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EYXAPIZTIEZ

Oa 6eAa va euxapioTiow TO OIBAKTIKG TTPOCWTTIKO KAl TOV KaBnynTr TTOU Jou
EMTTIOTEUTNKE QUTO TO BEua TNG DITTAWUATIKNG Epyaoiag Kal ye BoAbnoe va 10 QEpw
€Ig Tépag. EmmmAéov Ba RBeAa va euxapioTAOW TOUG YOVEIG JOU, TOV adEPPO POU Kal
TNV KOTTEAQ JOU YIa TNV APEPIOTN CUUTTAPACTAON TOug OAa auTtd Ta Xpovia.
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MepiAnyn

MNa moAAG xpovia To RNA Bewpeito 611 £mTaie atTAd Evav deuTepelovTa pOAO
OTOUG CWvTavoUG OpPYaVvIOUOUG TTOPEXOVTAG TNV  UTINPECIa NG METAPOPAG
TTANPOPOPIWY. A TOUG TTEPICCOTEPOUG ETTIOTAPOVEG NTAV ATTAQ TO «OXNUA» TTOU
METAOXNMATICEl KAl UETAPEPEI TNV YEVETIK TTANPOQOpia OTO pIBOCWHA. AVTIBETWGS
onueEPa eival Ta eUPEWS aTTOOEKTO Kal yvwoTd 011 To RNA €gival TTOAU TTI0 TTAOUCI0
Kal TTEPITTAOKO aTnVv dopr Tou atrd 011 To DNA. ETITTpooBeTa, TTapoTi cuvavtaTal oav
MOVOKAWVO HOpIo, €ival duvatov va eu@avifel dikAwWVEG €ANIKOEIDEIG DOUEG Kal va
OITTAWVEl oXNUATiCovTag TTOIKIAEG TpITOTAYEIG OOUES. AUTEG eival o OOPEG TTou Ba
MEAETABOUV TNV TTapoUCa €PYQCia KAl OUYKEKPIMEVA DOUEC TTOU TTEPIEXOUV ATUTTA
Ceuyn Paoewv TTOU OI dIOPOPPWOEIS TOUG OTN dOUA TTPOCOMOIAJOUV HE KOWTTOUG.
OuolaoTika yivetal Adyog yia 1o (euydpwpa PACEWV MPETALU HN TTAPOKEIMEVWV
AAANAOUXIWYV PE ATTOTEAECHUA TOV OXNMATIOUO QUTWYV TWV TTOAUTTAOKWY dOPWV. AUTEG
ol dopEG ovopalovTal atrd TNV MOTAUN TNGS BloAoyiag wg pseudoknots.

H Oiepelvnon 1ng deutepotayoug Ooung Tou RNA Kol CUYKEKPIMEVA N
TPORAewn TG B€ong Twv pseudoknots Tutou K 0¢ pia doopévn akoAouBia RNA
gival To {ATANO PE TO OTTOI0 QOXOAEITal N TTapouca JITTAWUATIKY €pyaoia. ZTnv
epyacia Ba TTapouciacTei og BABOG n diadikaoia Kal N avaAuon Twv BNPATWY PE TA
OTTOia PTAVOUME OTO €mMBUUNTO ATTOTEAECUA. XPNOIYOTTOIOUVTAl KPITAPIO OTTWG N
eAGxi0Tn eAeUBepn evépyeia avadiTrTAwong Tou RNA kai n pyeyioTotroinon Tou apiBuou
TWV CEUYWV PETALU TWV PACEWV. ZTn CUVEXEIQ NECW TNG avAAuoNG pag EexwpileTal n
BEATIOTN AUOn KaBwg oe KABe doopévn akoAoubia TTapaTnpouvtal TTAvw ato Wia
TIPOTEIVOUEVEG AUCEIC. Ta TTOPATTAVW YivovTtal Ye dUO epyaAgia: e TRV XPAON MIOG
YPOUMOTIKAG XWPIG oup@paddueva yia TNV CUVTAKTIKA avayvwplion Tou pseudoknot
Kal pe €vav AmmANoTo aAyopiOuo duvapikoU TTPOYPAPUATIONOU yia TNV €Upeon TNG
TEAIKNG AUong. O ouvdeopog yia To OoUVOAO Tou KwdIKa (project) TnG epyaciog
Tapatifetal otnv BIBAIoypagia [1].

AEEeIG KAEIDIA

PiIBoVvOUKAEIKO 0EU, CUVTOKTIKF avayvwpion TTPoTUTTwyY, YWeudokduBog Tuttou K,
YPOUMOTIKEG XWPIG oup@palodueva
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Abstract

For many years RNA was thought to play only a secondary role in living
organisms, that of providing the service of transferring information. For most
scientists it was just the tool that transforms and transfers genetic information to the
ribosomes. On the contrary, it is now widely accepted knowledge that RNA is much
richer and more complex in its structure than the DNA itself. Additionally, although it
occurs as a single-stranded molecule, it is possible to display double-stranded
helical structures and also form a variety of tertiary structures. These are the
structures that we will study in the present work, specifically the ones that contain
atypical base pairs whose configurations in the structure resemble knots. Essentially
we are talking about base pairing between non-adjacent sequences resulting in the
formation of these complex structures. These structures are called pseudoknots by
the science of Biology.

The investigation of the secondary structure of RNA and specifically the
prediction of the location of K-type pseudoknots in a given RNA sequence is the
issue with which this thesis deals. The paper will present in depth the process and
the analysis of the steps by which we reach the desired result. Criteria such as the
minimum free energy of RNA folding and the maximization of the number of base
pairs are used. Then through our analysis we distinguish the optimal solution as in
each given sequence we can have more than one proposed solution. The above is
done with two tools: using a context-free grammar for the syntactic recognition of the
pseudoknot and a greedy dynamic programming algorithm for finding the final
solution. The link for all the code of the work is listed in the bibliography [1].

Keywords

RNA, syntactic pattern recognition, K-type pseudoknot, context-free grammars
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1. Elcaywyn

To RNA (Ribonucleic Acid) atroteAei éva Bacikd POPIO TTOU EUTTAEKETAI O€
TTOAOTTAEG BIOAOYIKEG DIADIKATIEG, OTTWG N METAPPACN TNG YEVETIKAG TTANPOYOPIag
atmé To DNA oTnv TTpwTeivooUVOED. 2UVIOTA PJOVOKAWVIKO POPIO TTOU OTTOTEAEITAI
at1rd VOUKAEOTIdIa, Ta oTroia TrepIAauBdavouy Tn pIBOEN, HIa @WOQOPIKH Oudda Kal pia
ato TIG TEooepIG alwTouxes Baoelg (adevivn, oupakiAn, youavivn, kal kutogivn). H
deutepoTtayng dounp Tou RNA diapop@uvetal Jéow Tou CEUYAPWHOTOS Twv BACEwy,
OTTwG o1 Ceueic A-U kal G-C, dnuioupywvTag €101 avadITTAWOEIG Kal SoUES. AUTA n
doun gival kpiolun yia Tnv karavoénon tng Asiroupyiag Tou RNA, kabwg kaBopilel To
TTWG To RNA aAAnAemOpda pe AANa popia kail eTTITEAET TIG BIOAOYIKEG TOU AEITOUPYIEG.

To péBAnua TNG TTPORAswNS TNG deuTtepoTayous doung Tou RNA eival éva
ONMAvVTIKO Kal dUOKOAO B€pa otn BioTTAnpo@opikr. H akpirig TTpdBAewn Tou TpdTTOU
ME TOV OTTOIO Ta VOUKAE£OTIOIA (EUyapwVvouV yia va dnuIoupynoouv Tn OEUTEPOTAYI)
doun gival Kpioiun yia Tnv katavonon tng Asiroupyikdtntag Tou RNA. Kabwg n doun
Tou RNA emrnpedadel TN BioAoyik Tou dpacTtneidtnTa, n TTEORAEWH TNG WTTOPEI va
OUPBAAEl OoTnV KaTavonon aoBevelwy Kal 0Tn oXediaon vEwV Qapuakwy. QoTd00, N
ooun dev kabopiletal atreuBeiag ammd TNV aAAnAouyia Tou RNA, Kal o1 UTTdpXOoUCES
TTEIPAPATIKEG HEBODOI gival ouxva dATTaVNPESG KAl XPovoROPES. INa va avTINETWTTIOTEI
auTd 1O TTPORANUA, £xouv avatrTuxBei didpopeg pebodoAoyicg TTPOPAEWNGS, OI OTTOIES
TepIAauBavouv aAyopiBuoug duvauikou TTPOYPANUATIONOU, OTATIOTIKA POVTEAQ, KOl
MEBODOUG pnxavikng padénong.

2Tnv Trapouca JITTAWMPATIKY, 6a aoXoAnBouue pe TNV TIPORBAEWn TOU
weudokouPou TUTTOU K o€ pia akoAouBia RNA. Baoiléuevol otn dnuoacicuon knotify,
otnv otroia 1o TPOPRANuUa €xel emmAuBei yia TOTTou H weudokdupoug, Ba TTpoouue
OTIG KOTAAANAEG TPOTTOTTOINCEIC WOTE va @TACOUUE O€ ammoTéAeopa. H epyaoia
Xwpicetal o€ 7 ke@AAaia. KaBéva atrd ta ke@aAaia avaAuvel pia dIaQOPETIKA TITUXN
TNG MEAETNG Kal €TTiAuong Tou TTPOPBAAPATOG TNG TTPORAEWNS TNG OeuTEPOTAYOUG
odoung Tou RNA. 210 Ke@dAaio 2, TTapoucidletal n Bewpia yupw atmd 170 RNA,
eoTiafovrag oTig katnyopieg Tou RNA, é1mwg 10 mMRNA, tRNA kai rRNA, kaBwg kal
oTIC OIOPOPETIKEC KATNyopiec OtuTepoTaywY OOMWY Tou, OTTWG oI BpPOXol Kal Ol
WeudoOkouPol. ZTOXOG auTOU TOu Ke@aAaiou eivar va TTapdoxel TO ATTapaiTnTO
BewpnTikG UTTORABPO yia TNV Kartavonon TnG doung kai Asiroupyiag Tou RNA. 210
KeQAAaio 3, avaTrTuooovTal Ol BewpnTIKEG EVVOIEG TTOU OXETICOVTAl YE TO TTPORANUC
TNG CUVTAKTIKAG avayvwpiong TTPOTUTTwY. AvaAuovTal €vvoIEG OTTWG O1 YPOUMOTIKEG,
T OUVTAKTIKG Oévipa Kal 0 aAyopiBuog YAEP, Ta otroia xpnoiyotroiouvtal yia Tn
MovTeAoTToinon TnG deutepoTtayoug dopng Tou RNA. ZTn ouvéxela, 10 KepAAaio 4
eoTmidlel otnVv €1miAucn Tou TTPORANKATOG TNG AvAyVWEIONSG TOU WeUOOKOUBOU TUTTOU
K, ME XPAAON CUVTAKTIKAG avayvwpiong TTPoTUTTwV. MepIAaupavel Tn dnuioupyia piag
YPAMMATIKAG, TNV avAAUCH TNG, TNV TTAPAYwWYr CUVTOKTIKOU OEVTPOU Kal Tn dIdo)Ion
TOU YIO TNV avayvwpion Twv YeudokOpPwyv. EimmAéoy, yivetal xprion evog AmAnoTou
aAyopiBuou duvapikou TTPOYPAUMATIONOU yia Tn UAOTToINon TngG d1adikaoiag Kal YE
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EVAAAQKTIKO TPOTTO. 270 KEQAAQIO 5, emdEIKVUETAI N A&ITOUpYia Tou aAyopiBuou pag
MEOW EIKOVWV Kal TTAPAOEIYHATWY, TTIPOCQPEPOVTAG MIA TTIO OTITIKI) KATAVONON TNG
A0oong. EmmrpooBeta 1o Ke@AAaio 6 TTepIAapBavel Tn ouykpion TG HeBodoAoyiag pag
ME AANEG YVWOTEG PEBODOUG, avaAUOVTAG TA TTAEOVEKTAUATA KAl TIG AdUVAMIEG TNG.
TENOG, 0TO KEQPAAQIO 7, cuvoWilovTal TA CUUTTEPACUATA TNG EPEUVAG KAl TTPOTEIVOVTAI
MEANOVTIKEG ETTEKTAOEIG TNG TTAPOUCAG HEBODOU, YE OTOXO Tn BeEATIWON TNG AKPIBEIag
Kal TG atrédoong oTnVv TTPORAewWn TNG deuTtepoTayoug doung Tou RNA.
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2. Otwpia yupw atrdé To RNA

2.1 Ti eivar To RNA

To RNA ¢ival éva JOKPOPOPIO TO OTToi0 TTaidel KPioIuo pOAo oTn PeTAdoon

YEVETIKWYV TTANPOQPOPIWV EVTOG TWV KUTTAPWY, AsIToupywvTtag TTapaAAnAa pe To DNA.
To RNA €xel apkeTég opoiotnTeG e To0 DNA oTtn Bacikr Tou dopr), atroTeEAOUPEVO ATTO
voukAegoTidia (pIBGZN), Eva ewo@opikd ogu, Kail TIG ENG Bdoeig alwTou: adevivn (A),
youavivn (G), kutooivn (C) kai oupakiAn (U) otnv mepimrwon Ttou RNA
(avTikaBioTwvTag TNV Bupivn Tou PBpioketar oto DNA). Autd Ta VOUKA£OTIdIO
oxnuaTti¢ouv HovOKAwvVa RNA pEOW QuOPOBIECTEPIKWY OECHUWV.
H kUpia Aeiroupyia Tou RNA €ival va JeTa@paoel YEVETIKES TTAnpogopieg atrd To DNA
o€ TTPWTEiVES, Mo dladikaoia yvwoTh wg olvBeon TTpwTEivNG N Kal ueTa@pacn. Autod
oupBaivel atrd Tpia Baoikd €idn RNA: 10 ayyeAiodépo RNA (mRNA), T0 HETAQOPIKO
RNA (tRNA) kai 1o pipoowuikdé RNA (rRNA). To mRNA peTOQEPEl YEVETIKEG
TTANPOPOPIEC ATTO TOV KUTTAPIKO TTUPAVA OTa pIBOCWHATA, OTTOU TTPAYUATOTIOIEITAI N
TpwTEIVIKA ouvBeon. To tRNA petagépel apivoééa ota pifoowuara pe Bdon TIg
odnyieg Tou MRNA, dlEUKOAUVOVTAG TN oUVAPUOAOYNON TwV TTPWTEIVWY. TEAOG, TO
rRNA kaTaAugl TRV TTpwTEIVOOUVOEDN OTO KUTTAPO

[2].

2€ OUykpion Mde 10 DNA, TTOU Xpnolyevuel wg “ammoBnikn” YEVETIKWV
mAnpo@opiwy, 10 RNA Acitoupyei wg o HPeCOAABNTAG Kal AyyEAIOQPOPOG TTOU
METOQPALEl TO YEVETIKO KWOIKA 0€ AcIToupyIkES TTpwTEIVEG. To DNA cuvABwg uttdpxel
w¢ dITTAA aAucida (dikAwvo), eviy To RNA egival povokAwvo. ETmimTAéov, n Tapouadia
NG oupakiAng oto RNA T0 diagopoTroiei ammé 1o DNA 10 oTr0io Kai TTepIEXEl Bupivn.

H katavéonon twv poéAwv kai Twv dopwv Tou RNA kai Tou DNA eival
BepeAILONG YIa TNV ATTOKWAIKOTTOINGN TNG TTOAUTTAOKOTNTAG TNG MOPIOKAGS BloAoyiag.

DIFFERENCE BETWEEN DNA AND RNA [EByJus
NUCLEOBASES NH_
o oL
H H
BASE PAl

H H
N N
N SUGAR PHOSPHATES N
a
¢r QU
1 'O RIBONUCLEICACID  DEOXYRIBONUCLEIC ACID E 0

2xnua 2.1: DNA kai RNA [3]
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2.2 O1 Katnyopieg Tou RNA

Me Bdon Tnv Bepehiwdn karavonon tou RNA TTOU TTOPOUCIAOTNKE OTO
TTPONYOUNEVO KEPAAQIO, O€ AUTO TO KEQAAAIO TTAPEXETAI PIa €I BABOG dlgpelivnon Kal
TTapouciaon Twv O1apopeTikwy poppwyv RNA. Kdbe t0mmog RNA cuppdaAAer ue
MOVOOIKO TPOTIO OTNV  €VOPXNOTPWON TNG YOVIOIOKNG €KPPAoNG Kal €101 N
TTapouUCiacn TOug eVIOXUEl TNV KATAVONON TWV UOPIAKWY UNXAVIOPWY TTOU JIETTOUV
TIG KUTTAPIKEG AEITOUPYIEG.

2.2.1 AyyeAiopépo RNA(mRNA)

To ayyehlopopo RNA (mRNA) Traiel To pOAO €vOG evBIAUECOU KOUPBOU OTO
TTOAUTTAOKN d1adikaoia TTou gekivasl ammd 10 DNA kal kataAryel otn ouvleon Twv
AeIToupylkwyv TTpwTeivwy. To MRNA, TTou OUVTIBETAI EVTOG TWV OPiWV TOU KUTTAPIKOU
TTUPrVa, EVOUAOKWVEI TIG TTEPITTAOKEG YEVETIKEC OdNYieC TTOU €ival EVOWMATWHEVES
oto DNA. O Baoikég Tou pOAOG EyKEITAl OTN YETAPOPA QUTOU TOU YEVETIKOU KWOIKA
oTa pIBocWPATA, Ta OTToia BpiokovTal OTO KUTTAPOTTAaCUA, 6TTou AauBdvel Xwpa n
TTPWTEIVIKA ouvBeaon. Kabe uépio mRNA Asitoupyei ws €va povadikd avTiypago, TTou
QEPEI TIG TTANPOYPOPIES YIA PIO OUYKEKPIYEVN TTPWTEIVN. AuTh n duvauikn diadikaoia
METAYPOAPAG KAl WETAPPOONG eival BepeAiwdng yia TNV KUTTAPIKA AEIToupyia,
EVOPXNOTPWVOVTAG TN OUVOEC TTPWTEIVWV ATTAPAITNTWYV YIA TIG JUPIABES dIEPYATIES
OTOUG CWVTavVoUG Opyaviououg.

Nucleus Ribosome
COPY OF
Information Information Location of
for coding for coding coding amino
amino acids amino acids acids

2xnua 2.2: H Asiroupyia tou mRNA [4]
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2.2.2 Meta@opiké RNA(tRNA)

To petagopikd RNA (tRNA) avaduetal €1TionNg wg KPIiOIMO TTAPAYOVTAG OTNV
TTEPITTAOKN CUPPWVIa TNG TTpwTEivoouvBeong. Mépa atrd TN QAIVOPEVIKA ATTAOIKA
ooun Tou, To tRNA avalaupdavel évav KeVIpIKO pOAO WG UOPIOKOSG TTPOCAPHOYEQG,
ouvOEOVTaG TN YAWOOO TWV VOUKAEIKWY OGEWV PE auTr TwV APIVOGEwY. PopTwuévo
ME ouykekpigéva apivoééa, 1o tRNA yepupwvel TO XAOUa METAEU TOU YEVETIKOU
KWOIKa TTou gyypa@eTtal oto mMRNA Kal TNG TTPayuaTikiG oUvOeong Twy TTPWTEIVWV.
H povadiky Tou dopr, 1Tou dIaBETEl OXAPa TPIYUAAIOU, €Cac@alilel akpifeia oTo
Ceuydpwpua AUIVOLEWY PE T avTioTolXa KWOIKOVIA. AuTr n akpifela cival uyiotng
onpaciag yia TNV moTéTNTA TNG HETAPPACNG, ATTOTPETTOVTAG OTTOIAdNTTOTE AdON KATA
TN dIdpKEIO TNG OuvapuoAdynong Tng Tpwrteivng. 'Evag tumog tRNA utopei va
avTioTolxei o€ TTOANG KwdIKOVIa aAAd pdvo o€ éva apivog.

tRNA (C

Zxnua 2.3: H doun tou tRNA [5]

2.2.3 PiBoowpiké RNA(rRNA)

To piBoowpikd RNA (rRNA) Bpioketal OTO €TTIKEVIPO TNG TIEPITTAOKNG
dladikaoiag TnNG TPWTEIVIKAG ouUvBeong w¢ avarmmodoTiacTo  CUCTATIKO  TwV
PIBOCWHATWY, TOU KUTTAPIKOU WNXAVIOWOU TTOU £VOPXNOTPWVEI auTh Tn diadikaacia.
Epo@avidetal TOoo 0€ PIKPEG OO0 Kal 0€ HEYAAEG UTTOUOVADES KAl 0 POAOG TOU gival va
KATOAUEI TO OXNUATIOPO TTETITIOIKWY OECUWYV PETALU AUIVOLEWV. AUTA N KATOAUTIKN
IKQVOTNTA  €ival  aTTOEAITNTA  YyIO TNV  ETMPAKUVON KOl TNV~ wpigavon  Twv
TTOAUTTETITIOIKWY OAUCiIdWYV KATA TN HETAPPACT. To pIBdcwa, pe To avtioToixo rRNA
TOU wg 0dnYo, ecac@alilel Tnv akpiBr Kal dIadoXIKr) cuvapuoAdyNon TwV AUIVOEEWY,
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ME aTTOKOPUQPWPA Tn oUvBeon Asitoupyikwy TTpwTEiVWY. Mépa ammd TNV KATAAUTIKN
Tou Acitoupyia, To rRNA ouuBdAAel emmiong kai oTn OOMIKN OTABEPOTNTA TWV
piBocwudaTwy. TEAoG, agiCel va onuelwdei 611 atroteAolv 10 80% Twv ocuvoAikwv RNA
O€ €Va TUTTIKO EUKAPUWTIKO KUTTOPO.

2.2.4 Mikp6 TTupnvikdé RNA (snRNA)

Ta pikpd TTupnvikd RNA (snRNA) gival pikpd popia RNA 1Tou Bpiokovtal oTov
TTUPMVA TWV KUTTAPWY TWV EUKOPUWTIKWY opyaviopwy. MNai¢ouv Kpioigo poAo otnv
emmegepyaoia Tou RNA, e1dikétepa oT1o splicing Twv Tpo-mRNA peTaypa@wy Katd Tn
dladikaoia ékgpaong Tou yovidiou. Ta snRNA cuvdudalovTal Pe TTPWTEIVES yIa va
onuioupynoouv piBovoukAeotrpwreEiveg (SNRNPs). Ta cwpatidia autd kataAuouv TV
“wpipavon” Tou MRNA.

2.2.5 Mikpo-RNA (miRNA)

Ta pikpo-RNA (miRNAs) cival pikpd popia RNA, tTou ouvrBwg atroteAouvTal
ammo TrEPITTOU 22 VOUKAEOTIOIO, Ta OTroia BpiokovTal O€ E€UKAPUWTIKA KUTTOPA.
MaiCouv kpiolyo poAo oTn yovidloK pPUBPION META TNV METOAYPOQPr ME TNV
TIPOOKOAANON TOUG 0 CUPTTIANPWHATIKEG aAAnAouyieg Tou mMRNA. AuTh n déopeuon
ouvnBwg odnyei €ite oe ammoikoddunon Tou MRNA €iTe 0€ JETAPPOAOTIKI) KATAOTOAN,
eAéyxovTag €10l TNV é€K@pacn Tou yovidiou. Ta miRNA eutTAékovtal oe dId@opeg
Bioloyikéc  digpyaoieg,  ouutrepiAaufavouévng TNG  AvATITUENG  Kal NG
d1aQOoPOTIoINONG TWV KUTTAPWYV. ZUPBAANOUV onUAVTIKA OTn PUBUIoN Twv BIKTUWV
YyoVIOIOKNG £K@PAONG Kal Yo autd n atroppuBbuion TG EKYPaong Toug £XEl oUVOEDEI
ME TTOAEC aoBéveleg, CUPTTEPIAAUBAVOUEVOU TOU KOPKIVOU, TWV KAPJIaYYEIAKWY
dlaTapPAaXWV Kal TwV VEUPOAOYIKWY TTaBRoEwV.

2.2.6 Mikp6 rapeupatiké RNA (siRNA)

Ta pikpd Trapeppatiké RNA (siRNA) givar dikAwva popia RNA, TUTTIKA prKoug
mepitou 20-25 Ceuywv Bdoewyv, TTou Trai(ouv KpPioio pOAo oTnv TTapePBOAN Tou
RNA. H mapeupBoAl Tou RNA egivar évag pnxaviopdg pubuiong tng yovidiakhg
ékppaong katd Tnv omoia 1o idl0 TO RNA KOTOOTEAAEl TNV  €K@Qpacn
OUNTTANPWHATIKWY TTPOG QUTO YOVIBiwV.

2.2.7 Makpu pn kwdikotroinTikd RNA (incRNA)

Ta pakpd un kwdikotroinTiIkd RNA (incRNA) gival uépia peyaAutepa atmd 200
VOUKAEOTIOIO Ta OTTOia TTOTE TOUG dev peTagpalovTal o€ TTpwTEiveg. Katrola atmé autd
KWOAIKOTTOIOUV YIa PIKPA TTETTTIOIN aAAG Ta TTEPIoOOTEPA Oev peTaPpAalovTal KabBoAou.
AMNAeTIOpOUV Pe TTpwTEiveS, Je AAAa popia RNA kai DNA kail ouviBwg eAéyyovTal
atro Ta miRNA.
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2.2.8 Piwi aAAnAemiSp@v RNA (piRNA)

Ta piwi aAnAemdpwvta RNA (piRNA) eival pia katnyopia HIKPWV [N
KWOIKOTTOINTIKWY  Popiwv  RNA, TUummKkKa prRkoug 24 €wg 31  VOUKAEOTIOiWV.
AANNNAETTIOPOUV OTTOKAEIOTIKA WE TIG TTPWTEIVEG Piwi Kal BpiokovTal Kupiwg o€ {wiKdA
KUTTapa. [llaiCouv €vav ouolaoTikG pOAO OTn oiyaon Twv TpavoTtroloviwy, OTn
dlatipnon TNG oTabepdTNTAG TOU YOVISIWPATOS KAl OTNV AVATITUEN TWV YEVVNTIKWV
KUTTApWV.

2.2.9 Aiayovidiakd pun-kwdikotroinTikd RNA (lincRNA)

Ta diayovidlokd pn-kwdikoTroINTIkKG popia RNA (lincRNA) atroteAouv pia
uttokaTtnyopia Twv INCRNAS kai Bpiokovtal PeTagu yovidiwv TTou KwOIKOTTOIOUV
TpwTEiveg. TUTTIKA, eival peyaAutepa atrd 200 voukAeoTidia kKal TTaifouv TTOIKIAOUG
PUBUIOTIKOUG pPOAOUG OTnV €KPPacn Twv yovidiwv, Tng avadiaudppwaon Tng
XPWHATIVNG Kal AAAEG KUTTOPIKEG DIEPYATIEG.

2.3 Kartnyopieg dopwyv eviog Tou RNA

O1 TTOAUTTAOKEG OOMEG TTOU  TTapouaiadovTal eviog Twv  popiwv  RNA
dladpapaTtiCouv BePeNIWON POAO OTIG DIAPOPETIKEG AEITOUPYIEG AUTWYV. Z€ AUTO TO
KEQPAAalo, e¢eTddovTal oI JIOPOPETIKEG auTéG douég Tou RNA kal avadeikvueTal n
onuacia Toug oTIG BIOAOYIKES DIEPYATIEg Kal TIG HOPIAKEG AAANAETTIOpAcEIS. Ta uopia
RNA epgavifouv povadikf 1IKavoTnTa OTO VO UIOBETOUV OUVOETEC BOWPEG, Ol OTTOIEC
TIPOKUTITOUV QATTO OUYKEKPIPMEVEG AAANAETIOPAOCEIC PETALU Twv BACEWV TOUG Kal
TPITOYEVWV OTOIXEiWV. H Katavonon autwy Twv dOPwWYV atroTeAEl (WTIKO TTapdyovta
yla TNV amokwdIKOTIoinon Twv PnXaviouwy Tou pubuifouv diadikacieg, OTTwWG O
EAEYXOG TNG £KPPOONG YOVISiWV KAl N HOPIAKK avayvwpIior.

2.3.1 Hairpin Loop

H doun hairpin loop dnuioupyeital 6tav €va KOPPATI VoG povokAwvou RNA
SITAwveTal Kal oXnPaTidel pia OITTAR EAIKa péva éva AAAO TPRPaA Tou idI0 VAPATOG.
Mtropouv etriong va dnuioupynBouv oe popia DNA aAAd TTapaTtnpouvtal cuvhBwg
oto mRNA. ZuuBd&Aouv otnv oTaBepdTnTa TNG doung Tou MRNAJ6].
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Hairpin Loop

Zxnua 2.4: Hairpin Loop [7]

2.3.2 Kissing Hairpin

H dopn Kissing Hairpin ouclaoTikd TTpoKeITal yia T oUykAion duo Bdacewv
amd hairpin loops. Autr) n aAAnAemidpacn dnuioupyei pia otaBepry dipepny doun,
ouxva Kpiolun yia diadikacieg TTou dievepyouvtal péow RNA, OTTwG n ouokeuaoia
Tou yovidiou €vog 10U, n diyepotroinon Tou RNA kal yevikotepa Tnv pubuion Twv
yovidiwv. To "Kissing Hairpin" emtpétrel ouykekpipgéveg aAAnAemOpdoelc RNA-RNA,
EMTPETTOVTAG TOV OXNUATIONG uwnAdTEPNG TAENG ouvBeTwY RNA TTOU €UTTAEKOVTOI
o€ TTOIKIAEG BIOAOYIKEG AEITOUPYIEG.

Kissing hairpins
Zxnua 2.5: Kissing hairpins [8]
2.3.3 Internal Loops

Ta Internal Loops €ival douikad poTiBa eviog Twv popiwv RNA, ta oTtroia
xapaktnpifovral amd Tnv Pn ouleug¢n VOUKAEOTIOIWV €VvTOG TNG OITTANG aAucidag.
MTtropouv va Trolkidouv o€ péyeBog kal ouvBeon aAAnAouxiwy, ernpealovriag 1000
NV o1aBepdtTnTa 600 Kal TNV Ouvapiky Twv Otutepotaywyv Oopwv RNA.
AIEUKOAUVOUV €TTIONG TNV POPIAKK avayvwplion KaBwg Kal TNV aAAnAeTTidpacn Tou
Mopiou pe GAAa Blopdpia, OTTWG TTPWTEIVES i MIKPOPOPIA.
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2xnua 2.6: Internal Loop [7]
2.3.4 Bulges

Ta bulges xapaktnpiovral ammd pPn ouleuydéva VOUKAEOTIOI T OTToia
OIaKOTITOUV Tn ouvéxela TN OITTANG aAucidag. lMNoikihouv o€ PEyebog KaBwg Kal aTn
ouvBeon TNG aAAnAouxiag kal ouyxvd AEITOUpyoUv WG XWEOI avayvwpiong yida
TpwTeiveg ToU ouvdéovtal e TO RNA, OleuKOAUvVOVTAG £T0I OUYKEKPIMEVES
aAAnAemdpaoelic RNA-Trpwreivng 1 RNA-pikpouopiou.

Zxnua 2.7: Bulge arn 6eéid mAcupad NS aAuagidac [7]
2.3.5 Multibranch Loops

Ta Multibranch Loops xapaktnpi¢ovralr ommd TTOAATIAG pn  ouleuypéva
VOUKAEOTIOIO TA OTTOI EVWVOVTAI O€ MIA KEVTPIKN TTEPIOXN Tou stem. Eival apketa
TrePITTAOKA loops Ta otroia Traifouv peidova poAo 0Tn oTaBEPATNTA KOl OTN AgIToupyia
Tou RNA. ZxnuaTikd Ta {euydpia Twv BACEwWV dnNUIOUPYOUVE €vav KUKAO.
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Zxnua 2.8: Multibranch loop [9]

2.3.6 Pseudoknots

Ta pseudoknots 1) weudokouPBol givalr douikd oToixeia TTou Bpiokovtal oxedov
o€ OAeg TIg Katnyopieg Tou RNA. AvayvwpioTnkav TTpwTn Qopd oTa YOVIOIWKATA TWV
QUTWYV, OPwG TTAéov é€xouv KaBiEpwBel w¢ éva eupéwg Ol0dedoUEVO [POTIBO HE
TTOIKIAEG AgiToupyieg 0€ BIAPopPEeS PIOAOYIKEG dlepyaaieg. AOMIKA, TTPOKEITAl VIO HIA
deuTepoTayr) dOMN TTou TTEPIEXEI TOUAAXIOTOV dUO stem-loops, €K TwWV OTTOIWV TO PICO
TOU €VOG TTAPEUPAAAETAI avaueoa oTa dUO PIod Tou aAAou. H Aeitoupyia Tng doung
ouxva oxeTiCeTal ue TNV aAAnAeTTidpacn Pe Ta pifocwuaTta, TNV avamapaywyn 1wy,
TNV METAQPAON Kal TN pUBUION TNG EKPPAONG TwV Yovidiwv_[11]. ZUYKEKPIUEVA, OTOUG
I0UG oI WeudoKOPPBol cuxva Asitoupyolv wg pubuIoTIKG oToIxeia eAEyxovtag Tnv
évapén TnG MeETA@paong. 210 piBoowuikd RNA, cupBdAlouv otnv diathpnon Tng
PIBOCWHIKAG OOuNAG Kal oTnv 10aVIK €KTEAEON TNG TTpwTElvoouvOeong. TEAOG
AEITOUPYOUV WG XWPEOI avayvwpiong yia TpwTeiveg TTou cuvdéovtal ye 10 RNA
€TTNPEACOVTAG KAl JE AUTOV TOV TPOTTO TNV HOPIAKN dladikaacia. YTTAPYXOouUV TECTEPIG
Baoikég KaTnyopieg WeUBOKOUPBWV:

Yeudokodupog Tutrou H
Weudokodupog Tutrou K
WeudokdupBog TutTou L
WYeudokoéupog Tutrou M

PwbnE
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H-type K-type

7SN 8 8N

L-type M-type

(LN O N

2xnua 2.9: Ta 4 €idn weudokouPwyv Brierley, 1., & Dos Ramos, F. J. (2006).
Programmed ribosomal frameshifting in HIV-1 and the SARS-CoV. Nature Reviews
Microbiology, 4(11), 766—774. https://www.nature.com/articles/nrmicro1704
[12]

2Tn Quon ouvavtdaral o ouxvd o TUTTo¢ H. ZTnv TTapouca SITTAWMATIKA Ba
eMAUBei TO TTPpoBAnUa TNG avayvwpiong Tou WeudokouBou TutTou K oTtnpilduevol
otnv uAotroinon Tng onuooicuong knotify [13] oTnv oTtroia €mAUONKe TO idIO
TTPOPBANPa éoov agopd Tov TUTTO H.

ABnva, AskeuPBplog 2024 YeAiba 21



3. OewWPNTIKEG EVVOIES

3.1 BiBAioypa@ia OXETIKN PE TO UTTAPXOV TTPOBANMa

H mpdBAewn Tng deutepoTtayoug dounig Tou RNA egival €éva douikd TpdRAnua
oTnV €MOTANN TNG UTTOAOYIOTIKAG BioAoyiag kal yia auTtd €xouv avatrTuxBei TToikiAol
MEBOBOI yia Tnv eTTiAuon Tou. ‘Exel ammodeixtei 011 To TTPORBANPA autd avrikel OTnv
katnyopia Twv NP-complete tpoBAnuaTWY OTav n Ooprp RNA euTTEPIEXEl KOl
WeudOKOUPBOUG.

H 1Mo diadedopévn Pop®r AVTIMETWTTIONG KAl ETTIAUONG TOU OUYKEKPIKMEVOU
NTNUATOG €ival O OUVAMPIKOG TIPOYPOUMOTIONOG.  XAPOKTNPIOTIKO  TTAPAdEIyUa
ammoTteAei 0 aAyopiBuog Twv Eddy kai Rivas [14], o omoiog eTreepyalovTtag
BepuoduvauikEéS TTapapéTpoug uttoAoyidel TNV dounl RNA pe Tnv €AAXIOTn EVEPYEIQ.
AAyopiBuol 6Tmwg Tou Nusssinov [15] kal Tou Zucker [16] eival €mmiong duvapika
mapadeiypata. O aAyépiBuog Tou Nussinov TTpoBAETTel TNV deuTepoTayr] doury Tou
RNA uTtroAoyiCovtag ta péyiota duvatd Ceuydpia Bacewyv, v 0 aAyopiBuog Tou
Zucker €iodyel OepUOOUVANIKEG TTAPOAUETPEG YIA VA EAAXIOTOTTOINCEI TNV €AAXIOTN
eAeUBepn evépyela. Kal ol dU0 autoi aAyoplBuol €Xouv TTOAUWVUUIKA  XPOVIKN
TTOAUTTAOKOTNTA, KABIOTWVTAG TOUG ETTAPKEIG yIa TO TTPOBANPA TNG TTPOBAEYNG.

Eg@ooov avagepbrike o mapdayovtag TnG eAAxIoTng evépyelag (Minimum Free
Energy-MFE) agiCel va onueiwBei 011 atroTeAei pEBODO TTOU ATTOKAEIOTIKA ETTIXEIPET VA
TTPOoPBAEWel TNV OdeutepoTayry Oopr. YTTAPKTO TTapddelyua atroTeAel To €pyaAEio
ViennaRNA [17] TO oTT0i0 XpnoIyoTrolei HETABANTEG TTOU AQOPOUV TNV EVEPYEIA TWV
Mopiwv yia va uttoAoyioel Tnv otaBepdtnTa Twv dopwv RNA. O1 yéBodor MFE cuyvad
MOG TPO@QOodOTOUV MPE akpIBry amoTteAéouata otnv TTPORAswn dopwv RNA kal Adyw
ammAdTNTAC Kal akpifeiag tmapauévouv dnuogiAsic. Emmpdobeta, otnv TTapouca
OITTAWMATIKI XPNOIYOTTOELITaI N TTpoavapepbeica PEBodO.

EvaAAokTiK pEBODO TTPOPRAEWNG oTn oUyxpovn ETTOXN OTTOTEAOUV Kal Ol
OTOXOOTIKOI aAyOpIOuoI, 01 OTToi0I TTaPdyouV £€va aUVOAO TTIBavwy douwyv PE BAcn TIG
Bepuoduvauikéc apxés. O uéBodor Monte Carlo [18] kal 01 OTOXAOTIKEG UEBODOI uE
YPAMMATIKEG XWPIC CUuP@paloueva gival ol dUO TTI0 OIEUPUPEVEG UTTOKATNYOPIEG.
AUTEG o1 uEBODOI TTPOCPEPOUV [Ia TTIBAVOTIKF) OKOTTIA oTnv avadiTTAwon Tou RNA,
EMTPETTOVTAG TNV €EepEUVNON VIO €VOANAKTIKEG OopEC. TMapdTl Ol OTOXAOTIKOI
OAYOpPIBUOI PTTOPOUV VO QWTOYPAPIcOUV KATTOIEG DIOPOPESG douwy,  XpPEeldlovTal
ONMAVTIKOUG UTTOAOYIOTIKOUG TTOPOUG YIa va TTAPAEOUV TTAPOPOIa OTTOTEAECUATA VIO
MeyAAeg aAAnAouxiegc RNA. Mapddeiypa TéTolou aAyopiBuou atroteAei o alydpiBuog
Pfold [19] o otroiog TTapouciddel 1Id1aiTePN TAXUTNTA KAl PEYAAN QVEKTIKOTNTA OF
o@aAparta. Mia aAAn ékdoon Tng Pfold atroteAei kar o aAyopibuog PPfold [20] o
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OTT0I0G XPNOIYOTITIOIEI TTOAAATTAG vAuaTa TTapoucialovriag €101 KOAUTEPO XPOVO
ekTéAeong. TEANOg, 0€ auth Tnv Katnyopia aAyopiBuwv PBpioketalr kal n PEBoOdOG
RNADecoder [21] , n oTroia AauBdvel akoAouBic¢ RNA padi ye tnv ypapuaTikn Kai
TPORAETTEI TIG TIBAVOTNTES UTTAPENS CeuyapIoU BACEWV.

EmmpdobeTa, TEXVIKEG UNXAVIKAG MABNONG OTTwg eival Ta VEUPWVIKA SikTua
Kal Ta vector machines éxouv kepdioel £€da@og oTo TTPORANUAa TNG TTPORAEWNS TNG
deutepotayoug dopng Tou RNA. O1 ouykekpipéveg uéBodol pabaivouv potifa, armo
oedopéva pe Ta otroia ekTTadevovTal, Kal ue BAon autd kavouv Tnv TTPORAEWnN.
Tétola péBodog cival n DMfold [22] n otroia XpnoIUOTIOIEl HOVAdES TTPORBAEYNG Kal
016pBwong yia va KataAAgel otnv owoTh €6000. ApXIKA N Hia povada TTPoBAETTEN TNV
akoAouBia Toug RNA o¢ kAaoikf avatrapdacTtacn dot-bracket kai otn ouvéxel n
pMovada 816pbwaong Pe TNV apxh MEYIOTOTTOINONG Twv euyapiwy PBACEWV KATAARYEI
o010 OwoTd atrotéAeopa. Mapadeiyuara TETOIWV aAyopiOuwy atroteAoUV €TTioNG TO
SPOT-RNA [23] kai 10 DeepRNA [24]. O Ttrpwtog aAyoépiBuog cuvoualel
TTANPo@opiec TNG aAAnAouxiec KaBw¢ Kal BEPUOBUVAPIKA XOPAKTNENOTIKA yia va
TTpofBei o€ aTTOTEAEOPA eV O OEUTEPOG XPNOIUOTIOIEI VEUPWVIKA OikTUua Kal Babid
MAONOoN, evowpatwvovTag TTANPo@opie¢ amd Tnv yovidlakr aAAouyia yia Tnv
TPORBAewn NG Odtcutepotayous doung Tou RNA. Tétoleg péBodol ptTopouv va
TTPOO@PEPOUV  IDIITEPA  UWNAR  OKpiBEIa KOl va  €ival  QTTOTEAECPATIKEG  OTAV
ekTTa1deUoVTal O€ TTOAAG KOl BIAPOPETIKA PMETALU TOUG oUVOAa dedopévog. H TToidTnTa
TOUG TIOIKIAAEI avAAoya PE TNV TTOIOTATA KAl TNV  QVTITTIPOOWTTEUTIKOTNTA  TWV
OeQONEVWV EKTTAIOEUONG.

TEéNOG, TTpETTEl va avagpepBei 0 aAyopiBuog Tou Knotify+, KOPPATI TOU OTTOIOU
atroTeAel Kal n TTapouca JITTAWMATIKY. ATTOTEAEI pIa TTponydévn TTAATEOPUO TTOU
eomidlel otnv etmiAucn Tou TTPORAANATOS TNG TTPORAEWNS TNG deuTepoTayoUs OOMNG,
eomidlovTag Kupiwg oTnv avixveuon WeudoKOUBwY. XpNOIUOTIOIEI Wi TTPOCEYYION
Baociouévn o€ ypauPaTIKEG TUTTOU context-free yia Tnv akpifr] avdAuon Twv PoTiBwyv
TToU oxeTiCovTal e Toug WeudokouPBous. Mia onuavtiki BeATiwon Tou Knotify+ gival
€TioONGg N IKAvVOTNTA TOU VA aviXVeUEl Kal GAAeG dopég OTwg Ta bulges kai ol
eowTePIKOi Bpoyxol, Tou TrEPIBAAAOUV Ta KUpPIa OTEAEXN TwWV WEUOOKOUBWY,
TTPOCPEPOVTOG WIa TTI0 OAOKANpwHEVN Katavonon Twv dopwv RNA. Me Tn xeprion
TTPONYMEVWY TEXVIKWV OTTwWG O TrapaAAayuévog avaAutig tou Early (YAEP), 10
Knotify+ atroTteAei €va 10xupd €pyaAcio yia Tnv €peuva Kal TNV €Qapuoyl otnv
BioTTAnpoopIKH).

3.2 Oewpnrikég '‘Evvoleg

AuUTO TO KEQAAQIO TTAPEXEI MIA OAOKANPWHEVN €CETAON PACIKWY BEWPNTIKWV
EVVOIWV KOl OOPWYV Ol OTTOIEG €ival BEPENIWDEIC yIO TNV OUVTAKTIKA avAAuon Kal
AvVayVvwPIOoN TTPOTUTTWY OTNV ETTIOTHAUN TWV UTTOAOYIOTWYV. ApXIKA Ba TTAPOUCIACTEN N
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€VVOIa TNG OUVTOKTIKNG avayvwpiong TTPOoTUTTwY, BETOVTag £T01 TO UTTORABPO yia Wia
dlEpelvNonN TWV  YPAUMOTIKWY  XWPIiG oupepaloueva, ol OTroieg eival CWTIKAG
onpaciag yia Tov KaBopIoho TwV KAavOvwy OTIG YAWOOEG TTPOYPANUATIOUOU. 27N
OUVEXEIQ, Ba TTAPOUCIACTOUV T A@nENMEVA CUVTAKTIKA OEVTPA KAl O parsers TTou
aglotrolouv TIG TTAPATTAVW YPAMMATIKEG yid TNV avaAuon Kal Tnv €TmKUpwWon
dounuévwy inputs. T€Aog, yiveTal pia avaAuon Tou aAyopibuou CYK kaBwg kal Tou
aAyopiBuou Early, wote va kotaAigel otov aAyopiBuo YAEP, o oTroiog
XPNOIJOTIOIEITAl Kal yia TNV OIKA Jag €TTIAUCT TOU TTPORARUATOC.

3.2.1 ZuVvTaKTIK avayvwpeion TTPoTUTTWV

H ouvtakTIKA avayvwpion TTPOTUTTWY Eival Pia oEIpd JEBOBWYV HE TIG OTTOIEG
atrodideTal KAtrola TIWAR 1 KATTolo dIaKPITO OToIxEio o€ eloayoueva dedopéva [25].
AUTO oUVNBWG ETTITUYXAVETAI PUE TNV AVATITUEN KATTOIOU aAyopiOuou Pe TV oTToia Ta
OedOoPEVA TAEIVOUOUVTAI O€ OPABES KAl UTTOKATNYOPIEG UE PATEI TO KPITAPIA T OTTOIX
Ba 1eBouv. Eival duvatdv va xpnoihoTroinBei avTi yia KATToIa OTATIOTIKY Tagivounon
QVTIKEIMEVWV EAV KOl EQOOOV UTTAPXEI LEKABAPO POTIBO OTA XAPAKTNPIOTIKA TWV UTTO
ETTECEPYOTIA QVTIKEIMEVWY.  ZTN OUVTOKTIKI) QvayvwpIion TTPOTUTTWY, N YAWooo
atroTeAeiTal amd  piIa OE€IPpA  OUVTAKTIKWY  KAVOVWY  TTOU  KATAOKEUAZOUV  [Ia
oupBoAooelpd. ‘Eva T€Tol10 OUVOAO WPTTOPEI VO XOPAKTNPIOTEI WG UTTOOUVOAO MIOG
YPAMMATIKAG TNG YAWOOAG, TO OToia PE TN OEIPA TOU TTAPAYEl OUYKEKPIMEVA
UTTOOUVOAQ. YTTAPXOUV TECOEPIG KATNYOPIEG TETOIWV YPANMATIKWY KAl OTO UTTAPXOV
TTPORANUA Ba XpNOIYOTTOINGEI N YPOAUUATIKN XWPIiG ouuppaldueva.

3.2.2 M'papHaTIKEG XWPIG ouu@palopeva

2TIG YPOUMOTIKEG Xwpic oupppaloueva(Context free grammars) 10 apioTepPo
MEPOG KABE Kavova TTapAywyng TTEPIEXEI POVO €va PN TEPUATIKO OUPBOAO, cival
onAadny TG popeng A->a [26]. To a ptropei va cival pia cupBoAocelpd kal atmod
TEPMATIKG Kal aTTO un TEPMATIKG oUuuBoAa. Mia TéToia ypapuaTikr) G opiletal atrd tnv
mAe1ada G=(V,Z,R,S). To V cival éva TTeTTEPACUEVO OUVOAO OTTOU KABE OTOIXEIO TTOU
QVNKEl 0€ QuTO OVOUACZeTal PN TEPMATIKOC XApPaKTApag 1 MeTaBAnTh. KdaBe TéTOIO
METABANTA opilel g UTTOYyAwOoOoO TNG yAwooag n oToia TTapdyetal amd Tnv
ypapuaTtikl G. To Z cival éva oUVOAO TEPUATIKWY CUMPBOAwY, Ta OTToia ATTOTEAOUV
ouoIaoTIKG TO TrEPIEXOPEVA TNG TTapaxbeicag TeAIKAG TTpdTacNnG. Eivalr TeAkd 1O
“‘aA@dBnT0” TNG opIfduevng atmo TNV G yAwooag. To R cival pia TTemepacpévn oxEon
OTO OUVOAO V x (V U Z)* ,6mTou 0 a0TePioKOog avattapioTd 1o aoTpo Kleene, kai
gival ToO oUVOAO Twv Kavovwy TTapaywyns TG YPauuaTikiG. TéEAog, To S eival To
QpPXIKO GUMPBOAO TNG YPANMUATIKAG KAl EUTTEPIEXETAI OTO OUVOAO TWV M TEPUATIKWV
XOPOKTAPWY. TUTTIKA, ava@EéPETAl OTI OI KEQAAQIOI AQTIVIKOI XOPOKTAPES EKPPALOUV TA
MN TEPMOTIKA OUMPBOAQ Kal O QVTIOTOIXOl MIKPOI Ta TEPUATIKA. XpnoiuoTTrolouvTal
€TTiIONG €EAANVIKOI XOPAKTAPESG YIO TNV avamapdoTacn Kal Twv OU0 KATnyopiwv
OUMBOAWV.
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3.2.3 ApnpnHéva CUVTAKTIKA SEVTpa

Ta agnpnuéva ouvtakTiKa Oévipa (ASTs) civar OOPEG OEDOMEVWV  TTOU
XPNOIMOTTOIoUVTAl VIO TV avaTTapacTach pia OOMNG evOg TTPOYPAUMKATOG ] KATTOIOU
KWOIKa [27]. ATToTEAOUV pia avatrapdoTacn oTn hopen dEvipou TNG dOJNG, OTTOU Ol
KOuUPBoI Tou BEVTPOU QVTITIPOCWTTEUOUV OOUEG OTTWG ONAWOEIC | eKOPACEIC Kal Ol
oUvOeOUOl PETAEU TwV KOUPBwWVY deiXvouv TNV 1EPaPXIKA oxéon METatu autwv. Eivai
BepeAILdON yia TNV UAOTTOINON METAYAWTIOTWYV KAl EPUNVEUTWY, KOBWS BIEUKOAUVOUV
TNV avAdAuon Kai T JETAPPAOTIKY d1adIKaoia aTTd TOV APXIKO KWOIKO 0€ EKTEAETIUN
popery. Eivar pia 1daviky péEBodoG yia TR dnuioupyia  TTEPIBAAAOVTWY  TTOU
UTTOOTNPICOUV OTITIKOTTOINCEIG TOU KWOIKA, TIAPEXOVTAG OTOV  AVOYVWOTH  HIX
oAokAnpwuévn atroywn yia tnv dopn Tou. TEAog, aticel va avagepbei 011 Bonbouv
otnv avayvwpion TPORANUATWY atmddoong Kal ao@AAEIOG TOU  KWOIKA  Kal
TTPOCPEPOVTAI WG MIa agIOTTIoTn MEBODSOGC yia TNV aAAayr ToOu KWAIKA Xwpig aAAoiwaon
TNG AEITOUPYIKOTATAG TOU.

3.2.4 CFG Parsers

O1 avaAuTég (parsers) Twv YPAaPUATIKWY XWPIG oup@palopeva cival epyacia
AOYIOMIKOU Ta OTTOi0 avaAUOUV TNV CUVTAKTIKI) QOMIN TOU €I0AYOUEVOU KEIPEVOU WE
Baon Ttnv doBcica ypapuarik). O OUYKEKPIYEVOI parsers avayvwpifouv Kal
KATOOKEUAZOUV avoAuTIKG Oévipa atrd akoAouBieg oupBoOAwv kal gival CWTIKAG
onuaciag yia TN METAYAWTTION O1adIKACIWY, OTTOU EPPNVEUOUV TOV TTNYAIo KWOIKA yid
va KAatavorioouv TIG douEC Tou TTpoypduuartog. O dUo amd Toug ONUAVTIKOTEPOUG
aAyopiBuoug TOU TTpPaypatoTololv TNV  TrpoavagepBeica  diadikaoia €ivar o
aAyopiBuog CYK (Cocke, Younger and Kasami) kai 0 aAyépiBuog tou Early Toug ol
OTTOIOI TTAPOUCIACOVTAI TTAPAKATW.

3.2.5 AAy6pi8pog CYK

O aAy6piBuoc CYK eivar évag aAyopiBuog parser yia YPAPMATIKES XWPIC
oup@paloueva o oTtroiog dnuooieutnke 10 1961 Wikipedia contributors. (n.d.).
Abstract syntax tree. Wikipedia. https://en.wikipedia.org/wiki/Abstract_syntax_tree

[28]. Xpnoiyotroiei TNV péB0dO Tou SUVAUIKOU TTPOYPANUATIONOU VIO VO aTTopavOEei
av uia oupBolooceipd utropei va trapaxBei amd pia doopévn CFG. H ypauuaTiki
mpétrel va divetal otov parser oe popery CNF (Chomsky Normal Form) yia va
pTTOpécEl va douléwel. H petatpotry otroiacdnmmote CFG otnv mapamdvw popen
gival KATI €QIKTO OTTOTE AUTO dev atroTeAei TTPORANUa. H ammdédoon Tou OUYKEKPIPEVOU
aAyopiBuou eival emiong TApa  TTOAU  IKQVOTTOINTIKA  KABWS  TTapouciadel
TTOAUTTAOKOTNTA XEIPSTEPNG TrEPiTTTwoNng O(n® * G). To n avatapioTd To PAKOG TNG
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oupBoAooelpdg kal To G To PEYEBOG TNG YPOUMATIKAG. ZTN CUVEXEIQ TTAPATIOETAI O
WeudokwdIKag Tou aAyopibuou CYK:

let the input be a string | consisting of n characters: al ... an.

let the grammar contain r nonterminal symbols R1 ... Rr, with start
symbol R1.

let P[n,n,r] be an array of booleans. Initialize all elements of P to
false.

let back[n,n,r] be an array of lists of backpointing triples.
Initialize all elements of back to the empty list.
foreachs=1ton
for each unit production Rv — as
set P[1,s,v] =true
for each | = 2 to n -- Length of span
for each s =1 to n-I+1 -- Start of span
for each p = 1 to I-1 -- Partition of span
for each production Ra — Rb Rc
if P[p,s,b] and PJ[l-p,s+p,c] then
set P[l,s,a] =true,
append <p,b,c> to back]l,s,a]
if P[n,1,1] is true then
| is member of language

return back -- by retracing the steps through back, one can
easily construct

all possible parse trees of the string
else

return "not a member of language

O aAyopiBuog avaAvel kdBe Oduvatd UTTOOUVOAO TNG  EI0EPXOPEVNG
oupBoAooelpdg kal kaBopilel To oToixeio P[l,s,v] wg aAnBég edv n uttooEIpd PE PUAKOG
| TToU apyiCel atrd TNV B€on s PTTOPEl va yevvnBei atrd To PN TEPUATIKO OUUPBOAO Rv.
H avaAuon ekkivei ammd uttooEIpéG Y PAKOG 1 Kal oUVEXICEl HE TA JEYAAUTEPA PRKN.
Edav 1o pAKog gival 2 1] peyaAuTepo £¢eTadel kKABe duvartr diaipeon TNG aAAnAouxiag o€
OUo TuAMaTa Kal EAEYXEl av UTTAPXEI KATTOI0G Kavovag TnG popens A->BC ottou 10 B
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avaTTapIoTd TO TTPWTO PEPOG Kal To C 10 deuTtepo. Otav Kal €dv autd TO KPITAPIO
IKavoTroInBei T61e N diadikaoia oAokAnpwveTal, Kataypdeetal 0TI To A TaipIddel ue TNV
oupBoAoCEIPd KAl CUUTTEPOACUATIKA N oupPBoAocelpd ptTopei va trapaxBei amd 1o
APXIKO OUUBOAO TNG YPANMATIKAG.

3.2.6 AAyo6pi18pog Tou Early

O oAyopiBpog Tou Early €ivar €vag avaAuTAg TTou XPNOIYOTTIOIEF UVAUIKO
TIPOYPOUMATIONO HYE OKOTTG TNV OUVTOKTIKI — avayvwpion [29]. AvoAuel
OUPBOAOCEIPEG OI OTTOIEG QVAKOUV O€ MIA YPAPUATIK XWPEIG oupepaloueva JE
MEYAAN a1TOdO0N, AAAG gival €TTIONG ATTOTEAECPATIKOG KAl yIa TRV avAAuon OOMIKA
MO TOAUTIAOKWY YAWOOWV Adyw Tng OuvaTtdTNTAG TOU VO XEIPICETAI QOQQPEIG
YPauMaTIKES. EIonX0ON yia TTpwTtn @opd otnv diatpifh Tou epeupétn Tou, Jay Early, 1o
1968. H xpovikij TTOAUTTAOKOTNTA Tou aAyopiBuou eival auvBwg O(n3) yia Tn yevikn
TTePITITWOoN, aAAG BeATiveTal oe O(n?) yia JIPOPOUUEVES YPAUUATIKES Kal UTTOPE] va
@1doer 0 O(N) VYO YPOAUUATIKEG TIOU £XOUV  VTETEPUIVIOTIKEG 1010TNTEG. O
WeudokwdIKAG Tou aAyopiBuou Early Trapouciddetal TTapakaTw:

DECLARE ARRAY S;
function INIT(words)
S «— CREATE_ARRAY(LENGTH(words) + 1)
for k — from 0 to LENGTH(words) do
S[k] — EMPTY_ORDERED_SET
function EARLEY_PARSE(words, grammar)
INIT(words)
ADD_TO_SET((y — *S, 0), S[0])
for k — from 0 to LENGTH(words) do
for each state in S[k] do // S[k] can expand during this loop
if not FINISHED(state) then
if NEXT_ELEMENT_OF(state) is a nonterminal then
PREDICTOR(state, k, grammar) /I non_terminal
else do
SCANNER(state, k, words) /[ terminal
else do
COMPLETER(state, k)
end
end
return chart

procedure PREDICTOR((A — a<BB, j), k, grammar)
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for each (B — y) in GRAMMAR_RULES_FOR(B, grammar) do
ADD_TO_SET((B — °y, k), S[k])
end
procedure SCANNER((A — a-a, j), k, words)

if ] < LENGTH(words) and a ¢ PARTS_OF_SPEECH(wordsl[k])
then

ADD_TO_SET((A — aa*B, j), S[k+1])
end
procedure COMPLETER((B — v, x), k)
for each (A — a*Bp, j) in S[x] do
ADD_TO_SET((A — aBeB, j), S[k])
end

2TNV TIAPOTTAVW TTEPIYPAQr) Tou WeudoKwdIKa To oOUuBoAa a,f Kal y
QVTITTPOCWTTEUOUV TEPUATIKA Kal PN TEPUATIKG OUUBOAQ, Ta X Kal Y PN TEPMATIKA
oUuBOAa evwy TO a €va TepMATIKO OUMPBoAo. AtroteAei evav top-down aAyopiBuo
OUVAUIKOU TTPOYPAUMATIONOU Kal YIa auTo yia €vav kavova X->af, n dnAwon X->a+B
UTTOOEIKVUEI OTI TO OUMBOAO a €xel HON avaAuBei evw 10 B Ba avaAuBei oTnv Cuvéxela.
Kata 1n Oi1dpkeia TG €KTEAEONG Tou aAyopiBuou yia KABe xapaktripa Tng
€10€PXOMEVNG TUNPBOAOCEIPAG dnuioupyeEiTal éva ogUVOAo TTAEIGdwWY TNG POopPYPNRG (X-
>qaef3, i) 61TOU:

1) O1 kavoveg TTapaywyng ivar X->a
2) H B¢éon otnv otroia BpiokOuacTe oTOV Kavova gival N TeAgia
3) ToiutrodnAwvel Tn B€on £vapéng Tou TaIpIAOPATOS TOU Kavova

To ouvoAo Tng katdoTaong oTn B€on TNG €100d0u k cupPoAiCeTtal pe S(k). O parser
¢ekiva atrd 1o S(0) Kal eKTEAET ETTAVOANTITIKA TIG TTAPOAKATW TPEIG AEITOUPYIEG:

1) Prediction: lNa k&B¢ katdotaon oto S(K) TTou BpiokeTal o pop@n (X->a-YR, j),
TTPOOBETEl OTO OUVOAO OAOUG TOUG KAVOVEG TToUu €Xouv To Y WG aploTePd
OTOIXEIO.

2) Scanning: Av To €TTOMEVO CUMPBOAO gival TEPUATIKO, YIa KABE Kavova o€ Jopen
(X->aeaf, j) peTakivei Tnv TeAgia kaTd pia B€on Oe€IGd Kal TTPOCOETEl TOV
TTapayouevo kavova oto S(k+1).

3) Completion: MNa k&Be katdotacon oto S(k) o€ popen (Y->ye, j), eviommilel OAeG
TIG KaTaoTdoelg (X->a*Y, i) 010 S(j) Kal yeTaKIvei TNV TeAEia Katd pia Béon
0e14, TTpooBEToVTaG TOV Kavova ato S(K).

O aAyopiBuog Early emmavaAapBavel autég TIG AEITOUPYIEG MEXPI VO PNV
UTTAPXEl TTEPAITEPW TTPOOONRKN duvaTh OTa oUVOAQ KaTaoTaoewv. H cupBoAlooeipd
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gival atrodekTA aTTd TOV OAYOPIBPO €dv uTTApXEl KaTdoTaon (X->ye, 0) oto S(n), 6TTOU
(X->y) armoTeAei TOV TPWTO KAvVOVA TNG YPOUMOTIKAG KAl N TO MAKOG TNG
oupBoAooelpdg. Av dev UTTApPXEl TETOIO KATAOTACT, N CUMPBOAOCEIPG QTTOPPITITETAIL.
Mpétrel va onuelwBei 0TI 0 aAyopIBuoG dev TTPOCBETEN DITTAGTUTTIA OTA CUVOAA TwV
KATOOTACEWV.

3.2.7 YAEP

O YAEP [30]_ 1 aAMiwg Yet Another Early Parser, amoteAei yia ammd Tig
TaXUTEPEG Kal TTIO aTTOO0TIKEG KOOXEG Tou aAyopiBuou Early. Kupia trpoTtepripara
TOU yaep €ival n uywnAn TaxutnTa KAl O XOUNAEG ATTAITACEIG UVANNG, KATI TTOU TOV
KaBIioTd 10aVIKO yia Xpron O€ WETAYAWTTIOTEG KOl ETTECEPYOOTEG YAwOOWwV. Agv
TTEPIOPICETAI JOVO OTNV AVAAUGCT OTTAWY CUVTOKTIKWY OOPWYV OAAG PTTOPE £TTIONG VA
OlaXeIPIOTEI  €10000UG ATTO  OIPOPOUNEVEG YPOAUMATIKEG, TTAPAYOVTOG TTOAAQTTAG
a@npnUEVa CUVTOKTIKA OEVTPa. Z€ auTdv Tov aAyopiBuo Ba BacioTel N CUYKEKPIPEVN
SITTAWMATIKN YIa TRV €TTIAUCHN TOU TTPORARUATOG TOU EVTOTTIOKOU TOU WeudokouBou K.
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4. EmriAuon Ttou TTPOBARMATOS YIiO TOV
WweudokouBo TutTou K

4.1 Eicaywyn otnv pgedodoAoyia eriAuong

H 1pooéyyion Pag yia TNV QVTIMETWTTION ToUu (NTAMATOG OXETIKA ME TOV
weudokoupo TUTToU K atroteAeital atmd Tpia kKupia otddia. Kard 1o mpwTto oTddio,
dlevepyeital n avdAuon tng akoAouBiag RNA, 6tmou kai avayvwpilovial OAeG ol
eppavioeig Tou weudokouBou K. Ta tnv ekTéAeon auTtAg TNG avdAuong, €xouv
avaTrtuxBei duo dlakpiToi aAyopiBuol, ol otroiol diaxelpiovral TNV akoAouBia RNA wg
MIa oupBolooelpd pe Toug xapaktipes “A”,"G”,”U” kai "C” ol oT11oiol avTioTolxiovTtal
otnv adevivn, TNV youavivn, TNV oupakiAn kKal Tnv Kutooivn. O TTpwTog aAyopiBuog
TTou e@apudleTal BaoifeTal 0TV HEBODOAOYIO CUVTOKTIKAG avayvwpiong TTPOTUTTWY,
n oTroia ava@épdnKe OTO TTPONYOUHEVO KEPAAAIO. ApXIKA opileTal Yo YPOAUMOTIKA
XWPIC oupepaléueva n otroia TTEPIAAPPBAVEI TOUG KAVOVEG yia TNV TTapaywyr] €vog
WeudokOuBou TUTTOoU K. XpNOIUOTTOIWVTAG QUTH TV YPAUUATIKR KAl €VaV OUVTOKTIKO
avoAuTtr(parser), Tapdyovtal OAa Ta &Evipa TTOU aAvaATTAPIOTOUV WeudOKOUBOoUg
TutTou K otnv doBeioa RNA akoAouBia. Autd Ta dévipa OTn CUVEXEIQ €geTACovTal
MEOW €10IKA OXEDIAONEVNG CUVAPTNONG YIA TOV KOBOPIOPO KPIoIJwY PEYEBWY yia
KaBe weudokoOupo, Ponbwvtag va kabopioTouv ol Béoelg Twv BACEWV yia TOUg
0e0oPOUG TwV WeudokOPPwY. O deUTeEPOG OAYOPIBPOG TTOU £@apuOleTal gival €vag
AmmANoTOC  aAyOpIBuoG  duvapikoU  TTPOYPAPMATIONOU  TTOU  KATOAAYEl  OTOV
UTTOAOYIOTIKO  TTPOOBIOPIOWO Twv idlwv  peyeBwy, Paociloueveg o€ OIODOXIKES
TPOOTTIEAGCEIC TNG aKoAouBiag. EIBIKG yia Toug WeudokOuPBoug TUTTOU H,
xpnoigotoinénkav kalr ol 600 aAyopiBuol, evw yia TIG OOouEG Twv hairpins
XPNOIYOTTOINBNKE POVO 1 OUVTOKTIKA avayvwpion TIPOTUTTWY. 2Tr  OUVEXEIQ.
uttoAoyi¢ovTal ol SOOI TTOU dnuIoUPYoUVTal JETAEU BACEWY YUPW OTTO TOUG KUPIOUG
deopoug otnv akoAoubia. MNpoxwpwvTtag, n avatmrapdoTtaon TnNG akoAouBiag RNA o€
popony dot-bracket emTpétrel TN didkpion Twv BAcewv TTOU OXNPATICOUV dECHOUG
ammd TIG uttOAoITreg BdAoelg. AuTO ETMITUYXAVETAI UE T XPAON AykUAwWvV yia TIG
Ceuyapwpéveg Bdoeic kal TeAEiEC yia auTéG TTou dev €xouv (elyocg. To TeAIkO oTddio
NG d1adikaoiag OTOxeUEl OTOV EVTOTTIONO TNG PBEATIOTNG OOUAG ME KPITHPIO TNV
ehayioTotroinon TnNG €AeUBepng evépyelag avadiTTAwoNnG Kal Tn PeEYIOTOTToINON Tou
ap1Buou Twv Ceuyapiwv PeTalu Bacewv. ‘ETol ev TéAel kaBopiletal n TEAIKA dour TTou
Ba TTapouciacTei wg £€£000¢ TNG £QapuUoyNS. MNapakdTw @aivovTal oXnUATIKA OAa Ta
Briuata g diadikaciag OTTWG TTAPOUCIACTNKAV YIa TTPWTN GOpA& OTNV £TTIAUCNH TOU
TTPORAAMATOC YIa WeudokduPBoug TUTTOU H:
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input
RMNA sequence Pseudoknot core

) |:> stems prediction |
GGGAAAUGGACUGAGCGGCGCCGACCGCCAAACAACCGGCA Grammar

Construct dot | > Yaep parser with <:

| bracket structures 1 i [ | paraliel execution
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Rank structures by I with MFE from a set
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close to pseudoknot T
\

=

2xnua 4.1: MeBodoAoyia emiAuong Tou mpoLAnRuarog [26]

4.2 ZUVTOKTIKA avayvwpion TTPoTUTTWYV

4.2.1 H dnuioupyia TnNG YPOUMATIKAG YIO THV AVAYVWPION TWV YEUSOKOUBWV

To pwTo BAua TNS diadikaciag CUVTAKTIKAG avayvwpiong TTPoTUTTwY ATav va
onuIoupynBEi TNV aTTOPAITNTN YPAPUATIKY XWEIC cupepaldueva. MNa Tnv dnuioupyia
QUTAG TTOU XPNOIYOTIOIEITAI OTNV AVAYVWPIOTN TNG OUYKEKPIPNEVNG doung Tou RNA
BaolioTAKaPe OTA BIAKPITA XOPAKTNPIOTIKA Tou {nTtoupevo WeudokoupBou Tutou K.
ZUPQWVA PE TO TTOPAKATW BIAYPAUMA, O CUYKEKPIUEVOS WEUDOKOUPOG aTToTEAEITAI
atmo €€ Baoikég Bdoeig TTou oxnuaTtiCouv Tpia Ceuydpia. To kKGBe €va atmd Ta Tpia
Ceuydpla oxnuatiCetar ammé duo Paocelg ammd adevivn, youavivn, OUPAKIAN Kai
KUTOGIVN. ZUYKEKPIPEVA yia Tov TUTTO K, n TTpwTn BAon ouleuyvueTal Ue TNV TPITN, N
OeUTEPN ME TNV TTEUTITN KAI N TETAPTN WE TNV €KTN. Z€ AUTO TO oNUEio va ava@epBei OTI
0 OUVOAIKOG apiBuog Kavovwy TNG YPARMKATIKAG Yia TNV avayvwpion TnG {nTouhevng
dounc eival 6%=216 . Autd cupBaiver d16T otov TUTTO K uTrdpyouv Tpia KUpia
Ceuydpla Kal PETOEU TWV TECOAPWYV VOUKAEOTIOIWV MTTOPOUV VA OXNUATIOTOUV 6
OUYKEKPIPEVOI TUTTOI (EUYQPIWV:
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adevivn-oupakiAn
OUpaKiAN-adevivn
KUTOOiVn-youavivn
youavivn-KuToaivn
youQvivn-oUupakiAn
OUpaKiAn-youavivn

og ks~ whE

2TN OUVEXElD Cekivnon n TTapaywyr TG YPAMUATIKAG OTTwG TTapaTiBeTal
TTapakAaTw. ApXIKa cuptrepiAauBdvovtal 6AoI oI Kavoveg yia Tov WeudokOupBo TUTToU
K. AKoAouBouv pepikoi atrd Toug KavOveg:

S:'aLalLuvbD'alL'uL'uv#R01(13579)
|'aL'aL'uvD'uL'uL'aa#R02(13579)
|'a’L'aL'uD'c'L'uL'g#R03(13579)
|'a’L'aL'uD'g'L'uL'c"#R04(13579)

|'g
|'g
|'g’
|'g

'L'g'L'c’D'a’L'c'L'u'#R61(135709)
'g'L'c’D'u'L'c'L'a #R62(13579)
'g'L'c'D'c'L'c'L'g' #R63 (1357 9)
'g'L'c'D'g'L'c'L'c'#R64 (1357 9)

L
"L
L
L

O1 Kavéveg TNG YPAPUATIKAG OTTWG TTapaTnpeital ival Tng pop@ng S->aLaluDalulu,
OTTOU OI MIKPOI AQTIVIKOI XOPOKTAPES AVTIOTOIXOUV OTIG BACEIS TTOU dNUIOUPYOUV T
KUpla Ceuydpla TnG douAG. Ev TTpokelgévw n adevivn ekQPACETAl UE TOV XOPAKTHPO
“a” otnv mpwTtn B€on Tou Kavova dnuioupyei Ceuydpl PE TNV OUPAKIAN, n oTtroia
avaTrapioTaTal PJE TOV XOPAKTApa “u” oTtnv Tpitn Béon Tou Kavova. AvTioToixa
oupPBaiver ye O6Aa Ta Bava feuydpia Kal COnUEIWVETAI €TTiIONG OTI N n youavivn
avatrapioTatal amd 1o “g” Kal n Kutoaivn atmd 10 “c”. O1 Ke@aAaiol XapaKTHPES OTO
0¢ei PEPOG TOU KavOva eKQPACOUV TA JUAKN TWV aKOAOUBIWY TTOU UTTAPXOUV aVANETT
oTIG KUpIEG Bdoeic. O XapakTApag S avTITTPOOWTTEUEl TO CUPPBOAO €KKivnong TNG
YPOUMOTIKAG, EVW Ol XAPOKTNPES L ekppdldouv Ta KEVA avaueoa OTIG KUPIEG BAOEIG,
EKTOG aTTO T KEVA MPETAEU TNG TPITNG KAl TNG TETAPTNG Bdong. OTTwg @aiveTal oTo
oxAua Tou WeudokouBou TUTToU K, KAOE TETOIO KEVO PETAEU TwV PBACEWYV TTPETTEI VO
EXEl MNKOG TOUAAXIOTOV €va, 0dnNywvTag aTov akOAouBo kavova yia To XapakThpa L.
Me Bdon 1O TTapATTAvw TIPOKUTITEI KAl O KAvOvaAG yia TOv Xapaktipa L TTou

oupTtrepIAaUBAvETaI ETTIONG OTNV YPOUMATIK:

L:'a'L#L1(1)
|'u'L#L2 (1)
|'c'L#L3 (1)
|'g' L #L4 (1)
|'a’ #0
|'u' #0
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|'c’ #0
I'g” #0

To koG NG akoAouBiag PETALU TWV dUO evOIAUECWY BACEwV TNG OOMNG, TO OTT0IO
avatrapioTaTal a1rd To XapakTApa D oTn ypAauuaATIKr, UTTOKEITAI O€ €va avwTaTo OPIO
TTou KaBopiletal atrd TN PeTABANTA max_dd_size. Autr] n PETABANTA PTTOPEI va
OPIOTEI ATTO TOV XPNOTN KATA TNV EKTEAEDT TOU TTPOYPAUMATOG, EVW N TTPOETTIAEYHEVN
NG TIPN, €dv eV OpIOTEN ATt TOV XPROTN, ival 2. O kavovag yia 1o oupBoAo D otn
YPOAMMATIKA TTEPIYPAPETAI TTAPAKATW.

D : {% for x in range(max_dd_size) %}D{{ x }} {% endfor %} # M1
({% for x in range(max_dd_size) %}H{ x }} {% endfor %})

{% for x in range(max_dd_size) %}

D{{ x }} : E# N{{x }} (0)

{% endfor %}

To oupBoAo E, TTou ava@épeTal OTOV TTAPATIAVW Kavova, avTiTpoowTrevel T Bdon
TTOU MTTOPEi va UTTApxel o€ KABe pia ammd TIC B€oeig TTou kKabopiovral atrd TO
avVWTATO OPIO TOU PAKOUG TNG akoAouBiag (Tn peTaBAnTr) max_dd_size) otov kavova
yla 170 xapaktipa D. Emeidf dev uttdpxel TTEPIOPICUOG OXETIKA PE TO TTola Bdon
MTTOPEI va gu@avioTei o€ KABe Béon, 0 Kavovag yia 10 ocUuBoAo E diapopeuvetal
OTTWG PAIVETAI TTAPAKATW:

E:'a #0
|'u'#0
|'c'#0
|'g'#0
| ;

TENOG, €xel avatrTuxBei piIa ouvApTnon TTOU TTAPAyEl TNV TEAIKA YPOUMOTIKA, TNV
OTTOiO XPNOIUOTIOIEI O OUVTOKTIKOG aVvAAUTAC yia va dnuioupyAoel OAa Tta Tméava
OévTpa TTOU TTEPIEXOUV €vav WeudokOuPBo Tuttou L. AuTA n ouvapTtnon déxeTal dUo
TTOPAPETPOUG TTOU KaBopilouv Tn pop®r TNG YPOMMATIKAG: Tnv max_dd_size, n
oTToia, OTTWG AvaPEPONKE TTPONYOUUEVWG, BETEI TO AvWTATO OPIO YIa TO PAKOG TNG
akoAouBiag PeTatu Twv dUO eviIGPETWY KUPIwV BACEWY TOU WeUDBOKOPBOU Kal TNV
ouadik petaBAnTg allow_ug, n otoia, avdAloya ue Tnv Tiwh TS (True n False),
kaBopilel av Ba cuuttepIAn@BOoUV o1 WeudokduPBol pe deopoUlg youavivng Kal
OUPAKiANG (u-g) oTnv TENIKN YpauMaTIKA. AKOAouBei n ouvdpTnon TTapaywyng g
YPOMMOTIKAG:
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def generate_grammar(allow_ug: bool, max_dd_size: int) -> str:

Generate grammar for pseudoknot detection, based on parameters.
return (
jinja2.Environment()
from_string(TEMPLATE)
render(
allow_ug=allow_ug,
max_dd_size=max_dd_size,
)
)

4.2.2 AvaAuon TnG YPOMMATIKNAG KOl TTAPAYWYI TOU CUVTOKTIKOU SEVTpou

H diadikacia autr) uAotroinénke yéow Tng ouvdptnong parse[25], n oTtoia
AauBdvel w¢g €i00d0 TN YPOAUMOTIKA Kol ETTIOTPEPEl €vav KWOIKG o@daApaTtog. O
KWOIKOG auTdG UTTodEIKVUEI av UTTAPEE KATTOI0 TTPORANUA Katd Tnv ekTéAeon. Av o
KWOIKOG gival PNdevIKOG, auTtd onuaivel 0TI n ekTéAeon ATav emTUXnS. H ouvdptnon
EMOTPEPEl TN piCa TOu OEVIPOU TToU TrEPIEXEl OAa Ta TMOAvVA UTTOdEVTPA TTOU
avaTrapioTouv Toug weudokOuPBoug TuTTou K otnv RNA akoAouBia. EmmmTAéov, n
ouvaptnon O&éxetal éva onueio €il06dou, TO o100 KaBopIlel TNV apxn TNG
uttoakoAouBiag TnG ouuPBoAlocelpdg TTou Ba uTtoBAnBei o€ OUVTOKTIK avAaAuon.
AkoAouBei 0 KwAIKAG:

struct yaep_tree_node *parse (const char *description) {
struct grammar *g;

struct yaep_tree_node *root;

int ambiguous_p;

if (g =yaep_create_grammar ())==NULL) {

fprintf (stderr , ” yaep_create_grammar : No memory\n ”) ;
exit (1) ;

}
yaep _set debug _level (g, 0);

yaep _set _one parse _flag (g, 0);

yaep _set cost _flag (g, 0);

yaep _set lookahead level (g, 2);

if (yaep_parse_grammar (g , TRUE , description) !=0) {
fprintf (stderr , ”%s\n ” , yaep_error_message (9)) ;

exit (1) ;

}
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int parsed = yaep_parse (g , read_token_ func , syntax _ error_func,
parse_alloc_func , NULL , &root , &ambiguous_p);

if (parsed) {

printf (” this should not be accepted \n ) ;

fprintf (stderr , ” yaep_parse : %s\n ”’ , yaep_error_message (9));

}

return root ;

}

Karta tnv eKTEAEON, N TTPWTN CUVAPTNON TTOU KAAEiTal €ival n yaep_create_grammair,
n otroia dnMIOUPYEI Evav avaAuTr) JE aTTPOODIOPIOTN YPOUMATIKY. Edv dgv uTTdpXEl
QPKET MVAMN yia Tnv avaAucon, n ouvdptnon emoTtpépel NULL. H ouvdpTtnon
yaep_set_debug_level déxetal évav aképalo TTou kabopilel Tov BaBud eupaviong
TTANPOPOPIWV OTNV £€6000 OXETIKA PE TO OEVTPO AVAAUONG, TN YPAMMPATIKA Kal GAAQ
ouvagr dedopéva. Av To Opiopa eival Pndév, TOTE Oev gu@aviCovtal kKabdAou
TTAnpo@opiec otnv £€¢odo. H ouvdapTtnon yaep_set one parse_flag kaBopilel av Ba
onuioupynBei Eva poévo dEVTPO PETAPPAONG TNG YPAMMATIKAG 1] TTOAQTTAG OUVTOKTIKA
QEVTPA VIO AUPIOPOPES YPAPUATIKEG. 2TNV TTEPITITWON YN AP@idpoung YPAUPATIKAG, N
TIUAR TG  TTapauéTpou  Oev  eTNpPeddel 10 amotéAecpa. H  ouvdpTtnon
yaep_set_cost_flag déxetan pia aképaia TapaueTpo. EAv n TapdueTpog auth ival
MNBEV, N ouvdapTnon TTAPAyEl JOVO £va BEVTPO PETAPPAONG PE TO XAUNAOTEPO duvaTd
KOOTOG, €@OO0V N YPAUMPATIKA €ival au@idpoun. Ala@opeTIKA, TTapdyovTal TTOANATTAG
oévrpa. MNa un au@idPOUES YPAUMATIKEG N TIUM TNG TTAPAUETPOU Oev ETTNPEALEI TO
amoTtéAeopa. EmmAéov, n ouvaptnon yaep_set lookahead level kaBopilel 1O
emiredo xpriong twv lookaheads katrd tnv avadAuon NG yPAPUATIKAG MEOW MIAG
aképalag TrapauéTpou. EAv n Tyl TG Trapapétpou  eivar 0, TOTE OEv
xpnoigotrolouvTal KaBoAou lookaheads. Me Tiuf 1, Ta lookaheads xpnoiyoTrolouvTal
ave¢dpTnta amd 10 onueio €106dou TToU opifeTal oTNV apXIKf ouvdpTtnon. TEAog, n
TIuA 2 uttodeikvuel OTI Ta lookaheads Ba xpnoipotroinBouv duvapikd, AapBdavovrag
uttdYn TO onueEio €10000u. AUTEG Ol PUBUICEIG ETTITPETTOUV TNV TTPOCAPHOYH TNG
avadAuong OTIC OUYKEKPIMEVEG QAVAYKEG Kal  TTEPIOPIOPOUG  TNG  €QAPHOYNG,
BeATioToTrOIWVTAG TOOO TNV amédoon 600 Kal TNV akpifeia tng dladikaciag. H
ouvAapTNOon yaep_parse_grammar OuvToVviCel ToV avaAuTh JE TN YPAMUOTIKA TTOU
OnuIoUPYNONKE, €vL) N CUVAPTNON yaep_parse TIpaydaToTroliei TNV avdaAuon Tng
YPAMMATIKAG KOl TNV TTapaywyrn Twv OEVTIpwY, ETTIOTPEPOVTAS TTAPAAANAa €vav
KwOIKO o@dAuatog. To TpwTto Opicua TTou AauPdavel n yaep_parse e€ivalr n
YPOUMATIKA, N oTtroia ammolnkevetal oTn PETABANT g. To deutepo Opicua, n
ouvaptnon read_token_func, Tapéxel otnv KUpIa ouvapTnon 1o onueio €106dou TNG
oupBoAooelpdg padi pe Eva xapaktnploTikd Tou. EAv n ouvdptnon read_token_func
ETMOTPEWEI APVNTIKA TIMA, auTd onuaivel 6T £€xouv diaBaocTei 6Aa Ta onueia ei106dou,
oTToTE N avaAuaon oAokAnpwvetal. Autr) n dladikacia diac@aAifel OTI N YPAUMATIKN
€Xel avaAuBei TTANpwG Kal 0TI OAa Ta CUVTAKTIKA OEvIpa TTOU QVTIOTOIXOUV OTnV
€ioodo €xouv Trapaxbei owoTtd. To Tpito OpIoua, n ouvaptnon syntax_error_func,
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KaAgital 6Tav avayvwpiletal KATToI0 OUVTOKTIKO AdBog katd Tn diadikacia avaAuong.
H ouvdaptnon parse_alloc_func €ivar utretBuvn yia Tn déopeuon TNG aTTaAPAITNTNG
MVAUNG yia TNV avaAuon kal OéxeTal évav aképalo TTou KaBopilel To pEyebog TNG
MVAUNG TTou Ba deopeutei. To emmouevo Opiopa cival n ouvaprtnon parse_free, n
OTTOIO XPNOIKOTIOIEITAI YIa TNV aTTEAEUBEPWON TNG PVAMNG TTOU OECHUEUTNKE ATTO ThV
parse_alloc_func. [pétrel va onueiwBei  OTi N OUYKEKPIYEVN ouvapTnoNn
apxikotroieital ye NULL. EmimrAéov, n petaBAnt) ambiguous p deixvel av n
YPOuMaTIKA €10600u gival ambiguous 1) 0x1. TéEAog, n PeTaBAnTh root gival autr TTou
ETTIOTPEPETAI ATTO TNV OPXIKA OUuvAPTNON KOl QVTITTIPOOWTTEUEl TN pida  Tou
OUVTOKTIKOU OEVTPOU TTOU TTAPAYETAl TTO TN diadikacia avaAuong. Autou Tou TUTTOU
n pubuion dlao@aliel 6T OAa Ta ATTAPAITATA OTOIXEIA yIa TNV avdAAuon Kal Tn
dlaxeipion TNG YVAUNG €ival CwoTd KAaBopIoEVa, ETTITPETTOVTAG TNV OUAAR EKTEAEON
TNG d1adIKaoiag avaAuong Kal TTapaywyng Tou CUVTAKTIKOU OEVTPOU.

4.2.3 Aidoxion Twv OEVIpWV Yyid TNV avayvwpion TwVv {NTOUHEVWYV
YeuSOKOUBwWYV

2Tn ouvéxela akoAoubnoe n diadikacia TNG OIAoXIoNG Tou OEVTPOU TToU
OnuIoupyndnNKe OTO TTPONYOUMPEVO PBriua, WOTE va EVTOTTIOTOUV OAoI oI {nTOUNEVOI
WeudokOuPol. lMNa Tnv eTTiTEUEN aAuTOU TOU OTOXOU, apPXIKA dnuioupynonke uia doun
(struct) n omoia avatmapioTd pia ocuvdedepévn Aiota. Autr n Aiota TTepIAauBavel
OAouUG TOUG WeUBOKOUPBOUG TTOU TTPOKUTITOUV atrd Tn didoxion Tou Oévipou. Kabe
WeUOOKOUPBOG OTN AioTa TTEPIEXEI KATTOIO BACIKA XOPAKTNPIOTIKA Kal €10IKA yIa TOV
TUTTO K, N dopn TTEPIEXEI TIG EENG TEOTEPIG METARBANTEG:
e Tn uetaBAnTA left_left loop_size, n omoia avammapiIoTd TO MPAKOG TNG
akoAouBiag RNA avdueoa otn TpwTn Kal oTn 8€0TEPN KUpIa BAon
e Tn petaBAnTA left_right loop_size, n omoia avatmapiotd TO PNAKOG TNG
akoAouBiag RNA avdueoa otn deUTEPN Kal 0TNV TPITN KUPIa BACn
e Tn petapAnTi dd_size, n otoia avamapioTd TO HPAKOG TNG aKoAouBiag
avaueoa oTIG dUo evOIAuEoes BAoelg (TpITn Kal TETAPTN)
e Tn petaBAnTtn right_left loop, n otroia avatmrapiotd 10 PAKOG TNG akoAouBiag
QVANETQ OTNV TETAPTN KAl TNV TTEPTITN KUpPIa BAon.
e Tn petaBAnTA next, n otroia gival kal auTr) idlou TUTTOU PE TNV apPXIKH doUN Kal
QvVaTTapPIOTA TOV ETTOMEVO WEUOOKOUPBO TN AioTa
AkoAouBei To struct:

struct pseudoknot {

int left_left_loop_size;

int left_right_loop_size;
int right_left_loop_size;
int dd_size;

struct pseudoknot *next ;

h
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EIAIKH MNEIA: EIAH KOMBQN 2ZTA AENTPA YAEP

O1 karnyopieg Twv KOPPBWV oe autd Ta OEVTIpa TTEPIEXOVTAI OTO enumeration
yaep_tree_node_type [25], TO 0oTT0i0 avatrapioTd 0AoOUG Toug TTIBavous KOUPBouUg Tou
a@NENMUEVOU  OUVTOKTIKOU OEVIPOU TIOU  TIPOKUTITEL OTTO TNV  AavAAuon TG
YPOUMATIKAG. MapakdTw TTapatiOovtal ol KAaTnyopieg auTtég, ol IdIaTEPOTNTEG TNG KABE
Miag(eowTePIKEG PMETARBANTEG) KABWG Kal o€ TTapévBeon n ovouaacia TNG avTioToixNg
METABANTA:

e YAEP_NIL(nil): AvatrapioTd évav KOPPBO PE KEVR METAPPAON.

e YAEP_ERROR(error): Avatrapiotd évav KOUPO TIOU TTEPIEXEI METAPPAON
AGBoug.

e YAEP_TERM(term): AvatmapioTtd €vav TepuaTikO KOPPBO. MNepi€xel TNV aképaia
MeTaBANTA “code”, n otroia deixvel TOV KWwOIKG TOU TEPUATIKOU KOPBOU, KaBWG
Kal Tn JETaBANTA “attr” T0TToUu *void TTOoU €ival avag@opd o€ £va XapakTnpPIoTIKO
TOU OUYKEKPIPEVOU KOUPBOU.

e YAEP_ANODE(anode): Avatrapiotd é€vav aenpenuévo kouBo. ‘Exel 1n
METABANTA “name” TUTTOU const char®, TTou ek@pdadlel To dvoua Tou KOuPBou
OTTWG diveTal oTn peTappacn. Mepiéxel emiong N yeTaBANnTA “children” TUTTOU
yaep_tree_node, n otroia ava@épetal 0Toug KOPPBOUG TTOU €ival UETAPPATEIG
TwV OUPBOAWV TOUu Kavova TNG YPAPUATIKAG, OUCIOOTIKA Ta TTaidid Tou
KOuPBou. EmimTAéov, uttadpxel n aképaia PeTapAnTh “cost’, n otroia avdAoya pe
TN pUBuIoN evég flag, ekppddel gite TO UVOAIKO KOOTOG Tou KOPPBou padi e 1o
KOOTOG TWV TTAIdIWV TOU, E€ITE JOVO TO KOOTOG TOU CUYKEKPIUEVOU aPnpnuUEVOU
KOupou.

e YAEP_ALT(alt): Autdg o TUTTOG KOUBOU UTTOOEIKVUEI OTI UTTAPXOUV TTOAAQTTAEG
TOAVEG UETAPPAOCEIG VIO TOV OUYKEKPIUEVO KOUPBO. EpTTepIEXEl TN PETABANTN
‘node” TUTTOU yaep_tree node, n oTToia Ava@EPETAl OTAV TTPWTN EVOAAAKTIKA
META@PaON Tou KOUBoU. TEAOG TTepIAauBavel TNV PETABANTA “next”, etTiong idia
TUTTOU, N OTTOIO AVAPEPETAI OTNV ETTOUEVN EVOAAAQKTIKI) HETAPPOOT).

Eme§nynuatiké rapdadeiypa:

MNa Tov Kavéva TNG YPAPUATIKAG HaG

T0 évoua Tou agnpenuévou koupou eival To “RO1” kai n Aiota (1 3 5 7 9) pag deixvel
TIG B€é0€Ig Twv TTAIdIWY ToUu KOUPBoU. ETTopévwg yia va dlaoxioBei To OEvTpo, EXEl
UAOTTOIACEI JIO OUVAPTNON ME TNV oTToia eAEyxeTal TO €id0¢ Tou KABE KOUBOU TToU
ouvavtaue. Eav o kéupog eival Tuttou YAEP_NIL, YAEP_ERROR i YAEP_TERM, n
ouvaptnon emoTpépel NULL. Autd yivetan 81611 dev PTTOPEI va TTpayUaTOTTOINOE]
Katrola d1A0XION O€ QUTOUG TOUG KOHUPBOUG CUP@WVA ME TN YPAMMATIKA. ZTnV
TEPITITWON TTOU 0 KOUPog cival Tuttou YAEP_ALT, n idia ouvaptnon e@apuoleTal
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avadPouIK& TOOO yia OAEG TIGC HETAPPATEIG TOU KOUPBOU, av UTTAPXOoUV TTAvw aTTd Wia,
Kal o1 YeudOKOUPBOI TTOU TTPOKUTITOUV ATTO AUTEG TIG KANOEIG TTPoaTiBevTal oTnv AioTa.
Av o k6uBog avrkel otnv Katnyopia YAEP_ANODE, eAéyxeTal 0 TTPWTOG XAPOKTHPAG
TOU OVOPATOG TOU Kal XwpifovTal dUOo TTEPITITWOEIG. AV O TTPWTOG XOPAKTHPAG TOU
ovopaTtog Tou KOuBou eival 'R', 161E€ TO OvVopa eival €yKupo OUPPWVA HE TN
YPOUMOTIKA KAl ETTOPEVWG UTTOAOYICovTal OAa T PEYEDN TTou TTepIEXOvTal OTO struct
NG OUNAG Tou KOUPou. Eav o TTpwTtog xapakTrpag dev gival 'R, T10TE, oUPPWVA PE TN
ypauuaTik TToU €xel ulotroinBei, emoTpé@etal NULL, &16T1 6Aol oI kavoveg Tng
YPOUMATIKAG EEKIVOUV PE TO XapakTipa 'R'.

AvaAuTika, n Oladikacia Eekivd peE TNV KAAOn NG ouvapTnong
traverse_parse_tree for_loop yia 10 mpwTto TTaidi oUUPWva Pe Tov Kavova, dnAadn
TO XapakTthpa otn 6€on 1. OTTwe avaeépbnke TTponyoupévwg, n Aiota (1, 3, 5, 7, 9)
UTTOOEIKVUEl OTI O TTPWTOG XAPAKTAPAS €ival 0 L, ommdTte utroAoyideTal TO PIAKOG TNG
OKOAOUBIOG XAPOKTAPWY METOEU TNG TTPWTNG Kal TNG OeUTEPNS KUpIag BAong. 2T
OUVEXEIQ, N idla ouvapTnon KaAgiTal yia To deUTePO TTaIdi TOU KOUBou, dnAadr TO
xapakthpa L otn 8éon 3, yia va UTTOAOYIOTEI TO PAKOG TNG akoAouBiag petagu Tng
0elTEPNG KAl TG TpitNnG KUplag Bdong. Merd, kaAeitar n  ouvaptnon
traverse_parse _tree for_dd yia 10 xapakmpa D otn 6éon 5, wote va Ppedei 10
MAKOG TNG akoAouBiag PeTall Twv dUo evdidueowy Baoewy yia Tov TUTTO K, dnAadn
TV TPITN Kol TNV TETOPTR  Bdon. TEAog, KaAeitar &avd n  ouvaptnon
traverse parse_tree for_loop yia To TéTapto mmaidi Tou kavova, dnAadr To XapaKkTripa
L otn 6éon 7, TTpoKeIEVOU va UTTOAOYIOTEI TO UAKOG TNG akoAouBiag peTagu Tng
TETOPTNG KAl TNG  TIEUTITNG  KUplag  Pdaong.  AkoAhouBei n  ouvdptnon
traverse_parse_tree:

struct pseudoknot *traverse_parse_tree(struct yaep_tree_node *node) {
int left_left_loop_size, left_right_loop_size, right_left_loop_size;
struct size *dd_sizes;
struct pseudoknot *pknots = NULL;
struct pseudoknot *pseudoknots = NULL;

if ('node) {
return pseudoknots;

}

switch (node->type) {
case YAEP_ERROR:
return NULL;
case YAEP_NIL:
return NULL;
case YAEP_TERM:
return NULL;
case YAEP_ANODE:
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if (node->val.anode.name)[0] !="'R’") {
return NULL;

}

left_left loop_size =traverse_parse_tree_for_loop(node-
>val.anode.children[0]);

left_right_loop_size =traverse_parse_tree _for_loop(node-
>val.anode.children[1]);

dd_sizes =traverse_parse_tree_for_dd(node->val.anode.children[2]);
right_left_loop_size =traverse_parse_tree_for_loop(node-
>val.anode.children[3]);

while (dd_sizes !'= NULL) {

pseudoknots = append_pseudoknot_if_not_exists
(pseudoknots, create_pseudoknot(left_left loop_size,
left_right_loop_size, right_left loop_size, dd_sizes->value));
dd_sizes = dd_sizes->next;

}

return pseudoknots;
case YAEP_ALT:
pknots = traverse_parse_tree(node->val.alt.node);
pseudoknots = NULL;
if (node->val.alt.next != NULL) {

pseudoknots = traverse_parse_tree(node->val.alt.next);
}
pseudoknots = concatenate_punique(pseudoknots, pknots);
return pseudoknots;

default:

printf("I don't care!\n");
return pseudoknots;

}

}

MeAetTwvTtag Tnv  K&Be ouvdptnon &exwplioTd, apxik& n ouvaptnon
create_pseudoknot civar utre0Buvn yia Tn dnuioupyia evog véou weudokoOupou,
XPNOIUOTTOIWVTAG  TIGC TIMEG TIOU  €XOUV  UTTOAOYIOTEI  TTPONYOUMEVWG WG
XOPAKTNPIOTIKA Tou. AkOAoUBwc, n cuvdaptnon append_pseudoknot if not exists
OUYKPIVEI QUTA Ta XAPOKTNPIOTIKA UE eKEIVA TwV WEUOOKOUPwWY TTOU BpiokovTtal rnon
otnv TeAIK) Aiota. Edv Bpebei katolog weudokOuPfog pe akpiBws Ta  idia
XOPAKTNPIOTIKA, N AioTa TTapapével auetdBANTN. Av dgv €VTOTTIOTEI TAUTION, O VEOG
WeudoKOuPog TTpooTiBeTal oTNV apXA TNG AioTag. H cuvdpTtnon concatenate punique
EVWVEI O€ PIa AioTa 6Aoug Toug WeUDOKOUPBOUG TTOU TTPOKUTITOUV ATTO TIG KANOEIG TNG
ouvaptnong. ‘Etol, dnuioupyeital pia ANiota TTou gPTTEPIEXEI OAEG TIG PETAPPATEIS
KOuPwv TUTTOU YAEP_ALT.
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Na va utoAoyioTolv OAa Ta WAKN Twv oKOAouBIwv Triow atmmd Toug
XOPOKTAPES L XPNOIKOTTOINBNKE MIa GAAN ouvapTtnon, n
traverse_parse_tree_for_loop, n otroia ékave katd BABog didoxion TwV UTTOBSEVTPWV.
Mo avaAuTtikd, av o kKOuPog Tou egetadetar eivar Tuttou YAEP_ANODE, 1éT1¢ n
ouvapTtnon KaAsitar avadpopika yia 1o TTpwTo TTaidi. MNa mapddeyua, av o Kavovag
TTEPIEXEI OUO XAPOAKTAPESG wg TTaIdId, TO TTpwTOo TTaIdi Bpioketar otn B6€on 1 kal o
emépevog xapaktipag eivar o L, omdre n diadikacia katd Bda6og didoxiong
ouveyicetal. Eav o kdpPog €xel povo Eva Taidi, TOTE N ouvapTNOoNn KAAEITAl yia auTtd TO
TTa1di, TO OTTOIO €ival TEPUATIKOG XAPOKTAPAG. 2€ AUTAV TNV TTEPITITWON, N oUVAPTNON
emoTpEel TNV TIWA 1. AKoAuBEei n ouvdpTtnon traverse _parse_tree for_loop:

int traverse_parse_tree_for_loop(struct yaep_tree_node *node) {
switch (node->type) {
case YAEP_ANODE:
return traverse_parse_tree for_loop(node->val.anode.children[0]) + 1;
break;
case YAEP_TERM:
return 1,
break;
default:
return -1;
break;

‘ETreITa Tov €AeyX0 yIa TO €id0G Tou KOUPBoU Kal TN dnuioupyia AioTag pe OAeg
TIGC TIUEG TTOU gival duvaTtov va €Xel TO PAKOS TnG akoAouBiag D avaAapBdvel n
ouvdaptnon traverse_parse_tree for_dd. Av o k6uBog avrkel otov TUTTo YAEP_ALT,
n ouvdpTtnon KaAgital avadpouikd yia KABe yia atrd TG dUo PeTaPPATEIS TOU KOUBOuU.
TNV TTEPITITWON TToU 0 KOuPog eivalr Tuttou YAEP_ANODE, n cuvaptnon KaAgital
avadpouikd yia KaOe TTaidi Tou KOPPBouU, £QOCOV O TTPWTOG XAPAKTHPAS TOU OVOUATOG
Tou Kavova civalr 'M'. AvtiBeta, €dv o TTpwTog xapakThpag eival 'N', n ouvdpTtnon
KaAgiTal yia 10 €va Kal Jovadikd TTaidi Tou KOUPBou, To OTToI0 AVTITIPOCWTTEUETAI ATTO
Tov Kavéva yia 10 xapaktpa 'E’. Otav o koéupog eivar tutmou YAEP_TERM, n
ouvapTtnon Onuioupyei €va avTiKeEieEVO TUTTOU Size Kal Tou avaBétel Tnv Tiun 1,
uTTOdEIKVUOVTAG OTTAG OTI UTTApXEl . TEAOG, yia kOupo TuTTou YAEP_NIL, atrodidetal n
iyl 0, dnAwvovtag Tn un umapén koOuPou oe ekeivn T B€on. AkoAouBei n
ouvapTnon:

struct size *traverse_parse_tree_for_dd(struct yaep_tree_node *node) {
switch (node->type) {
case YAEP_ANODE:

ABnva, AskeuPBplog 2024 YeAiba 40




if (node->val.anode.name)[0] =="'M") {
struct size **childSizes = malloc(s_max_dd_size * sizeof(struct size *));
for (inti=0; i <s_max_dd_size; i++) {
childSizes]i] =traverse_parse_tree_for_dd(node->val.anode.childrenli]);
}
return multiCartesianProduct(childSizes, s_max_dd_size);
} else if ((node->val.anode.name)[0] =="'N’") {
return traverse_parse_tree_for_dd(node->val.anode.children[O0]);
}
break;
case YAEP_TERM:
return create_size(1);
break;
case YAEP_NIL:
return create_size(0);
break;
case YAEP_ALT: {
struct size *anode_dds =traverse_parse_tree_for_dd(node->val.alt.node);
struct size *alt_dds = NULL;
if (node->val.alt.next != NULL) {
alt_dds =traverse_parse_tree _for_dd(node->val.alt.next);
}
struct size *new_list = concatenate_sunique(anode_dds, alt_dds);
return new_list;
break;
}
default:
printf("I think something went really wrong with node type\n");

}
return NULL;

H ouvdpTtnon concatenate _sunique evwvel o€ pia Aiota 6Aoug Toug apiBuoug
TTOU TTPOEKUYAV aTTd TIG KAAOEIG, TIG ouvApPTNOEIG 0€ TTEpITITwon TutTTou YAEP_ALT.
‘ETo1 £XoupEe OAEG TIG TTIOAVEG TIMEG TOU UAKOUG TNG aKoAouBiag.

H mmapatrédvw diadikaoia avadAuong tng cupBoAocelpdc Kal avixveuong 0Awv
TWV WPeUSOKOUPWY TTPAYMATOTIOIEITAI HECW MIAG OITTAAG €TavAAnyng, oTnv oOTToia
KaBopileTal TOOO TO oNuEio €kKivnong KABe WweudokOUPBoU GCO Kal TO GUVOAIKO TOU
MEYEBOG. ZuyKekpIpéva, ol HeTaBANTEG “left” kai “right’, o1 otToiec uTTGpyoUV Yéoa aTn
OITTAA eTTavaAnyn, kaBopifouv Ta TUAPATA TNG 10000V OTTOU O parser Ba avalnTtoel
TOuG WeudokOuPBoug, €dv Kal epdéoov uttdpyxouv. H yvwon Twv dU0 AGKpwv Tou
WeUOOKOUPBOU PECW TWV TTAPATTAVW METARBANTWYV PAG aTTaAAAGCCEl atrd TNV avAaykn
uTTOAOYIONOU TOU HAKOUG TNG akoAouBiag HETaEU Twv dUO TEAEUTAIWY KUPIWY BACEWV
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yla Tov TUTTO L. MNa 1oV Adyo autd, oTto struct Tou weudokouBou TTou avaépinke
vwpitepa, dev TrepIAauBaveTal JeTaBANTA TTOU va ekppddlel auth Tnv amoéoTaon. lMNa
KaBe weudokOuPBo Trou evtommileTal, €AéyxeTal n METABANT ‘dd_size', n otroia
QVTITTIPOOWTTEVEI TO MAKOG TNG akoAoubBiag pETAEU Twv OUO eVOIANECWY KUPIWV
Baoewv. EAv n Tiyi NG €ival KATw atrd éva CUYKEKPIPEVO OPIo, TO OTTOI0 KaBopileTal
atro TN PETABANTA ‘min_dd_size’, 101e 0 WeudokOuPBOG atroppitrTeTal. H pyeTaBAnTn
‘'min_dd_size’ pJtOpEi va opioTei amd TOv XPROTn KATA TNV €KTEAEOn TOU
TTPOYPAUMATOG, VW N TIPOETTIAEYUEVN TIUN TNG av dev opioTei ival 0. O1 weudokdupol
TTOU TTANPOUV Ta KPITAPIA ETTIOTPEPOVTAI OE PIa ouvapTnon uAotroinuévn o€ Python,
N oTroia ekTeEAE OAEG TIG KANOEIG TwV ouvapThoewyv o€ C yia tnv avdAuon 1ng RNA
akoAouBiag. AkoAouBei o KwAIKAG TTou UAOTTOIEI OAa Ta TTpOavVaPEPBEVTA:

for (intright =len - 1; right >= min_window_size - 1; right--) {
for (int left =right - min_window_size + 1,
left > right - max_window_size && left >= 0; left--) {
s_ntok = left;
struct yaep_tree_node *root = parse(s_definition);
struct pseudoknot *ps =traverse_parse_tree(root);

for (struct pseudoknot *i = ps; i !I= NULL; i = i->next) {
if (I->dd_size <s_min_dd_size) {
continue;
}

cb(left, right - left + 1, i->left_left_loop_size,
i->left_right_loop_size, i->right_left_loop_size, i->dd_size);
}
}
s_input[right] ="\0";
}
}

Mpétrel va onuelwBei ettiong o1 péoa atrd 1N ouvdapTtnon cb (callback) emoTpépovTal
TA XOPAKTNPIOTIKA TOU KABe WweudokopBou oTov KwdIka TG python wote perd va
emegepyaoTolv o€ AANO KOUUATI Kal va TTpokUyel n dot bracket yoper). H evioAn Tng
ouvdapTtnong o€ ¢ atod Tn ouvapTnon o€ python eivai n €€Ac:

for (i, j, left_left_loop_size, left_right_loop_size, right_left loop_size, dd_size)
in parser(sequence):

H petaBAnT parser ptropei va mapel dUO TMOAvVES TINEG ATTO TOV XPNOTN, yaep Kal
bruteforce. Me Ttnv TpwTn €mAoy Oa eKTEAEOTEI O AAYOPIBUOG OUVTAKTIKAG
AvVayvWEIONG TIOU TIEPIYPAQPTNKE TTAPATIAVW KAl HJE TNV OeUTEPN O ATTANCTOG
aAyopIBuog duVANIKOU TTPOYPANKATIONOU TTOU Ba TTEPIYPAPEI OTO ETTOUEVO KEPAAQIO.
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4.3 AtrAnotog AAyo6pi8uog Auvapikou MNMpoypappaTIouoU

2TOV OUYKEKPIYEVO OAYOPIBUO, apXIKa £xouv dnpioupynBei dUO dOUEG yIa TOUG
OEOPOUG TTOU evTOTTICOVTAIl JETALU Twv Bdacewv oTnv akoAouBia Tou RNA. H 1TpwTn
doun, TTou ovouddetal ‘stem’, TTePIEXEl OUO aképaleg PETABANTEG, TIG “left’ kai “right’,
Ol OTTOIEG AVATTAPIOTOUV TIG B€o€IC Twv dUo Bdoewv TTou oxnuaTti(ouv KAGBe Ceuydpl
otnv akoAouBia Tou RNA. H deutepn dour ovouddetal ‘core_stem’ kai TrepIExel Evav
TTivaka TUTToU “stem’ pe Tpeig BE0eIC. 2€ auTOv ToV TTivaKa aTToBnkeUuovTal ol BE0EI
TWV BAcewv yia KaBéva atrd Toug TPEIG KUPIOUS BECUOUG TTOU QVTITIPOOWTTEUOUV TOV
weudokoupo Tutrou K. lMNa kdbe xapaktripa TnG CUPPBOAOCEIPAG TTOU QVTITIPOCWTTEUEI
Mia Baon, eAéyxetal av uttdpxel Bdon oe Béon peyaAutepn atrd Tn dIKA TOU PE ThV
oTToia PTTOPEl va oxnuartiosl Ceuydpl. ETITTAéov, €xel apxIkoTroiNOEi évag TTivakag JE
MEYEBOG i00 PE TO TETPAYWVO TOU PNKOUG TNG aKOAouBiag, yia TNV attobrikeuon OAwv
TwV CEUYOPIWVY TTOU eVTOTTICOVTAI, KOBWG Kal yia aképala YeTaBAnT, n 'n_stems’, n
otroia aufdaverar kKaBe @opd ToU evromieTal éva Ceuydpl Paocewv. Auth n
TTPOCEyYYIon OIao@aAIfel OTI OAEG Ol ATTAPAITNTEG TTANPOPOPIEG OXETIKA ME TOUG
0eapoUg Twy Bdoewv Kataypd@ovTal Kal armodnkeuovTal YE aKpiBeia, TTITPETOVTAG
TNV TTEPAITEPW avAAUON Kal eTTECEpyaTia Twv dedouévwy. MapakdTw TTapaTtiOeTal o
KWOIKAG yia auTr Tn diadikaaoia.

for (inti=0;i<n;i++){
switch (sequenceli]) {
case 'a'
for (intj=i+1;j<n;j++)
if (sequencel[j] =="u") {
cs_position->left = i;
cs_position->right =j;
CS_position++;
n_stems++;
}
break;
case'u’:
for (intj=i+1;j<n;j++)
if ((sequencel[j] =="a") || ((sequence[j] =='g") && s_allow_uQ)) {
cs_position->left = i;
cs_position->right = j;
CS_position++;
n_stems++;
}
break;
case'c"
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for (intj=i+1;j<n;j++)
if (sequence[j] =='g") {
cs_position->left =1i;
cs_position->right =j;
CS_position++;
n_stems++;
}
break;
case'g"
for (intj=i+1;j<n;j++)
if ((sequencel[j] =='c") || ((sequence[j] =="'u") && s_allow_ug)) {
cs_position->left = i;
cs_position->right =j;
CS_position++;
n_stems++;
}
break;
default:
printf("Invalid character\n");

}
}

Otmwg @aivetal 0T ouvdpTnon, KABe @opd Trou evroTTideTal €va Ceuydpl
Baoewv, amroBnkevueTal otn ueTaBAnT) left n Béon TN Bdong Tou BpiokeTal TTIO
aploTepd oTo {euydpl Kal oTn WeTaBAnT right n Béon Tng BAaong tTou PBpiokeTal o
0e€id. MapdAAnAa, TTpoXwpPAPE oTnv €TTOPEVN B€on TOu Trivaka au&édvovTag Tn
METABANTA cs_position, evw aufdvetar katd 1 kai n YeTaBAnT n_stems, n oTmoia
dlatnpei Tov ouvoAiké apiBud Ceuyapiwv otn doun. Emerra eAéyxovral avd Tpiadeg
OAa Ta Ceuydpia PeTalu Bdaoewyv yia va dIaTTIoTwOEl av o1 BEoeIg Twv PACEWVY Eival
TETOIEG WOTE va oxnuaTtiCouv TN dopr Tou WeudokouBou TutTou K. Ta TTapatmavw
uAoTTolouvTal oToV akOAouBo KWAIKA:

for (inti=0;i<n_stems; i++) {
cs_position = all_stems +1i;
for (intj=i+1;j<n_stems; j++) {
cs_position2 = all_stems + j;
for (int k =j + 1; k < n_stems; k++) {

cs_position3 = all_stems + k;
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if ((cs_position->left < cs_position2->left) &&
(cs_position2->left < cs_position->right) &&
(cs_position3->left < cs_position2->right) &&
(cs_position->right < cs_position3->left &&
(cs_position2->right < cs_position3->right)) {
ccs_position->cstem[0].left = cs_position->left;
ccs_position->cstem[0].right = cs_position->right;
ccs_position->cstem|[1].left = cs_position2->left;
ccs_position->cstem[1].right = cs_position2->right;
ccs_position->cstem[2].left = cs_position3->left;
ccs_position->cstem[2].right = cs_position3->right;
CCS_position++;

n_cstems++;

O1 petaBAnTéC cs_position, cs_position1 kal ¢s_position2 xpnoipgoTToloUvTal
yla va emrpégouv tnv Tpdoacn otn doun étrou eival amobnkeupéva Ta euydpia
amdé TNV TIponyoupevn @don. [ivetar TPITTAR TTpOCROcn MPECW MIAG TPITTANG
eTavaAnwng for’. Metd, xpnoigoTrolwvTag TV evioAn 'if’, eAEyxeTal av o1 B€0EIg TWV
Baoewv oTa Tpia Ceuydpla cival TETOIEG WOTE va oxnuatifetal €vag WeudoKOUBOg
TUTTOU K. O éAgyx0G TTOU a®opd Tnv if €&l T EENG KPITAHPIA:

e H 6¢éon Tng TPWTNG BACNG Tou TTPWTOU feuyapiou gival HIKPOTEPN OTTO
TNV QVTiIOTOIXN TNG TTPWTNG PAong Tou deuTepou Ceuyaplou.

e H B¢on Tng TpwTNG BACNG TOU dEUTEPOU CEUYAPIOU Eival PIKPOTEPN ATTO
TNV avTtioTolxn TnG OeUTEPNS BACNG TOU TTPWTOU (euyaplou.
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e H B6éon Tng TpWTNG PACNG TOu TpiTOUu (euyaploU gival PIKPOTEPN OTTO
TNV avTioToixn TnG deuTepnS Bdong Tou deuTePOU CeuyaploU.

e H B¢éon Tng deuTtepng Bdong Tou TTpwToUu {euyapiou gival WIKPOTEPN ATTO
TNV AVTIOTOIXN TNG TTPWTNG BACNG TOU TPiTOU {euyapiou.

e H Béon Tng deuTePng PAong Tou deuTépPou Ceuyapiou gival PIKPOTEPN
atro TNV avTioToIXn TNG dsUTePNG BAoNG Tou TpiTou {euyapiou.

Eav n if IkavoTtroigital atrd OAeg TIG TTAPATTAVW CUVOAKEG TOTE KATAXWPEITAI N TPIAdA
Twv Ceuyaplwy oTtn doun TUTTOU core_stem, oTnv otToia Ba kataxwpnBouv Kal OAES ol
TPIAdEC WeudokOuPwyv TUTTOU K. ‘ETTEITa TTpOXWPEANE OTNV €TTOUEVN B€0N TOU TTiVOKO
yla va ammofnkeutei n emouevn Tp1dda. Otav evioTOTOUV OAEG OI TTIBAVES TPIADES
Bdaoewv, uttoAoyileTal Ta XapaKTNPIOTIKG Tou KABE WeudoKOUPBOU WS ouvdapTNON TWV
Béoewv Twv TTapaATTAVW Bacewv. MNivovtal TTEpaITEPW EAEYXOI YIO Ta PEYEDN aAuTA Kal
Qv IKAVOTTOIoUVTal OI €TMOUPNTEG OUVONKEG O WEUDOKOUPBOG ETTIOTPEPETAI OTNV
python. O KwdIKAG TTOU UAOTTOIEI TA TTAPATTAVW Eival 0 €EAG:

for (inti =0;i<n_cstems; i++) {
int left = (ccs_position->cstem[0]).left;
int size = (ccs_position->cstem([2]).right - ccs_position->cstem|[0].left + 1;
int left_left_loop_size =
ccs_position->cstem([1].left - ccs_position->cstem[0].left - 1;
int left_right_loop_size =
ccs_position->cstem[0].right - ccs_position->cstem[1].left - 1;
int right_left_loop_size =
ccs_position->cstem[1].right - ccs_position->cstem[2].left - 1;
int dd_size =
ccs_position->cstem|[2].left - ccs_position->cstem[0].right - 1;
if (size <min_window_size || size > max_window_size ||
dd_size <s_min_dd_size || dd_size >s_max_dd_size ||
left_left_loop_size == 0 || left_right_loop_size ==0 ||
right_left_loop_size ==0 ||

(ccs_position->cstem[1].right == ccs_position->cstem[2].right - 1)) {
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CCS_position++;

continue;

ch(left, size, left_left loop_size, left_right_loop_size,
right_left_loop_size, dd_size);

CCS_position++;

21OV Trapatdvw KwoIlka n ueTapAnt left ekppdlelr Tn BEon TNG apxng Tou
WeudokOuBou Kai Aaupavel wg TR TN B€on TNG apIoTEPRS PACNG TOU TTPWTOU
Ceuyapiou. H petaBAnt size dcixvel TO OUVOAIKO HEYEBOG TOU WEUDBOKOUBOU Kal
AauBavel wg Ty TN dla@opd Twv duo akplavwyv Bdoeswv. H left_left loop size
opi¢eTal wg n dlapopd Twv BEcEWV TNG apIoTEPAS BAoNG Tou deuTEPOU Ceuyapiou Kal
TNG apIOTEPAG PAoONG Tou TTPWTOU (euyaplou, pelwpévn Katd 1. H petaBAnTh
left_right_loop_size opiletal wg n dlagopd Twv Béoewv TnG 0e€Idg Bdaong Tou
TTPWTOU euyapiou Kal TNG apioTePns Bdong Tou deutépou (euyaplou, PEIWPEVN KATA
1. H petaBAnT right_left_loop_size utroAoyiletal wg n diagopd Twv BEcEWV PETALU
NG 0£€Idg Baong Tou deuTepou CeuyapioU Kal TNG ApIOTEPNS PAONG Tou TPiTOU
Ceuyapiou, peiwpévn etriong Katd 1. TEAog n petapAnTr) dd_size AapBdvel wg TiuA
dlagpopd Twv BEoewv TNG TTPWTNG BAong Tou TpiTou Ceuyapiou Kal TNG OeEIAG BAong
TOU TTPWTOU CeuyapIoU PEIWPEVN Kal auTh KaTd 1. ZTnv TeAeuTaia if yivetal o éAeyxog
ylO KATTOIEG AVAYKAIEG OUVOAKES TTOU TTPETTEI VA IKAVOTTOIEI O WEUDOKOUPBOG OTTWG
OAeg o1 PETABANTEG va €xouv TIUA Avw Tou UnNdevdg, oI dUOo TeAeuTaieg PAOEIS va
£€xouv diagopd B€ong YeyaAuTepn atrd £va WOTE va PNV CUPTTITITOUV, n dd_size va
gival YeTagu Twv opiwv min_dd_size kal max_dd_size 1Tou €xel TEBEI Kal avTioToIXa n
METABANTA size YeTall Twv opiwv min_window_size kai max_window_size.

4.4 Eupeon {euyapiwv PETASU TWV BAcewv yupw atmrd T Sopn Tou
WpeudokouBou TutTou K

AkoAouBgi n ocuvdptnon péow TNG oTroiag evrotrioTnkav OAa Ta {euydpla
Baoewv yupw atrd Tn dour Tou weudokouBou TuTTou K:

void pairalign(char *sequence, int i, int j, int left_left loop_size, int
left_right_loop_size, int right_left_loop_size,int dd_size,
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void (*cb)(char *, int, int, int)) {

intL=1;
int M =i+ left_left_loop_size + 1;
int R =i +left_left loop_size +left_right_loop_size + dd_size +3;

intl =i+ left_left loop_size + left_right_loop_size + 2;
int m=1 +right_left_loop_size +dd_size +2;
intr=i+j-1,

char *dot_bracket = strdup(sequence);
int left_loop_stems =0, middle_loop_stems=0,right_loop_stems = 0;

/l initialize dot bracket

int len = strlen(sequence);
memset(dot_bracket, "', len);
dot_bracket[L] ="(’;
dot_bracket[l] =")";
dot_bracket[M] ="'[";
dot_bracket[m] ="]";
dot_bracket[R] ="'{;
dot_bracket[r] ="};

Il'left loop stems
left_ loop_stems = 0;
for(inta=L-1,b=1+1;a>0&&b<=R-1;a-, b++){

if ('IS_PAIR(sequencel[a], sequence[b])) {

break;

}

dot_bracket[a] ="'(’;

dot_bracket[b] =")’;

left loop_stems++;

}

middle_loop_stems=0;
for(inta=M-1,b=m+1;a>=L+1&8&b<=r-1;a- b++){

if ("IS_PAIR(sequence[a], sequence[b])) {

break;

}

dot_bracket[a] ="[";

dot_bracket[b] ='T";

middle_loop_stems++;
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/I right loop stems
right_loop_stems =0;
for(inta=R-1,b=r+1;,a>=1+1&&b<=len-1;a- bt++){

if ("IS_PAIR(sequencel[a], sequence[b])) {

break;

}

dot_bracket[a] ='{’;

dot_bracket[b] =}

right_loop_stems++;

}

cb(dot_bracket, left_loop_stems, middle_loop_stems, right_loop_stems);

free(dot_bracket);
}

2€ autd TO onueio Ba Trepiypagei n diadikacia TV OTToid UAOTTOIEI O
TTapaTTavw KWwoIKAG. ApXIKA, ava@EépeTal 0TI TO OpioPaTa TNG ouvapTNOoNg €ival ol
TIUEG TTOU UTTOAoyioTnKaAv OTO Trponyoupevo PBAuWa. Eviog TnG ouvaptnong ol
MeTaBAnTéG L, M, R avartrapioTouv TIG BECEIS TNG TTPWTNG, TNG OeUTEPNG KAl TNG TPITNG
KUplag Bdong evw ol |, m, r TNG TETAPTNG, TNG TTEUTTTNG KAl TNG €KTNG. H OuvoAIKn
akoAouBia Ba aTTEIKOVIOTEN PE TEAITOEC KAl OTn OUVEXEIA TOTTOBETOUVTAI QAYKUAEG,
TTaPeVOEDEIC Kal AYKIOTPA OTIG BECEIC TwV KUPIwV BAoewv Tou WeudokOuPBou, woTe
va @TAcoUPE oTnV €mMOuUPNTA avatmmapdaoTacn pe Tnv popen dot-bracket. O1 Baoeig
TOU TTPWTOU Ceuyaplou AvaTTOPIoTWVTAlI PE Ta oUMPBoAa “(“ kar “)”, ol BAceig Tou
deuTépou pe Ta ouuBoAa “I“ kar “]” kal TEAOG o1 BAoelg Tou TpiTou Ceuyapiou pe Ta “{*
kal “Y’. Autd yivetal 8161 KaBW¢ auTd Ta cUUPBOAa gival CUPUETPIKA avTiBeTa PETAEU
TOoug oav {euyn 0 XPAOTNG va UTTOPEI OTTTIKA va Katavoroel TTou BpiokovTal ol BACEIg
TOoUu WeudokOuBou oTnv £€€060 TOU TTPOYPAUMATOG.

21N ouvéxela, BAEToupue TTwg uttoAoyifovtal Ta (euydplia hETagu Twv Bdoewv
Kal xeipiCovral atrd TG YETABANTEG: left_loop _stems, yia Ta leuydpia yUpw atrd 1O
KUplo Ceuydpi, middle_loop_stems, yia Ta {euydpia yUpw atro T0 deUTEPO CeuydApl Kal
right_loop_stemas yia 1a {euydpia yupw atmd 10 TpiTo. H yevikn TTEpIypa®rn Tng
dladikaoiag gival 0TI oTnV TTPWTN £TTAVAANWN TG for yivetal o €AeyXog yia To €AV N
TeAeuTaia Baon TNG TTPWTNG TTEPIOXNS KAl N TTPWTN TNG BEUTEPNG €XOUV T duvaToTnTa
va oxnuaTtioouv Ceuydpl. Edv 1o Ceuydpl oxnuaTideTal, TTPOXWPAUE OTNV ETTOUEVN
Béon kal OTIC U0 TIEPIOXEC yia Tov €Aeyxo Tou eTropevou Ceuyaplol €10AAAWG
OI0KOTITETAI N dladikacia péow Tou break. MNa Tov eviotoud euyapiwy yupw atrd 10
OeUTEPO KUPIO Ceuydpl epapudletal n idia diadikaoia OTTwS TTPIV aAAG PE TTEPIOXN
avalnTnong ekeivn avaueoca oTnv TTPWTN Kal Tnv deUTEPN KUpIa BACN Kal €KEivn
QvAUECQ OTNV TTEPTITN KAl TNV €KTN. TEAOG N TTEPIOXA avalATNoNG YIa TO TPITO OUVOAO
Ceuyaplwyv gival n TTePIOXA avaueoa oTnv TpITN Kal oTnv TETAPTN KUpIa BAon Kai n
TTepIoXN OeCIA atrd TNV TTEUTTITN. EVv TéAEI OO0V €€l OAOKANPWOEI N avatrapdoTaon
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dot-bracket emoTpépeTal otnv apxikr} cuvaptnon python padi pe Ti¢ HETABANTEG TTOU
UTTOOEIKVUOUV TOV apIBud Twv Ceuyapiwy TTou dNPIOUPYOUVTal OTIC TTPOAVAPEPOEITES
TTEPIOXEG.

4.5 Atraloi@n {euyapiwyv adevivng oupakiAng

2.€ QUTO TO KEPAAQIO ava@EPETAI TO TEAEUTAIO OTADIO TG AVATIAPACTACNG TTOU
uAoTroinBnke Kal agopd TNV agaipeon Twv CEuyapiwy adevivng-oupakiAng ota akpa
TNG akoAouBiag, av 1o €TMAEyel 0 xprRoTng. H petaBAnT péow TnG otroiag opilel o
XPNoTng €av emOupei Tnv atmmaloipr, €ival pia duadikr PETABANTA KAl TTAPAKATW
TTapatifeTal N UAOTTOINON TNG CUVAPTNONG APAiIPECNG TWV (EUYAPIWV:

void skip_final_au(char *sequence, char *dot_bracket, int left_loop_stems,
int right_loop_stems, void (*cb)(char *, int, int)) {
intL=-1,1=-1,R=-1,r=-1;

char *bracket = strdup(dot_bracket);

/[ find indices of last loop stems
for (inti=0; i <strlen(sequence); i++) {
if (bracket[i] =="(' && L ==-1){
L =i
} else if (bracket[i] =='{' && R ==-1) {
R=i;
} else if (bracket[i] ==")") {
| =1i;
} else if (bracket[i] =="}) {
r=i,
}
}

/I left loop stem ends with an AU pair
int left_is_au = left_loop_stems >0 && IS_AU(sequencel[L], sequencell]);
int right_is_au =right_loop_stems >0 && IS_AU(sequence[R], sequence[r]);

if (left_is_au) {
bracket[L] = bracket[l] =".";
cb(bracket, left_loop_stems - 1, right_loop_stems);
bracket[L] ="(’;
bracket[l] =")";
}
if (right_is_au) {
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bracket[R] = bracket[r] =".";
cb(bracket, left_loop_stems, right_loop_stems - 1);
bracket[R] ="'{;
bracket[r] ='}";

}

if (left_is_au && right_is_au) {
bracket[L] = bracket[l] = bracket[R] = bracket[r] =".";
cb(bracket, left_loop_stems - 1, right_loop_stems - 1);

}

free(bracket);

}

Apxik& n ouvdpTtnon evrotilel TIG BEoEIC TwV PBACEwV TTOU BpioKovTal OTIG
AKPEG TNG BOUNAG Kal TIG BACEIG PE TIG OTTOIEG AUTEG KAVOUV Ceuydpia. ATToBnkeueTal
otnv JeTaBANTA L n B€on Tng 1m0 apioTepig BAong kai otnv YETABANTH | EKEivn PE TV
oTroia Kavel (euydapl. AvtioTolxa atroOnkeUeTal N Mo OeCIG 0TV PMETABANTA r Kal oTNV
R 10 Ceuydpl TNG. H ouvdpTnon left_is_au agou gAéyEel av T0 aUvoAo Twv Ceuyapiwv
OTO OTIOI0 EVTOTTIOTNKE TO apPIoTEPO Ceuydpl gival dvw Tou pNdevog (dnAadn edv
uttdpxouv) Kkai éva, armoTeAei Ceuydpl peTalu adevivng Kal oupakiAng. Me tnv
MeTaBANTA right_is_au eAéyxetal avrioToixa 10 (euydpl TTOU TTEPIEXEI TNV TTIO OECIA
Baon. Eav kdamoia amd 1ig¢ duo Trpoavapepbeioeg YETABANTEG €ival true, O AyKUAEG
TWV OUYKEKPIMEVWY Béoewv oTnv avatrapdotacn dot-bracket avrikaBioTtavral ue
TeNiToeg. Emriong peiwvetal n getaBANTA TTou UTTOdEIKVUEI TO TTARBOG Twv (euyapiwv
Kal emoTpépetal n véa dot-bracket avamapdotaon padi TI¢ PETARANTES yia Ta dUO
ouvoAa Ceuyapiwv. Av kai ol duo eival true TOTE avTtikaBiotavtal Kal Ta 4 €10IK&
OUPBOAQ e TEANITOEG, pEIWvVOVTal KaTd 1 oI JETABANTEC TTOU WETPAEI TO TTARBOC TwV
CeuyapIwy Kal ETTIOTPEPOVTAI OTO APXIKO TTPOYPAUMA.

OAoi o1 peudokduPol kal o1 avattapacTdoelg Toug o€ dot-bracket TTpooTiBevTal
otnv AioTa pe OAeg TIC TBAVEG TTEPITTTWOEIS dOUAS WeudokduBou TUTIOU K OTnv
eloayouevn akoAhouBia. Edv dev €xel eviomoTel WeUBOKOPBOG auTOU TOU TUTTOU ATTO
TNV OAn diadikacia n TeAIK £E000C TOu TIpoypdupaTog eival pia dot bracket
avaTTapAcTaAcH TTOU ATTOTEAEITAI HOVO OTTO TEAITOEG.

4.6 EmiAoyR TnG BEATIOTNG OOUNAG

To kpITApIo TNG €mMAOYAG Tou BEATIOTOU WeUdOKOUBOU atmd To GUVOAO TngG
ANioTag TTou €XEl EMOTPAPEI ATTO TOV KWAIKA TWV TTPONYOUNEVWY Bnudtwy gival 10
MIKPOTEPO TTOOO €AeUBePNG evépyelag avadiTTAwoNG Kal O HPEYOAUTEPOG aAPIOPOG
Ceuyapiwyv yupw atmd Ta Kupia {euydpia Tou WeudokouBou. Apxikd, aBpoifovtal yia
KGBe weudokouBo TG AioTtag Ta {euydpia Bdoswv yupw atrd Ta KUpla {euydpia Kal
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KPaTAPE PMOVO €KEIVOUG TwV OTToiWV TO TTapatrdvw dBpolicua gival TTavw atmo €va
op10. To 6plo autd opileTal wg N dla@opd TNG PEYIOTNG TIWAG Tou “left_loop  stems +
middle_loop_stems + right_loop_stems” pe Tnv pyetaBAnti max_stem_allow_smaller,
n oTroia opiceTal aTrd Tov XPRoTN.

Epbooov €xel ekteAeoTel TO TTOpaATTAVW BAPA Kal €xouv ueivel Aiydtepol
WeudoKOUPBol OTn  AioTa  TTPOXWPAUE OTO KPITAPIO TNG €AEUBEPNG  evEpyeElag
avaditTrAwong. Auti n evépyela uttoAoyileTal €iTe JE TO TTAKETO pkenergy €iTe PE TO
makéTo Vienna RNA, Ta otroia €ival kalr Ta dU00 uAotroinuéva oe C++. TNV TpwTn
TTEPITITWON N evépyela uttoAoyieTal atrd Tov apiBud Twv Ceuyapiwyv TwV KUPIWV
Bdaoewv Kal Tov apiBud Twv aleuydpwTwy BAcewv evw oTnv deUTEPN UTTOAOYICETAI
atmd Tnv akoAoubBia Tou RNA kai Tnv TeAikA dot bracket avamapdotaor tng. Agou
UTTOAOYIOTEI N evépyela yia KABe pia atrd TIg douEG, AQUTEG TagIvououvTal o€ auéouoa
ocipd he Bdon Tnv evépyela, oe @Bivouoa oelpd pe PACn Tov OUVOAIKO apiOuod
deopwyv Kal TEAOG o€ augouoa oeipd Pe BACN TNV TIUA TOU PAKOUG PETAEU Twv dUO
eVOIGUECWY KUPIWV PBdacewv. H TpwTtn Odoun Tng Tagivounong ETTAEyETal Kal
ep@avifeTal atnv ££000 TOU TTPOYPAPMATOG. 2TNV £€£000 TNG EKTEAEONG eUPaviCeTal N
oupBoAooelpd TTou atroteAei TNV akoAouBia RNA Ttrou éxel dwbei oav input padi pe
TNV dot bracket avatmrapdoTaon, Tnv eAeUBepn evépyela avadiTTAwong Kal Tov Xpovo
ekTéAeong. AkoAouBei o kwdikag TTou uAoTtrolei Tnv dladikacia Tagivounong Twv
WEeUOOKOUBwWY pe BAon OAa Ta TTAPATTAVW:

def apply_free_energy_and_stems_criterion(
data: pd.DataFrame,
sequence: str,
max_stem_allow_smaller: int,
energy: BaseEnergy,

):

data["stems"] = data["left loop_stems"”] + data["right_loop_stems"] +
data["middle_loop_stems"]

data = data[

data["stems"] >= data["stems"].max() - max_stem_allow_smaller
].reset_index()

data["energy"] = data["dot_bracket"].apply(lambda r: energy.eval(sequence,
r)
data.sort_values(
["energy"”, "stems", "dd"],
ascending=(True, False, True),
inplace=True,

)

return data
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5. Emideign Asitoupyiag

5.1 EmiAoyn aAyopiOuou

O1rwg avagépeTal o TTPONYOUUEVO KEQPAAQIO O XPNOTNG £xEl TNV duvaTtoTnTa
vVa EKTEAECEI TO TTPOYPAUMA PE XPAON TOU OAYOPIBUOU CUVTOKTIKAG avayvwpeiong Kal
ME XpAon Tou AmAnoTou aAyopiBuou SuvauikoU TTPOYPOUMOTIONOU. [MapakdTw
TTapaTifevtal IKOVEG TTOU BEiXVOUV Kal TIG U0 EKTEAETEIG:

ence CLIAGUCLLGCAC LILEALILACUALIALILE

2xnua 5.1: EKtéAeon ue xpnon tou aAyopiBuou CUVTAKTIKHS avayvwpions
TPOTUTTWV

georgehanlsd

Sequence:

Structure
Energy: 6.26
Duration: 1

2xnua 5.2: EktéAeon ue xprion rou ammAnoTou aAyopibuou duvauikou
TPOYPAUUATIOLOU

BAétToupe 611 n €€000¢ TOU TTPOYPAUUATOG €ival N idla EKTOG aTTd TOV XPOVO
EKTEAEONG OTOV OTTOI0 O ATTANCTOG AAYOPIOUOG UTTEPTEPEI.

5.2 'EAgyxog yia deopd youavivng-oupakiAng

MapakdTw QAiveTal N EKTEAECH TOU TTPOYPAMMATOG Yia pia akoAouBia RNA, pe
Kal Xwpig To 6piopa allow-ug, TO OTTOI0 ETTITPETTEI TOV EVTOTTIONO WEUOOKOUPBWY TTOU
TTEPIEXOUV CeUYN youavivngG-oupakiAng. To TTpOypaupa eKTEAEITAl PE TOV aAyOpIBuo
OUVTAKTIKAG avayvwpiong TTPOTUTTWV.

yaep --sequence UUGGUCULGCACACARCGELAAGCCLIGLAALIAALIGA FEULALILALLALIAILG

2xnua 5.3: EKtéAeon ue xpnon tou aAyopiBuou CUVTAKTIKHS avayvwpions
TPOTUTTWV
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alysis rser yaep --allow-ug --sequence UUGELCULGCACACAACGELAAGC CUGLAALAALIGACARUGCAAGCAGCLLALUALUALALUGE

Structur
Energy
Duration: 21.4

Zxnua 5.4: EKtéAson ue xpnon tou aAyopiBuou CUVTAKTIKHS avayvwpions
TTPOTUTTWV LIE XPNON Tou opiouarog allow-ug

5.3 EKTéAEON TOU TTPOYPAMMATOS HE AVW KAl KATW OPIO OTO HAKOG
avAapeoca oTIG duo evdidpeoeg Baoelg

MapakdTw TTOPATIOEVTAI EIKOVEG €EKTEAEONG TOU TIPOYPAMMATOG HE TOV
OAYOPIBUO CUVTOKTIKAG AVayvVWPIONS TTPOTUTTWY, £XOVTAG OpPICEl TIG JETABANTEG TWV
OpiwV yia TO PAKOG TNG akoAouBiag avaueoa oTig dUO evOIdueoes Baoelg. BAETToupe
TNV €KTEAEON APOU OPIOTNKE BIAPOPETIKO Mmax_dd_size kal £TTEITA A@oU OPIOTNKE N
METABANTA min_dd_size. ZTnv TTPpWTN €IKOVA QAiVETAl N EKTEAEON XWPIC va €xel TEOEI
Oplo TNV TIUA.

2xnua 5.5: EKtéAson ue xpnon tou aAyopiBuou CUVTAKTIKHS avayvwpions
TPOTUTTWV

26 5 --sequence CUACUCULALICAGA CGLIALIALAAGCLAGLIALAAGLIAGAGLIULALIALIALALLIG

Duration

Zxnua 5.6: EKtéAsan ue xpnon tou aAyopiBuou CUVTAKTIKAS avayvwpions
TTPOTUTTWV [IE OPICUO AVW OpPIoU OTO UHRKOC TNS akoAoubiac ueraéu Twv OUo
evolqueowy Baoswv

-size 5 --sequence CUACUCULALACAGA CGLIALIALIAAGCUAGLALIAAGLAGAGUULALLALAULG

Zxnua 5.7: EKtéAsan ue xpnon tou aAyopiBuou CUVTAKTIKHS avayvwpions
TTPOTUTTWYV LIE OPICLIO KATW Opiou OTO UNKOS TNS akoAouBiac uetaél Twv dUo
evoiqueowy Baoswv
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5.4 EKTéAgon TOU TTPOYPAUHATOS ME GAVW KOl KATW OpIO Yid TO
OUVOAIKO NAKOG TOU YeUudOoKOUBou

MapakdTw TTOPATIOEVTAI EIKOVEG €EKTEAEONG TOU TIPOYPAPUATOG ME TOV
aAyOpPIBUO CUVTAKTIKAG avayvwpiong TTPOTUTTWY, £XOVTAG Opioel Opia yia TO PAKOG
Tou WeudokOuPBou. BAétoupe Tnv  ekTéAeon a@oU  opioTnNKE  OIOPOPETIKO
max_window_size Kail £TTEITA a@oU opioTnKe TN METARANTA min_window_size. ZTnv
TTPWTN €IKOVA QAIVETAI N EKTEAEON XWPIG va €xEl TEOET OpIO OTNV TIUA.

--sequence CCACUCULGCACARAALIGEAALICALIGULGLAALILACAGLIGCAALIAAGLINALILIALIAACCCA

2xnua 5.8: EKTéAeon ue xpnon tou aAyopiBuou CUVTAKTIKHS avayvwpions
TPOTUTTIWV

size 28 --sequence CCACUCULGCACARARLIGEAALICALGLUGUAALLACAGLIGCAALIMAGCLIAALILALRACCCA

Duration: 8

2xnua 5.9: EKtéAeon ue xpnon tou aAyopiBuou CUVTAKTIKHS avayvwpions
TTPOTUTTWV LIE OPICLIO AVW OPIOU OTO OUVOAIKO URKOS TOU WeUdOKOULBoU

--sequence CCACUCULG

Zxnua 5.10: EktéAsan ue xprion Tou aAyopiBuou ouvTakTIKRS avayvwpIions
TTPOTUTTWV [IE OPICUO KATW 0PIOU OTO GUVOAIKO UNKOS TOU WEUOOKOUBOU
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5.5 TpoTroTroinon Tou TTaKETOU HECW TOU OTToiou Ba UTToAoyIOoTEI N
evépyela Tng Soung

2TIG €TTOMEVEG OUO €IKOVEG TTAPOUCIAZETAI N EKTEAECN TOU TIPOYPAUMATOG
XPNOIMOTTOIWVTAG TOV AAYOPIOUO CUVTAKTIKAG avayvwpiong TTPOTUTTWY, 0pifovTag wg
TPOTTO UTTOAOYIOPOU TNnG evépyelag To TTakETO Vienna RNA oTnv TTpwTn EKTEAECN KOl
TO TTAKETO pkenergy oTnv OeUTEPN AVTIOTOIXA.

energy vienna --sequence CCACUCUUGCACAGAALGGAALICALGLLGLAALILACAGLUGCAALIAAGGLIAALILIALIAACCCA

Zxnua 5.11: EktéAeon ue xpron Tou aAyopiBuou ouvTakTIKRS avayvwpIions
TTPOTUTTWYV UE XPNon Tou makérou ViennaRNA

ucture

2xnua 5.12: EktéAeon e xprion Tou aAyopiBuou ouvrakTIKRG avayvwpIions
ITPOTUTTWYV LIE XPNON TOU TTakéToU pkenergy
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6. AgloAdynon T1NnG gmidoong TOU
OUOCTAMOTOG

6.1 2Z0ykpion €§O0WV  dlaPOPWV CUCTNUATWY  YIia  MIA
OUYKEKPIHNEVN aKOAoulBia

MNa TNV agloAdynon Tng amodoong Tou CUCTAMATOS Hag, €10ax0Onke o€ auTd
Mia akoAouBia RNA T1Tou avtioToixei o€ évav yvwoTd weudokoupo Tutrou K [32]. ZTnv
€IKOVA TTOU OKOAOUBEI, TTapOUCIAZETal N TTPAYMOTIKA avaTrapdoTaon TnG akoAouBiog
RNA o¢ popery dot bracket, kaBwg kai o1 avarrapacTtdoels dot bracket TTOU
Tpoékuyav TOCO atmd TO OIKO POg ouoTnua 0o Kal atrd duo GAAa yvwoTd
ouoTiuara, Ta IPknot kal Knotty.

Platform RNA/DotBracket

AAGGGCGUCGUCGCCCCGAGUCGUAGCAGUUGACUACUGUUAUGU

Ground | ..((((---LLD)))- ... {LLLLL-10- -
truth

Knotify I (OO CCOCCCL.... ).

IPknot | .(((((-e))))eeee e ((CCCAAC-- D))

Knotty - (CCCC-)D). - ((CCCCCEEEEL- )11

Zxnua 6.1: MpoBAswn dot-bracket avamrapdoraonc yia tnv doouévn akoAouBia

Mapatnpoulue 0TI TO OIKO POG oUCTNUA TTPOERAEWE ETITUXNMEVA KATTOIOUG
Baoikoug deopdug yia Tov WeudokouBo Tutou K, evw Ta GAAa SUO CucoTrhuaTa
TTPoéBAewav WeudokOuPoug TUTTOU H oTnv KOAUTEPN TTEPITITWOTN, i Kal KaBOAou
WeUOOKOUPBOUG.

EkT6¢ ammd tnv €¢odo dot bracket Twv cuoTnudtwy xpnoiPoTToIRenkav Kai
GANEC PETPIKEG YIa va yivel N OUYKPION TOU CUCTAUATOG Pag ME Ta GAAa duo. Ol
METABANTEG TTOU XpnOPoTTOIRONKav ival o1 €EAG:

1) True positives (TP): Ta Ceuydpia Bacewv TTou TTPORAEPONKE OTI UTTAPXAV

oT1n dopur Tou RNA Kkai TTpayparti utripxav

2) False positives (FP): Ta Ceuydpia Bdoewv Tou TTPORAEQONKe OTI UTTHPXAV

oTn OOUA EVW OTNV TTPAYHATIKOTNTA dEV UTTAPXAV

3) True negatives (TN): Ta Ceuydpia Ba’cewv TTou TTPORAEQPONKE OTI Oev

utthpxav otn doun Tou RNA Kai dev UTIipxav oTnV TTPAYUOTIKOTNTA

4) False negatives (FN): Ta Ceupdpia PBaccwv TTou TTPORAEQONKE OTI dev

utthpxav otn doun Tou RNA evw oTnV TTPAYUATIKOTNTA UTTHPXAV.
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O1 4 petpikég AoITOv pe BAon TIG OTToiEG £€yIveE N OUYKPION TWV CUCTANATWY
ival o1 ENG:

1) Positive Predictive Value (PPV): icouTal pe 1O TTNAIKO
(TP+FP)

2) Recall: icoUTal ye 10 TrAIKO (TP+FN)

(2xPPV+Recall)
(PPV+Recall)
4) Mathews Correlation Coefficient (MCC): icoUTaI JE TO KAAOUQ TTOU €XEI WG
apIBuntn TN diagopd Tou yivopévou TP pe To TN e 1O yivouevo Tou FP ue
10 FN KaI w¢ TTapavoudoTni Tnv 1oooTnTaA:
X= /(TP + FP)(TP 4+ FN)(TN + FP)(TN + FN)

3) Fl-score: icouTal he (appovikdg p€oog Twv PPV kail Recall)

Platform | TP TN FP FN Precision Recall F1-score MCC
knotify 17 11 3 14 0.85 0.5484 0.667 0.31
IPKnot 24 12 1 6 0.96 0.8 0.875 0.674
Knotty 28 7 5 3 0.8485 0.9032 0.875 0.515

2xnua 6.2: O1 emdooeIS o€ BeueAIBEIS LUETPIKES ava TTAQTQOpUA

MapakdTw TTapoucidlovtal aTTOTEAECHOTA YIa TECOEPIG ETTITTAEOV aKOAOUBiEg
woTe va Byouve euputepa cupttepdopaTta. Maparnpeital 611 10 Knotify éxel otaBepd
uwnAn Tnv TiPA Precision.

GCACCGGCUAACUCCGUGCCAGCAGCCGCGGUAAUACGGAGGGUGC

Ground | (((((((C:=:CCCCCCE:z:z2)))z:z2::00000D)))-

truth
Knotify | ..... (O [ 11119)) ] (PP onmevoon 1mn..}..
I T ) 11IDN))-

aSalelis N ((( (e ((((((((&(¥9)))) 599)))))))))) B

2xnua 6.3: MpoLAswn dot-bracket avamrapdoraonc yia tnv doouévn akoAouBia

Platform | TP TN FP FN | Precision Recall F1- MCC
score
knotify 14 14 3 14 0.8235 0.5 0.622 0.3234
IPKnot 25 15 3 4 0.8929 0.8621 0.877 0.689
Knotty 23 8 10 7 0.6969 0.7667 0.7304 0.2205

2xnua 6.4: O1 emdo0eIC O OUeAIWBEIS LUETPIKES ava TTAQTQOpUA
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GCCGGGCGCGGUGGCGCGUGCCUGUAGUCCCAGCUACUCGGGAGGCU
Ground | (((:(CCCCCCECO)M)=z22x(((CIM=)):

truth

Knotify | (((LCCCEC..INLD0000)- e eeeeeeeennnnnn. }...

IPknot | ((CCOCCOCCeee e DIMIMICCLCCCC-02- 00 0)).

Knotty | (((CCCCCCL..)))-1303010. ... CCCCEELL. ...)))1]

2xnua 6.5: MpoBAswn dot-bracket avamrapdoraonc yia tnv doouévn akoAouBia

Platform | TP TN FP FN | Precision Recall F1- MCC
score

knotify 14 10 6 16 0.7 0.4667 0.56 0.1728

IPKnot 28 6 7 5 0.8 0.8485 0.8235 0.6024

Knotty 25 9 9 2 0.7353 0.9259 0.8182 0.6628

Zxnua 6.6: O1 emdO0eIC O BeueAIWBEIS LUETPIKES ava TTAATQOpuA

ACCCUACUGUGCUAACCGAACCAGAUAACGGUACAGUAGGGGUAAAUUCU
CCGCAUUCGGUGCGGAAAAAAAA
dGEOUt?\ H(((({{(((HL11 9] BRE(H(((H1111)))) D) B
ru
Knotify | ..(CCCCCCLLL.... ) ... ...... 1111011 ) )3 S
IPKNOt | ((((((Corerroreererens I ceeeee e (- )))))) - enees
Knotty | .(((CCCCCCCCC.LOLLL......... IMIMM))........ (ccammmM).-......

Zxnua 6.7: T[lpdBAswn dot-bracket avamapdoraon¢ yia 1nv doouévn

akoAouBia
Platform | TP TN FP FN | Precision Recall F1- MCC
score
knotify 23 23 1 26 0.9583 0.4694 0.6296 0.5317
IPKnot 36 22 2 13 0.9474 0.7347 0.8276 0.7481
Knotty 45 22 1 5 0.9783 0.9 0.9375 0.8996
Zxnua 6.8: O1 emdo0eIC ae BsueAIIOEIS LUETPIKES ava TTAATQOpua
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UUUAAACGAGUCCGGGGCUCUAGUGCCGCUCGACUAGAGCCCUGUAACA

GUUAUGGACCACGAGCAGUCCAUGUA

tGr?#nd R (((((((((SH DN BEEH((((((H 1B
ru

Knotify | ....... (O ) ) N NN 1) 1) s }.....

IPknot | ..... (e CCCCCCCCCee e ))))))))))) 998 ) N (({((Cpeeeees M)))--.

Knotty | ....(((eee. (CCCCCCCCCCCC - LECLEDIMMMD) - .. M (- TITTTIND)). ...

2xnua 6.9: MpooBAswn dot-bracket avarrapdoraonc yia tnv doouévn akoAouBia

Platform | TP TN FP FN Precision Recall F1-score MCC
knotify 24 24 6 21 0.8 0.5333 0.64 0.4134
IPKnot 36 24 4 11 0.9 0.7659 0.8286 0.7368
Knotty 46 22 6 1 0.8846 0.9787 0.9296 0.8794

Zxnua 6.10: Or1 emd00eIC o€ BeueAIBEIS UETPIKES avd TTAaTQOpua

H mAateodpua Knotify kartaypd@elr afloonueiwtn €midoon otov Touéa TNG
akpiBelag owaoTng TTPORAewns (Precision) pe aBpoioTikn Tipn 0.8288, diatnpwvTag
évav 101aiTepa  IKAvOTTOINTIKG 100JUYI0 CWOTWV TIPORAEWewV oe oxéon MHE TIG
AavBaopéveg (FP). Mapd tTnv eAa@puwg xaunAoTepn £TTidoon otnv avakAnon (Recall)
OUYKPITIKA PE TIG AAANEG TTAATPOPUEG, AUTO PTTOPEI va atrodobei oTNV I00PPOTTIA TTOU
emodiwkel N Knotify. Mapakdtw trapoucidfovial aBpoIoTIKA Ol HETPIKES YIa OAEC TIG
aKOAOUBIEG TTOU eAEyXBNKav OTa TTponyoUuEva TTapadeiyuara:

Platform | TP TN FP FN | Precision Recall F1- MCC
score
knotify 92 82 19 91 0.8288 0.5027 0.6271 0.4655
IPKnot 149 79 17 39 0.8975 0.7927 0.8417 0.7243
Knotty 167 68 31 18 0.8436 0.9028 0.8723 0.7347

2xnua 6.10: O aBpoioTIKES ETTIOO0EIS O€ BeUEAIWOEIC UETPIKES avd TTAaTeOpuUa
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7. ZUNTTEPACHATO Kal MEAAOVTIKEG
ETTEKTACEIG

H peAétn kai avdAuon Tou RNA €ival €EaIpeTIKA  OonNUAVTIKA, OTTWG
atrodeIkvUETal TOOO atmd TNV TTPOoaATn gu@avion tou Covid-19, éco kal atrd Tnv
avaykn Karavonong Ol1a@opwy QUOIKWY QAIVOUEVWY. 2TO TIAQIOIO QUTAG TNG
£PEUVAG, TTAPOUCIACTNKE MIa aKpIBAS Kal atrodoTik pebodoAoyia yia Tnv TTPORAEWn
MIaG oTTaviag PJop®ng WeudokouBou, Tou weudokduPBou Tutrou K. H péBodog autn
Baciotnke oTov aAyopiBuo Tou Earley, tmrapdyovrag OAa Ta MOAVA OUVTOKTIKA
OévTpa, Ta oTroia avTiITpoowTreuav moavég B€ocig TG doung otnv RNA akoAouBia.
EmmAéov, avamrTuxonke évag ATTANCTOG aAyOpIBUOG, O OTT0IOG CUVERAAE CNUAVTIKA
otn BeAtiwon TG amoédoong Tou CcUuoTAPATOS TTPORAEwnS. lMa Tnv €mAoynl NG
BEATIOTNG BOUAG, XPNOIMOTTOINBNKAaV KPITAPIO OTTWG N MEYIOTOTTOINON TWV (EUYapPILV
Bdoewv kal n glaxioTotroinon TnNG €AeUBepng evépyelag avadiTTAwong TnG OOPNG.
Ooov agopd ueANOVTIKEG TTEKTACEIG, N idIa dladikacia TTPORAewns Ba uTTopoloe va
EQPAPMOOTEI Kal yIa GAAEG BOUEG, OTTWG O WeUSOKOUPBOG TUTTOU M.
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