayupatomolel koddtepa Kot
UAAIoTO 08 GLYKPIoIHO ¥povo. Me avtdv Tov Tpdmo, QAivVETOl TG 0Pyl OAAG otabepd odnyovduacTe oF
kaBoAKn amodoyn TV mBavoDemPNTIKGOV HOVTEA®Y, TO. 0TToiol B0 AVTIKOTAGTHGOVV TIG EVPIOTIKES TEYVIKES
OLLOLOTNTOC.
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D)

2)

3)

4)

Epomoeig

Y70 HOVTEAO UE TO «UEPOANTTIKO (Gp» OV avapépeTal oty Tapdypapo 8.3.1, divetor n axoiovdia
oVUPOA®Y X= 214526436636561666232145 KOl TO LOVOTATL 7= ———————— Fhttt bt ————— .
Extiunote Tig mopapétpoug Tov povtéAov pe Baon tig oxéoelg (8.34) ko (8.35).

Ye éva Hidden Markov Model (HMM) 6ivovtor o wivaxog tov mbavotitov petdpaocng (a,
transitions), kol 0VTOG T@V THAVOTATOV EULPAVIONS TV GVUPOA®V (e, emissions), avTioTolyo.:

07 03 0 «x 02 01 x, 05
0 0 08 x| |05 x 01 0
““lo 0 09 01" |o1 02 01 06
x 0 0 0 04 04 0.1 0.1

A) Amd mOGEG KATUOTACELG UMOTEAEITAL CLTO TO LOVTELO KOl TOCK EIVOL TA YPAUUATO TOV GAPOPTTOV
tov; EEnynorte.

B) Ymoloyiote Ta X1, Xo, X3, X4 KO X5. EENyeiote.

I') Arewkoviote ypoeikd To Topamdve povtéro. To Hoviého avTo givol ypappko 1| KOKAKO;

A) Hwg 6o Tpomomombei to povtédo av mpootedovv kataotaoelg évopéng (Begin) kot TeppoTicpon
(End);

H xavovikn éxppoor (regular expression) mov meplypdesl v meployn ocvppapng (splicing) oe
EVKOPVOTIKA Yovidia elval 1 akdAovon:
[ACJAGGT[AG]AGT

1 2345 6 789,
omov ot Béoelg aptBpovvtar pe 1-9 ko 1 amokont| yiveton petald tomv Bécemv 3 kat 4.
A) Koataockevdote (ko oxedidote) éva Hidden Markov Model, to omoio va givon eviedag avaloyo pe
TNV TOPOTEVE KOVOVIKT EKQPOACT).
B) Av cag 600¢ei n emmAéov mAnpogopia 6tL otn Béom 1, 1 Adevivn (A) epeavileton pe 1060010
10%, evd ot B¢om 6 n mBavdtTa epedviong g Fovavivng (G) eivan TpimAdoio amd avt g
Adevivng (A), TpOTOTOMNGTE KOTAAANAL TO LOVTEAO.
I') Aivovtar dvo aAiniovyiegc DNA
x: AAACAGGTGAGTAAA
y: TTTAAGGTAAGTGGG
[Mowa amd T1g dvo £xel peyorvTtepe TOAVOTNTEG VO ELPAVIOTEL KAT® 0o TIC TPpoimobicelg Tov
LOVTELOL, GOUPOVA. e ToV aryoptOuo Forward? EEnynote moiotikd to amoteAéc oo,
A) Towa givon Ta TAeovektpota tov HMM mov kotackevdcsate 6to epatnua (B), kot kKdmoiwv
OKOUO KOADTEPOY TOL UTOPEL VO KATOTKELOGTOVY VIO TO PMG TEPLGGOTEPMV OEGOUEVDV
(aAAnlovyidv), o€ oyéon pe To amio regular expression?

2nueiwon: Yo, Oho To TOPATAVE Bempnote 0TL 6 TVYaieg TEPLOYES (EKTOG TNG TEPLOYNG CLPPAPNC) Ol
mOavoTNTEG EPLPdVIong kdBe Bdong (A, C, T, G) ivan {oeg.

Atvetal n TopakdTe TPOTEIVIKY aAlnAovyio Kot 1) dEVTEPOTUYNC OOUN TNG:

1 GSAPSRKFEVGGNWKMNGRKQSLGELIGTLNAAKVPADTEVVCAPPTAYTI
CCCCCCEEEEEEEECCCCCHHHHHHHHHHHHCCCCCCEEEEEEECCCCCH
51 DFARQKLDPKIAVAAQNCYKVINGAFTGEISPGMIKDCGATWVVLGHSER

HHHHHHCCCCEEEEEEEECCCCCCCCCCCHHHHHHHCCCCEEEEECHHHH
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S)

6)

101 RHVFGESDELIGQKVAHALAEGLG

HCCCCCCHHHHHHHHHHHHHCCCC
A) X ol katnyopio TPOTEIVIKOD SIMADUOATOG TIOTEVETE OTL KATATAGGETOL 1] €V AOY® TPOTEIVY 6T
Baon dedopéveov SCOP kot yoti?
B) Koatookevaote éva 660 10 duvato mo omAd Hidden Markov Model to omoio va mpoPAémet
devtepotayn doun tpoteivav og 3 kKataotaoelc (H, E, C) kol e&nynote. Ilog Ba pmopovoe to
HOVTELO anTO Va Yivel kaAdtepo?
I') Av Bewpnioete cav dedopéva EKTAIOEVONG TNV TOPATAV®D aAAnAovyia Kot Tn doun Tng, va
VIOAOYIGETE TIC TAPAUETPOVE TOV €V AOY® LOVTEAOV (TBavOTNTEC PLETAPOIONC Kol TOOVATNTEG
ELOAVIONG GLUPBOAWV).

2nueiwon: yio, A0yovs omAdTTaS Bewpnate 0Tl 6TO HOVTEAD OEV DIOPYOVY KOTOOTATELS EvopLng Kal
TEPUATIOUOD

Aivetor 10 mopokato Tuqpo pag aAiniovyioc DNA n omoio mpoépyetor amd €vo yovidlo pe tov
avtiotolyo oyoAlacpd (E=efovio, I=ecmvio, N=un-kmokn meployn €kT0¢ yovidiov, 5=5’-GKpo
ovppaghc, 3=3-lKkpo cuppaghc)

.AGCATATGCGTAGTCTGACTGCCAAGATATAAAGTTATAATCTATATACGATCGCTGTCAATGCT...
.NNNNNEEEEEEEEEEEEEEEEEEEESITIIIIIIIIIIITIIIIIITIIIII3EEEEEEEEEEEEEEE..

A) Amo 11 €160Vg 0pYOVIGUO (EVKOPLMTIKO 1 TPOKOPVAOTIKO) TPOEPYETOL TO TOPATAV® YOVIdL0;
Eénynote v andvinon cog.

B) Koatookevdote éva 660 10 dvvatod wo omdd Hidden Markov Model to omoio va mpofiénet tnv
vmapén yovidiov og 5 kataotdoeig (E, I, 5, 3, N) kot e&nynote. Me motoug tpémovg Ba propodoe 10
MOVTELO aVTO Va. YivEL KOADTEPO;

I') Av Bempnoete cav dedopéva ekmaidevong TV Topamdve aAAnAovyic, Vo VITOAOYIGETE TIG
TOPAUETPOVG TOV €V AOY® HOVTELOL (TBavOTNTEG LETAPaonG Kot TOavOTNTES ELPAVIONG CUUBOA®V).

Znueiwon: o Aoyovs amlotnros Oecwpnote Ot 010 HOVIEAD JEV DTAPYOVY KATAOTAOELS EVOPENS Kol
Tepuationod. 11a 00eg TOPOUETPOVS JEV EYETE OTOLYELD, POATE KATOLO. VTTOOETIKG, VOUUEPO.

Aivetal 10 TapoKATO GYUe 6TO 0Tol0 amelKovileTal 1) Ypapikn avamapdotact evog HMM.
A) Ieprypdyte 10 povtéro avarvtikd (Ilivakeg petafdcemv kol eppavicenv cupformny, arpapnro,
KOTOOTAGELS).
B) Aivovtor o1 Ttopakdto aAiniovyieg:

x;=CGGCCG

X2=AT

x;=ACCGAT

x,~=TACGAT

xs=GGCCG
Ynoloyiote T cuvoAikn mlavotnTa Kabe pioag pe Baon to mapokdto poviéro. Ioteg and Tig
aAAniovyieg dgv umopovv va mapayfodv amd To LOVTELD avTO?
I') Iog 6o tpomomoloVcapEe TO LOVTELO £TGL MGTE VO WTOPEL Vo Tapdyel Kot TG OAANAOLYIES TOV
epoTHuHoTOC B?
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7

8)

9)

A=10% A=0%
T=0% T=30%
C=60% C=20%

A=30% A=10%
T=20% T=30%
C=40% C=10%

Bewpnote €va 600 10 dvvatov o andd HMM, 10 omoio va mtepiéyel 2 KataoTtdoelg Kot 2 GOUPOAC.
YxedldoTE TO HOVTEAO Kol OMGCTE L0 YEVIKN EKPPOOCT] Y10 TOVG Tivakeg a kot e. Agi&te 611 10 1010
povtélo, popel vo avamopactadel e Eva KAootkd popkoPlovd Loviélo, Tov 0moiov TIg TaPAUETPOVG
Ba opicete. Aokipdote va avénoete v moAvmhokodtnto Tov HMM, avédvovtag yio mapdostypo tmv
aplud Tov Katactdoemy o€ 3, 4, k.0.k. Tt mopoatnpeite yio To ovtioToryo popkofiavd Hovtéro;

Amodei&te 611 o8 éva HMM, 1oyvet :

Pz, = k| x,0) =120 f}féill’;()l )

Inueioon: Eekwvnote omd v mbavotta P(X,7; = k | 6) ko BopnBeite ot
S () =P(x;,x,,....x,, 7, =k | 0)
b(i)=P(x,,,....x, |7, =k,0)

i+l
[og mpaypotomoteital po ToAAUTAY otoiyion pe ypnon profile HMM?
Aivovtot ot aAAniovyiec:

X,=WAYDDR, Kot

Xp=WDAYPDDR
Kol To avtiotorya povomdrtia (paths) and tov akydpiBuo tov Viterbi:
p.=m m mm.d,d. mm mm, Koup,=m,m, i mmd,mmmmm,
A®acTe TNV 6T0lY10M TOV 0V AAANAOVYIOV Kol e&nyeioTe.
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