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IIpoAoyog

H mapovoa petarmrtoytakn OtatpiPr) exmovr)fnke ota mAaiowda Tov HPOoPAenoOpevev
eknadevTIKOV vroxpewoewv Tov Ilpoypdpparog Metamrtoxtakeov Znovdwv (IT.M.Z)
Tov Tpnpatog Mnyavikev H/Y, Tnlemxoweoviov kat Awtoev "Emotpn xat
Texvoloyia Ynoloyiotav, TnAemxovoviov kat Atktdoov".

Avtikeipevo g datpifrig eivatl n nmaparAnlomnoinorn), yia eKTEAEON O KATAVERNHEVA
neptBaliovta, too alyopibpoo oo yprnoponotet to TLC( Temporal Logic Checker) yia
v vAomoinon tng Stadwkaotiag Tov liveness model checking, mov oxomo £xet Tov eéAeyxo
Kat v enalnfevorn) plag npodtaypagrg eVog COOTHHATOG.

2KOIIOG TIG IAPOVDOAG HETAIITOXLAKIG OtatpiPrg eivat va oopPArAel OtV €mTAYXLVOT)
TOL XPOVOL ekTéAeong g pedodov tov TLC yia v enalr|fevon cootpatoy.

Ze aoto 1o onpeto OBa nbeha va evyxaproton Oeppda tov k. Iwdavvy Moovtavo,
Avarmnpot) Kabnyntr) too Tprjpatog Mnxavikov H/Y, TnAemxowvoviov kat AiKtoov
ya mv avabeon g ovyKeKppevng petarrtoytaxng dwatpiPrig. H oovelopopd tov otnv
EKIIOVN 01 avTrg ¢ SratpiPrig ftav dittr), apoov ekTOg arod TV IMOoALTIn Kabodnynor),
IIPOOEPePe KAl TNV apeptotn Pordeta tov yua v Dpaypdtoon) g kabe otiypr) oo
XPEWAOTNKAL.

I'ewpyovAn Kavotavtia

dorttrrpra Metamoylake®y Zmovdaov

Tprpatog Mnyavikev H/Y, Tnhemxkowoviev kat Aiktdeov
BoAog, 2011
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Etocaywyn 1

Eloaywyn

IMepiAnyn

I'evika n ovoyypaer) pag TLA+ npodiaypagng propet va Pondroet v oxediaon evog
ovotpatog. Xty mpoondbela va HEPLyPAYOLHE Eva  oLOTNHA  pE  akpiPela
AIIOKAADITTOVTAl OV VA IPOPAfjpata oo eDKOAA propovy va napapirepboovv. Avtd ta
npoPAnpata eivat evkoAotepo va dopbwbovv Otav avaxkalvmroviat otV gaocn tng
oxedlaong Kat Oxt agov £xel SeKIVIOeL 1] DAOIIONO).

Mwa TLA+ npoliaypagr) pmopel va daroteleoel evav od@r) KAt OOVIOHO TPOIO
EMKOWOVIAG yla TV HepLypaPn] evog ovotipatog. Aotr) Bondd va eSaopaliotet Tt ot
0Xedla0TEG OCLPPDVOLYV OTO TL AVTOL EYOLV OXedIAOEL, KAl IIAPEXEL EVAV TTOADTIHO 001YO
Yld TOLG PNXAVIKODG Yld TO IIOL0G LAOMOlel Kat Motog Teotdpetl To ovotnpa. Emiong
priopet va Pon0droet Tovg Xprj0TeG VA KATAVOI)COVV TO COOTNHA.

M TLA+ mpodiaypagr) eivat pia pabnpatikr) meptypagr) otny omoid ta epyaleia
PIOPOLV va &PApHOoTOLY yid va Pondrnooov otnv eLVPeo) OPAANPATOV KAl OtV
arodetdn W0TTOV £vog ovotpatog. To mo xprjopo epyaleio Mmoo £xel ypagtel €mg
TOpPd yia avtov tov okono etvat o TLC model checker.

O é\eyyxog puag podiaypagr|g oto TLC anattet oovrifwg apxetd xpovo, mov eSaptdarat
amo tov aplfpo TV KAaTaoTACemV oL IAPAYOVTAL Yid TV COYKEKPIHEVT] TIPOOIayPAPT)
kat to ovotpa. Iapatpwvtag tov xpovo nov katavalever to TLC ywa to liveness
model checking otnv extéleon oe single workstation, Pyaiver to oopmépaopa ot
arotelel To KOPPATL TOL AAyopifov OTO OO0 KATAVAAMVETAL TO HEYANDTEPO ITIOCOOTO
TOL XPOVODL EKTENEONG.

2t0x0¢ g datpiPrig eivat 1 mapaiinlomoinon Tov TUHpATog Tov alyopibpov mov
agopd To liveness é\eyxo oe xatavepnpeva mepiPAAlovia €10l OOTE VA EMTOYYAVEL
eEKpETAANeDON] TG aOENONG TV  DIOAOYIOTIKOV €MOO0L®V IIOL MPOOPEPEL O
napaAAnAlopog.
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Etoaywyn 2

Aopn keypevoo

Kepdhawo 1: TLA+

210 IP®WTO KePAAalo yiverat pua totopiki) avadpoury oty TLA+, mapovowdlovrat
KATIOLEG ELOAYWDYIKEG £vvoleg, Tapovotaletal 1 dour) piag TLA+ npodiaypagr|g, yivetat
pla avagopd otig Xpovikeg ekppaoelg g TLA+ xat napovowalovial g €vvoleg To
weak fairness xat To strong fairness moo ypnotponolovvVIal 0To IPOCOIOPIOHO TOV
wottev liveness.

Kepdlato 2: I&iotteg Liveness

210 debTEPO KEPAAALO YIVETAl Pd €0ay®Y] OXETIKA pe TG liveness 1dwotnteg. Ztnv
OLVEXEW IIPOTELVOVTAL OldPOPOl OPLOpOl avagoplkda pe Vv liveness Owotnta.
Emnpoofeta napovotadovtat Kat KAroteg AAAeg 1010TNTeg IO EUIIEPIEXODY TO OTOLXELO
tou liveness. Tehog mapovotddetat to ote pia npodiaypa@r) ewpeitar machine closed.

Kepdalawo 3: TLC Model Checker

To tpito xepdAato Sekivd pe TV Iapovoiao) TV KAtnyoplav alyopibpwmv yia model
checking. Tivetat pua ewoaywyry oto TLC kat oty ovovéxela meptypd@etat 0 TPOIOG He
tov oroto To TLC extipd yevikd Tig eKppAoelg (XPOVIKEG KAt 1)), O TPOIIOG [E TOV OITOl0
vroloyiel Tig Kataotaocelg Kabmg Kat To Img eAeyxet Tig O10TNTEG. XTNV ODVEXELT
napovowalovtat ot Paocikég Oopeg dedopéveov mov xpnowpomotet o TLC yua wmyv
vAonoinon twv alyopibpmv g xat 1éhog emednyeitat o akyopidpog mov axolovbeitat
oto TLC yia 1o safety model checking aAAda xat yia to liveness model checking.

KegdAato 4: Liveness Model Checking oe eminedo diktvon

210 TETApTo KePAAA1o rapovotadetat ) tapaAAnAn vAonoinon oo mnpodurpxe oto TLC
ya katravepnpéva meptPpallovia. Avagepetal oovviopa 1 apyltektoviky) RMI moo
xpnowponowfnke ywa v mapalAnAn vlomoinon tov liveness model checking oe
katavepnpéva neptPpallovia kat mapovotdaletal 1 napalinlomoinon tov Liveness
Model Checking (Prjpata alyopibpov) mov vAomou)bnke ota mAaiowa avtig Ing
epyaotag. Téhog meprypagetat o Tpomog ektéeong too TLCServer kat too TLCWorker.

Kegpahato 5: Metprjoetg

210 MEUITO KEPAANALO TIAPOLOWICOVTIAal TA AMIOTEAEOPATA TV HETPNOED®V  IIOD
IIPOEKLYAV KATA TV eKTENeON] piag rpodiaypar)g pikpng kKAipaxag (5000 xataotdaoetg)
KAt otV oovexela plag npodiaypadrg peyaing xAipakag (30000 kataotdaoetg). Ztnv
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Etoaywyn 3

TeAIKL) eVOTITA aLTOL TOL KePAAAiOL YiveETal MAPOLOLACH T®V COPIEPACHATOV IOV
gxoov eSaxbel Paoet TV peTpr)oEDV.

[Tapaptmpa A:

210 HOapdpInpa davto MePlypd@eTalt dpxlKa o Tpomog extéheong too TLC.
[Teprypdgovtat avalvTikda ot IPodlaypa@peg Iov XPNOHONIOU)|0nKav OTlg PHETPIOELG KAt
napovotaletatl 1 £€0dog oL MAPAYETAL AIO TNV EKTEAECH AVTAOV TOV IPOIAYPAPDV
al\d kat napalayov avte®v. Téhog akolovbel avalvTiKr) MepPLypa@r] TG eKTENEONS
avtov tev npodaypagpaev oto TLC.

[Tapaptpa B:

210 mapdptypa  avto mnapovowalovial Kdmoteg Paocikég MAnpogopleg  yla  To
oNnpactoAoyko tableau.
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KedpaAlato 1 :TLA+ 4

Kepalawo 1: TLA+

ITepiAnyn xepalaioo

210  Ke&PAAAlo avtod yivetat pua wotopwkyy avadpopry oty TLA+, mapovoidlovrtat
KATIOLEG ELOAYWDYIKEG £vvoleg, mapovotaletal 1 dopr) prag TLA+ nmpodiaypagr|g, yivetrat
Hla ava@opd oTig Xpovikeg exppaocelg g TLA+ xat napovoialoviatl g £vvoleg To
weak fairness xat To strong fairness moo ypnotpomnolovvidatl oTo IPOCOOPIORO TV
wottev liveness. XKOmog Tov Ke@alaiov eivat va yivoov oa@eig ot Pacikég evvoleg
g TLA+ yia tv peténetta katavonor) g Aettovpyiag xat too akyopibpoo too TLC.

1.1 H woropia tng TLA+

O 1poodloplopog eVOg CLOTHIATOG IIEPLYPAPEL TIG EMTPENTEG COPIEPLPOPES, T MBavOV
Kavel to ovotpa otnv owdpkela puag exteleong. To 1977, o Amir Pnueli eworjyaye )
xprjon tmg xpovikrg Aoykr|g (Temporal Logic) yia tnv meptypa@r) 1oV COPIIEPLPOP®V
ovotfpartog. H ypovikn) Aoywkr] tov Pnueli priopet and tnv pua va ntav davikn) yua tmv
IIEPLYPAPT] KATIOI®V O10THTOV TOV OVOTPATOV, AAAA ario v dAAn 8ev 1jTav Kdt 1000
edxpnotn ywa odovs. Enopévmg, avtr) oovovalotav ovovrifwg pe évav mo napadootako

TPOIIO MEPLYPAPL)G CLOTHATMV.

Zta teAn tov 1980, emvor|Onke n TLA[1] ano tov Leslie Lamport, 11 xpovikr) Aoyikr)
evepyelwv (Temporal Logic of Actions), pia amAr) napailayt) tng apyikig AOYIKr|g Tov
Pnueli. To peyalvtepo xoppatt prag TLA mpoSiaypagrg amoteleital amo «Kowvd»
pabnpatika, dnladn pabnpatika mov Oev epmepiexovv Xpovikr) Aoyikr. H ypovir)
Aoyw) matilet Eva ONEavtiko POAO HOVO OTHV IEPLYPAPI] TOV WO0THTOV TIg OHoleg eivat
KataMnAn va neprypdyet. H TLA eniong mapéyet evav kalo tpomno va tomnonoudet o
TPOII0G  Arrodellng WOOTTOV TOV OLOTPATOV O oroiog exel armodeiybel OTL elvat
IIEPLO0OTEPO  AIOOOTIKOG OtV MIPAdn, évag TPOIOog YV®OTOG @G OLAAOYLOpOG Pdoet
oyvplopwv(assertional reasoning).

H xpovikr) Aoywr) vmobétet v vmapln plag Pacikr|g AOYIKIG yla TV EKQPaor)
«KOW®V» Pafnpatikev evvolmv. YIdapxoovv IoANol TpoIot yia Ty Siatdn®or) VvolmV
TOV «KOWmV» padnpatikeov. Ot meplocoTeEPOl EMOTIOVES DIIOAOYIOTMV IMIPOTIHOLY
&vav TPOIO MOV va HOowdel pe TV aydrimpévi) Tovg yAwood mpoypappdatiopov. O
Leslie Lamport eméAeCe TeAikd avti avtod Tov TPOIoL oL ot IePlocdTepot padnpatikol
IIPOTIHOVY, €VAV IIOL Ol EMIOTIHOVES TG EMOTHNG TG AOYIKIG AIIOKAAODY AOYIKI)
Pt g Tadng kat Oewpia ocovolwv.

H TLA napéxet eva pabnpatiko Oepého yua myv meprypagr) ocvotnparev. Ia v
OLYYPAQPI] TIPOIAYPAP®V, XPELACOTAV pia MANPN YA®OOd XTIOpEVI) IAV® OE aLTO TO
Oepelto. Apxika o Leslie Lamport Oewpnoe ott avtr| 1 yAwooa £nperne va eivat KAIoo
€100g apnpnpevoV YA@OO®V MPOYPAPHIATIONOD 1) ONpAactoAoyid Tov onolev Oa nrav
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KedaAlaito 1 : TLA+ 5

Baowopevn oty TLA. Aev yvopile Tt eidovg dopeg yYAwooag Ipoypappatiopov 0a rrav
Ol KaAUTEPES, £TOL ANIOPAOLOE va SeKVI|oel ypagovtag apeoa mnpodiaypageg oe TLA.
2ZKOIIEDE VA £L0AYEL IPOYPAPPATIOTIKEG dopég otav Oa tig ypewalotav. Ia eéxmAnn tov,
avaxkalowye 0Tt Oev T1g xpetalotav. AvTo oL XPELAOTNKE NTAV P E0PWOTI YAOOOA Yl

NV ypaen pabnpuatikey.

H mpoliaypagr) evog Ipaypatikov OLOTRATOG PIIopet va eival 0ekadeg 1) aKOpn Kat
exatovtadeg oeAideg peyaln. Ot pabnpatikol yvopillav nmg va ypdagoovv ekppaoetg 20-
ypappov, oxt ekppdaoelg 20-oeAidwv. Etot o Leslie Lamport eiorjyaye ) onpeloypagia
Yd TNV YPAPL] PEYAADV EKPPACEDV. ADTO MOD ITPe AT TI§ YAMOOES IIPOYPARPATIOROD
ntav 10éeg yua v Sapoppmon peyalmv Ipodiaypapmy.

H yAoooa oo napaxOnke amo tov Leslie Lamport amoxaleitat TLA+. Teletomoinoe
v TLA+ xata v Sudpxela ypagng mpodiaypapav avopolmv cootnuatov. Bprike mv
TLA+ va etvat apketd Kalr] yla ToV IPOOOLOPIopo pia evpetag KAAONG ouoTpAT®YV,
aro npoypappatiotikég oenageg epappoynv (APIs) pexpt katavepnpéva ovotrjpatd.
H TLA+ priopet va xprnjotpornion0et yia tv ypa@rn plag akptBoog, TOIKIG IEPLYPAPIS
oxedoV omotovdrmote eidovg draxpttov ovotpartog. Eivat idiaitepa katdAnAn ya tmv
IIEPLYPAPL] ACDYXPOV®OV OLOTPATOV, dnAadrn cvotnudtov pe components mov dev
AELTOLPYOLV PE ALOTPA CLYXPOVIOHPEVO Pripda.

1.2 Ewoaywyikég évvoleg

H texvika) eAéyxoo povtédov (model checking)[2] eivatl pla avtopatonmoupévn TeXVikI)
ywa mv enalrjfevon Owotteav opdotntag oe CLOTUATA MENEPACPEVOV KATAOTACEDYV.
To model-checking xprowpomnotet povieda (models) ta omoia eival amnewovioelg tg
OLPIEPLPOPAS €VOG OLOTIHATOS HPEO® TOV OIHol®v eAéyyetat To ovomupa. Mua
kataotaon[3] etvat éva ottypotono evog ovotpatog. Eva npaypatko ovotnpa £xet
petaPAntég ot omoieg PIopovv va AAPovV éva OLYKEKPIHEVO €0POG TIHAV KATA THV
dwapkela (wr)g tov mpoypdppatog. Mia KAtdotaon eivat AOUIOV Pia ODYKEKPUHEVT
avabeon Tipav, oe OAeg TG PETAPANTEG OLOTRATOG, O VA OTLYHLOTOIIO TOD XPOVOD.
Eote x 1 ipn) puag petaPAntrig omy topve) Katdotaor), 1) X’ (x prime) opiletat n tipn
NG peTaPAnTnig X OV EMOPEVT) KATAOTAOT).

Eva papa etvar eva {edyog kataotaocemv (s,t) omov s etvat n malid Kataotaorn xat t
elvan 11 véa katdotaor). Eva Pripa to omoio agrjvet to obotnpa oy idia xataotaor
ovopddetat stuttering Prjpa, emiong yveooto kat og idling frjpa.

H extéAeon evog TapTtOXPOVOL OLOTIPIATOG AVAIIAPIOTATAL OV Pid AIelpr aKoAovdia
ATIO KATAOTAOELS (EVAAAKTIKA AIIOKAAELTAL KAl CORIEPLPOPA):
F = ).

v oovéxela axkoAovbel pla amelkovion g KATdotaong, Tov Prjpatog, Kat tng
OLUIIEPLPOPUS.
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KedbaAato 1 : TLA+ 6

KardaoTaon O
Brjpa O —- O
LupTmepigopa O — O - O

Muwa ovvaptnon katdotaong (state function)[1] etvat pua amhr) éxgpaor), onladn dev
neptexet primes xat L (BAéne evot. 1.4), mov amoteAeitat arnod petaPAnteg, otabepeg xat
constant TteAeoteg (Oev epmepiExovv xpoviky) Aoyikr)). Mwa ovvdptnon Katdotaong
avabetel pua constant exppaon oe kdabe xatdotaon. Av 1) covAPTNOn KATAOTAONG €
avabdetel oy Kataotaon s v constant Ek@paon) v, Tote Aépe OTL v elvat i Tar) g e
otV kataotaon s. [ia napadetypa, av x etvat pua dnAwbeioa petaPAnty), T etval pua
dn\wbeioa otabepd, kat s eivatl pua karaotaon nov avabéter omyv x ) Tpr) 42 tote 1)
Tipn g x € T omyv katdotaon s etvat i1 constant éxgpaon 42 € T. Mwa oovaptnon
Kataotaong mov maipvet Boolean tipég amoxkaleital katnyopnpa kataotaorng (state
predicate). Eva katyopnpa katdotaong elvat EéyKopo av Kat povo av exet Tipn true oe
kabe xatdaotaon).

Mua evépyera etvat pua pabnpatikn ékgpaon oty omoia ot unprimed petaPAntég
ava@épovtal oty dpylkl] KAtdotaon &vog Prpatog kat ot primed petaPAntég
avagépovtat oty enopevr katrdotaon tov. Kdbe katdotaon petd mv s, IPOKLIITEL
ard Vv eKTENEOI HAg evepyelag otV mpornyovLpevr katdaotaon. (la pua extéleon
TePPATIONOL, pwa dmelpry akolovbia AapPaveratr emavalapPavoviag TV TeAKn
KATaotaor).)

[a pua evépyela A xat pia oovdaptnorn kataotaorng f, opioope tov teleotr) evépyelag
[Alf og [Alf = A (A VL =1f). O tedeo|g [A]r SaPaletar wg tetpaywvo A pe Oeixtn f
(square A sub f). Eva Prjpa, to omoio eivat éva {edyog KaAtaotdoemv (s,t), ikavorotet v
[A]f av xat povo av avto etvat eva A Prjpa 1) éva stuttering Prjpa. Avtod ypagetatl og:
(s,t)|= O[A]f . [a mapadetypa 1) [x' = x + 3]x wavomnoteitat oe éva Prjpa (s,t) av xat
povo av 1 Tipn g petaPAnTrg X oty Katrdotaor t eivat Katd 3 povadeg peyalotepr)
Ao TtV T )G X 0TV KATAOTAOL] S 1] 1] X HAPApEVEL ApetaPAnT.

Emm\eov yua pua evépyeta A xat pia oovdapton KAataotaong U, 0 TEAEOTr|g EVEPYELAG
' ' ' .4_ ._."‘\-_I |' |||'I L |||1'| ' ' ' ' '

<A>u opiCetatl va etvat 10odvvapog e L V) AnAadr), éva Brjpa, To omoto ivat

éva Cedyog Kataotaoe®v (s,t), wavorotel tmv <A>u av Kat povo av davto eivat eva A

Prjpa mov alAadet to u.

Eva invariant Inv prag npodiaypagrg Spec eivat éva Katnyopnpd Kataotaong TETolo
®OTE 1) Spec = O giyay éva Bewpnpa (theorem), Sn\adr) pla xpovikr] OPpEoLAa
IOV IKAVOTIOLELTA AITO OAEG TG OLPIIEPLPOPES.
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KedpaAlato 1 : TLA+ 7

Mua petaPAnt) v etvat tomoo T oe pia npodiaypagn Spec av xat povo av v € T etvat
éva invariant tng Spec.

M 0wtral3] elvar pua ek@paon g XPOVIKNG Aoyikrg 1 omoia opiet eva
KATNYOPNHUA KATAOTAONG IIAV® Of OOPIIEPLPOPES. YTIAPYOLV dDO KOPleg TASIVOPToeLg
WOOTHTOV IIOL APOPOLY TA TALTOXPOVA OLOTHPATA. AVTEG elvat ot safety 1010t TEG KAl
ot liveness 10wotnteg. Ot safety 1010tnteg, emiong yvwotég oav invariance 18910t Teg,
oyoptlovtat ot “tinota xaxko Oev Oa oopPetl mote” kat ot liveness 1010t teg, 1) progress
wowotnteg, wyxvpifovrat oty tedika “katt kalo 0a oopPet”. Eva nmapadetypa pa safety
wwotnrag eivat «H mopta too acavoép Oev eivat mOté aAvolyTr] v TO AOAVOEP
Kiwvettaw. Eva napadetypa liveness 10w0tntag eivat «Av to koopri xArjong matnOet
OTOV IIPOTO OPOPO TO ACAVOoEP TeEAKA Oa pTdoet 0" avtoOv TOV OPOPO».

1.3 Aopn) prag TLA+ npodwaypagr)g
Mua TLA+ npoStaypaen[3] amoteleitat ano:

1.Twg dnAwoelg OA@V TV otabepdv Kat TV petaPAntov mov epgavifoviat otnv
podlaypa@r) KAt Tovg OPLOPOVG TOV TEAEOTMV IOV XP1OHOIIOI00VTAL

2. To apyko Katnyopnpa to oroio opifet TNV ApyLKI] KATAOTAOCH TOD OLOTIHATOG

3.Tnv oxéon enopevng xataotaong n onota eivat pra dalevdn TV LIIOEVEPYEL®V KAl
opilet povo Tig duvatég Aettovpyleg TOL OLOTHPIATOG, 1] e AANa Aoyia Tig safety 1010t TEG
IOV TO CLOTNHA MPEIEL VA EMOEIKVOEL

4. Onoteodrjnote liveness 1010TTeg ITOL TO COOTNPA MIPEMEL VA EMOEIKVDEL
2V ovveyela napovotaletat 1) pop@r) prag TLA mpoStaypagrig
Spec A Imit A O [Next]yor — O Liveness

Ot ovvniopévot TeAeoTég TOV OLVOADV EMITPENIOVTAL, YA IAPAOELYHA 1] €V®OT), 1] TOH)
Kat 1 Ota@opd obvOAwv. ZInv ovvéxewa axkolovbet 1 mpodwaypagrn oe TLA+ yua to
apdadetypa tov poloytov mov £xet ypagtel yia tov TLC model checker.
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KedbaAato 1 : TLA+ 8

—————————————————————— MODULE HourClock ---———--——-——————————-
(ko otk sk ok ok ok ok ok ok o ok ok ok sk sk o ok ok ok sk ok ok o ok ok sk ok sk o o ok ok ok sk ok sk sk ok ok ok ok Kok ok sk o ok )
(* This module specifies a digital clock that displays *)
(* the current hour. It ignores real time, not *)

(* specifying when the display can change. *)

(ks o stk sk ok o ok oK oK oK ok ok o o KoK oK 3K o o KoK oK ok oK o o K 3K oK oK ok o o o K K K ok ok oK o oK KK Kok ok ok o K )
EXTENDS Naturals

VARIABLE hr \* Variable hr represents the display.

HCini == hr \in (1 .. 12) \x Initially, hr can have any
\* value from 1 through 12.

(ko stk sk o o ok ok ok ok o o o ok Kok ok ok o o KoK ok o o o o ok o ok ok ok ok o o o ok ok ok ok ok ok R ok ok )

(* The value of hr cycles from 1 through 12. *)

(ke otk sk o o ok ok ok o o o ok ok ok ok o o ok ok ok o o o o ok ok ok ook o o o ok ok ok ok ok ok ko ok ok )

HCnxt ==
hr’ = IF hr # 12 THEN hr + 1 ELSE 1
HC == HCini /\ []1[HCnxt]_hr

(* The complete spec. It permits the clock to stop. *)

Otdrnote petalo tov (* kat *) etvat éva oxoho. H mpaotn ypapur) eivat i apxrn g
module HourClock. H EXTENDS Naturals detyvet 61t to module Oa xpnowpomnoujoet to
npoxkaboplopevo module yia tovg @uowkovg apidpovg. Axkolovbel 1 OnAworn g
petapAnt) hr. H HCini opiet v hr oe pua axeépata tiprn amod to 1 péxpt to 12. H
HCnxt opiCet 1i¢ mBaveg evépyeteg too HourClock, 6nAadr) n HCnxt Seiyvel mog amo 1)
hr" mpoxomtet and v hr. To HC woyopiletar ott ov apywég oovOnkeg (HCini)
dlatnpoovvtat oto apyKo Pripa Kat 1 oxeorn enopevng kataotaong (HCnxt) Swatnpetrat
navta, dnAadr) oAa ta Prjparta eivat HCnxt Prypara. H opilovtia ypappny onpatodotet
10 1€Aog tov module HourClock. To THEOREM HC—[HCini woyopiletat ot 1
npodwaypagr HourClock ovvenayetat tv LIHCini. Avtod onpatvet ot ) mpodiaypagn)
HourClock eivat pia edikevon g LJHCini , 6rmov ot ooprnepipopég mov emTperovtat
amno v npodiaypagr] HourClock eivat éva vmoodvolo T@V COPHEPIPOPDV IIODL
emrtpénovtat ano v [HCini. O Lamport ypnowomnotet v Aédn xAetdi THEOREM

yla va deietl pia £ykopr) Ex@paot).

H enaAnfevon evog ovotnpatrog oe TLA amoteleitat amd Tov mpoodloptopd Tov
OLOTIPATOG, IOV elval 1 XapnAoL emuredov mPOdlaypPaAPr), KAl Ao TG AIAITOVHEVES
10101 TEG, TTOL OLVIOTOLY TNV LYNAoL emuedov npodiaypapr. H éxgpaon System —
Properties mpémet tote va amnodetybet. To ovotpa nmpoodiopiletat opilovtag v apyixr)
KATaotaorn (] KAataoTtdoelg) KAt TG evEPyeleg mov eival Ovvatég. Avto onpaivet ot
YEVIKA Ol EKPPUOELG ITOL IIpooriabodpe va armodeiSovpie etvat TG Hop@Prg :

Init A [Next]yar — O Properties
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KedbaAato 1 : TLA+ 9

H eioodog oto TLC anoteAeitat ano éva TLA+ module xat eéva configuration apyeto. To
TLC AapPavet pua mpodiaypagr) oo £xetl LOPQL| OAV LTI 0L IEPLYPAYAHE IO HIAVE®.
To apyeto configuration dnAwvet oto TLC 1o Ovopa tng npodiaypagrig Kat Ta ovopata
TV WO0THTOV Hov Hpénet va eheyxoov péowm g evtoArlg PROPERTY. I'a napadetypa
yia v npodiaypagr) tov HourClock eyoope to akolovbo configuration apyeto:

R Rk I b b S b b S db S S I S b Sh S S Sh b S b I Sb b S S b S Sb b S Sb b S Sb b S S R S Ib S S 2b S Sb b Sb b b Sb b S Sb b S Sb b S 4

(
(* This is a TLC configuration file for testing that HCini is an
(
(

)
*)
*invariant of the specification HC *)
*******************************************************************)

SPECIFICATION HC
\* This statement tells TLC that HC is the specification that it
\* should check.

INVARIANT HCini
\* This statement tells TLC to check that formula HCini is an
\* invariant of the specification--in other words, that the
\* specification implies []HCini.

210 apyeto aovtd napatnpoovpe o1t xpnowpomnoteitat 11 INVARIANT evtoAr) omv 0éon
g evtoAr)g PROPERTY ywa va dnAwoet Tig 1d10t1eg 1ov mpemet va eheyxbodv. Avto
yivetat yia tov Aoyo 61t 1 mpoodiopiopévn Widtta dev eivat g poperg — 7. Ta va
eheyx0et to invariance pe pra PROPERTY &evtolr), 1) IpooOloplopévn) &0t Ta Enpere va
etvat mg poperig =17, O mpoodiopiopdg evdg xatyoprpatog katdotaong P oe pa
PROPERTY evtoAn Aéet oto TLC va eheySet 0Tt 1 mpodiaypagr) ovvendayetat 1o P, moo
onupativet ott to P elvatr aAnbég otnv initial xataotaon xkabe oovpmepipopdg mOL
Kavorotet v mpodtaypaqgr).

1.4 Xpovikég Exgppaosig

Eva cbompa meprypagetat ano éva obvolo petaPAntev. Mia kataotaon avadétel pia
T oe Kale petaPAntr), pla OLUIEPLPOPA O elval pid pn HEeEPAcpevn) akolovbia
Kataotaoe®v. Mwa xpovikr ékgpaon F etvat aAndng 1) yeodr|g oe pia ooprepipopd o.
Tomxka, pa xpovikyy éxppaon F avabétet pua Boolean tipr), v omoia ypdgovpe
o | F oe pwa oopmepipopda o. Aépe ot 1 F eivat a\ndng oty o, 1) 0Tt 1) 0 kavomotet
v F, av xat povo av @ = F woodvvapet pe true. [a va opiooope Vv évvola pia
xpovikng éxgpaong F, mpémet va enednyroovpe mwog mpoodiopi{ovpe v Tiur g
o= F yla xabe ooprepipopd o.

Eivat eokoho va opiooope v evvowa evog Boolean oovdvaopod amod xpovikeg
exppdoelg. H éxppaon £ A (7 eival a\nfrig oe pia copnepipopd ¢ av kat povo av F
kat G etvat a\nbrig oy o, kat = F eivat aAnbrg oy o av kat povo av n F Sev eivat
alnng otnv 0. Avtol ot oplopot ypd@povtat COPPOAKA G

al= (Fa @) = (o= F)nalo | G) al=—F = S (o |= F)
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KedaAlaito 1 : TLA+ 10

OAeg o1 xpovikég ek@ppaoelg Iov £xovpe det éxovv Boolean cuvovacpovg tplwv Pactkmv
e1d®V eKPPAOCEMV, Ol OIIOlEG £XOLV WG &SNG:

» Kamyopnpa xatdaotaong (state predicate), moo epgavifetat oav pla xpOViKI
Ek@paot), etvat aAndeg oe pia COPIEPLPOPA AV KAt HOVO av avto eivat aknbeg otnv
MIPWTI KATAOTAOL) T1)G COPIIEPLPOPUS.

e Exgpaon 17, énov P eivat éva katnyopnpa katdotaong, moo eivat anorg oe pia
oopreppopd av kat povo av to P etvar alknbeg oe xabe xatrdaotaon Tng
OLPIIEPLPOPUS.

aligp

» 'Exgpaon , ormov N elvat pua evépyela kat L elvat pua  OLVAPTHON

KATAaotaong, mov eivat andrg otnv ooprepipopd av Kat povo av kdabe dtadoyiko

Cebyog PpAT®V OtV OCLPIEPLPOPU Elvat eva [N prjpa.

v oovéxela eSetdfoope mEVIE OWALTEPA ONUAVTIIKEG KAAOELS EKPPACEDV TIOD
kataokevafovtat ano avbaipeteg ypovikeg exppdoeig F xat G.

o Tehikd ANnong € F opietat va eivat 10odvvapn pe = —F. Avtr) 1oxopiletat oti 1)
F 8ev etvat mavta wyeodr|g, to onoio onpatvet ot 1) F etvat aAnOrg xdmowa otrypr).

o s (v optletat va eivat toodvvaun pe OF = ¢G). H EKPPAOT) Fe (4
toyopiletat ott onotednmote 1o F etvat aAndég, 1o G tehkda etvat akndeg dnAadr, to
G etvat aknBég tote 1) 0g KAmowa votepn) XPoviky otiypr). Atapaloope to ~+ g leads

to.
o Cid)y opiCetat va eivat woodvovapn pe  — (-4l ,0IoL A elval pa evepyela Kat v
elvat pa  oovaptnon katdaotaong — loyvpiletar ot kamowo Pripa eival éva

~((=4) v (v = v)) Bripa oo wodvvaret pe 4 A (1 ), dnhadry éva Prjpa A
O(A), (4)

oo alAdadet v. Etot v Brjpa AapPdvet

XOPd.

oyvpifetat 0Tt TEAKA éva

o« LOF woxvpiletat ott oto peNov n F Oa eivar dmelpeg gopég andng. I'a myv
xpoviki) ottypr] 0, avto vmovoet ot 1 F eival aAnbrjg oe xamowa xpoviky) otiypr)
ny, = ). [a mv xpoviky) otypn n,+ , aovto vmovoet ot 1 F etvat ainOrg oe xamowa
XPOVIKI) oTwypn) », = ny -+ . [a v xpovikr) ottypn #, b, aoto vmovoet ot 1 F etvat
al\nOrg oe KAmolwa YPOVIKY] OTyprny n, »n, | . XvveyiCoviag tnv OSwadwkaoia,
PAéroope ot i F elvar anbrng oe pua amepn axolovbia amo ypovikeg OTLYHEG
Rys 1y Myse.. . B0, 1 = O F vrIOVOet dTi 1 F eivat a\nbrg oe ameipmg moAEg oTLypés.
Avtiotpogag, av n F etvat aknbng oe anelpwg MoANEG OTLYPES, TOTE, Oe Kabe otiyp), 1)
F mpémet va eivat a\ndrig oe emdpevn akoAoodn ottypn, étot 1 =& F etvat andr.
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KedpaAlato 1 : TLA+ 11
Enopévag, 1 Z<C F 1oxopiletat ot n F eivat dnetpa ooyvd (infinitely often) a\nfrg.

OC(A), (A

woyvpiletatl ot dmelpa moAa =/ ¥ Prjpata AapPavoov

S

Ewdwotepa, n
Xopd.

o CLF 1oyvpiletal ot tehika (eventually) (kdamowa xpoviky otwypr, 1 F yiverat
a\nrg xat mapapével aAndrg amd exel kat émerta. Me dMa Aoywa, n OO
oyopiletat ot n F etvat tehika navra (eventually always) ainong. Ewdwotepa, 1)

oa[N], woyvpiletat OTL, TeAkd, kabe Prjpa etvat eva [V ] prjpa.

1.5 Fairness

Mua amod Tig Mo ONPAVvTIKEG £VVOLEG OV TALTOXPOVY) eneSepyaotia eivat to fairness[4].
Fairness onpaivet o1t xabe Oepyaoia €xet v evkalpia va Onpeiwoet mIpoodo,
aveSaptnta amo Tig aAeg diepyaoieg. To fairness eivat eyyonpévo oe eéva Ipaypatikd
TALTOXPOVO oLOTNHA OTo omoio kabe diepyaoia tpexel oTov OIKO TG ermeSepyaotry: pa
depyaoia dev propet va  OTAPATH|OEL TV HIPAYHRATIKY) eKTéNeOT) pag depyaoiag moo
TpEXEL O &vav da@opeTiko eneCepyaotr). Ta ovotjpata NOALIIPOYPAPPATIONOD, OTd
omotla évag single emeSepyaotrg porpddletat oe dtagopeg dtepyaoieg, pmopet va mapéxet
1 va pnyv napéxet fairness, yeyovog nmov e§aptatat ano tov scheduling alyopiBpo oo
xpnowomoteitat ya v dtavopr) (allocation) tov eneepyaotr).

2 v anodeln tov safety 1dtotrtov, dev €xel vonpa to Katd mooov vrdpyet fairness -
ornowadnmote safety 1910tta nov datnpeitat vao Oikato scheduling Oa datnpeitat
ermiong Kot oo pn dikatov scheduling. Qotdc0, TOAA IPOYPAPPATA LKAVOIOIODY TG
liveness amattrjoelg tovg povo av 1 Paokry vAomoinon eyyodrtat fairness. Mua
pedodoloyia mov Sev pmopet va amodeifel avteg Tig WO0TNTEG Oa eivat avenapkrg ya
TNV AVIHETOINON IPAYHATIKOD TADTOXPOVIOHOD, eNOpévag to fairness mpémet va eivat
PEPOG plag yevikrg pebodov yla v avIPETOIOn TALTOXPOV®Y Hpoypappdtev. H
IIPOOEYYLO T1)G XPOVIKI] Aoyiki)g Kabiota evkolo 1o va exppdoovpe Tig fairness
1010TNTEG KA1 VA TIG XPI|OLOIIOU)00VHE 0Tl artodeielg pag.

1.6 Weak Fairness

Eivat ebkolo va mpoodiopicovpe liveness 1810trteg pe Toug XPOVIKOLG TeheoTég = kat
<. INa napadetypa, pelet@vtag mv hour-clock mpodiaypaer) g module HourClock.
Mrnopovpe va anattrjoovpe 0Tt To PoAot moté dev otapatd (IPdypa Iov yiverat omyv
LiveHourClock.tla) (yua mepioootepeg mAnpogopieg oxeTtika pe avta Tta module
petaPette oto I[Tapdaptnpa A) vnootnpifovtag 0Tt IPEIMEL VA DIIAPYOLV AIIElPA TTOANA
HCnxt Prjpata. O mpogavig TpOmog va yPAWoLHE ALTOV TOV 10XLPLOPO eivat n
DO HCnat, ala avtr Sev eivat pia vopun TLA éxgpaon eneidry 1 HCnxt ivat pia
evépyela, Ot pia XPoVike) ek@paot). Qotooo, eva HCnxt Prjpa npoxepda tnv tur) hr too
poloytov, €tot avto alalet v hr. Enopeveg, éva HCnxt prjpa etvat eéva Prjpa noo
aMdalet v hr, dnAadn eivatl éva (HCnxt ) py Prjpa. Mmopovpe va ypayoope v
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KeddAlato 1 : TLA+ 12

DO (HCnxt) by

liveness w0t ta 0Tt T0 POAOL TIOTE dev OTAPATA WG

HCO n T

rote Oev OTapatd.

‘Etot, pmopovpe

va Aapoope v O{HCnEt ) by va eiven 1 Ipodlaypa@r] evog POAOYLOL IO

H TLA+ opiCet tnv ENABLED A va eivat 1o katnyopnpa mnov eivat aAnbég av xat
povo av 1 evépyela A etvat evepyomoupéve) oe pa xataotaor), dnAadr) etvat dvvato
OTNV KATAotaorn avtr) va Adpoope pua evépyeta A.

Av omowadnnote oopnepupopd kavornotet v safety mpodiaypaery HC (HourClock),
etvat avta dovato va Aapoope éva HCnxt Prjpa moo alAaler myv hr. H evépyeua

(HCnat)hr  eiven EMOPEV®G  TIAVIA  EVEPYOIOUHEVI),  EMOPEV®G  EYOLHE
ENABLED ( HOnzt) he nov eivan aAnbrig oe OAn avuv TV ovpnepipopd. A@ov 1
TRUE = OCHCH e civan, woobtvapn pe my O(HCne i, pnopospe va

aviikataotoovpe my liveness oovOnkn DO(HCnat )y yta to hour clock pe
C{ENABLED { HCnat ), = S{HCnxt) )
Av10 vriodnAwvet v akolovln yevikn liveness oovOnkn ywa pua evépyeta A:
O(ENABLED (A), = <(A4),)

Avtr) 1 oovOnkn woxovpiletat oty omote 1 A elval evepyomoupévr, T0Te éva A Prjpa
TeAwka Oa oopPet, axopn kat av 1o A mapapével eVePyoroupEVO yla HOVO éva KAdopda
evog vavodenTepolénTov Kat moté {ava Oev evepyomoteitat. H mpogavi)g mpaxtikn
dvokoAia tng vAomoinong pag térowag ovvoinkng detyvel OTL avty eivat TOAL OxLPY
(strong). Emopévwg, avtwkabiotoovpe avt) pe v aobevéotepn (weaker) exgpaon

WE, (4] opicovrag mv va eivar ion

1) O(OENABLED {A), = ¢(4),)
Aot 11 ék@paor) oxvpifetat 0Ty, OMoTe 1 A YIVETAL yld IIAVIA EVEPYOIIOUHEVT) , TOTE
éva A Prjpa npénet tehikd va oopPet. H WE avtumpoownedet v Weak Fairness, xat 1)

oovOnkn WE,(A4) anoka)etrar weak fairness omv A.

H televtaia éx@paor) anodeikvoetat 0Tt eitvat w0odvvaprn pe v akoAoodn) exgpaon[1]:

2) CO(ENABLED (4),) = OO8(4),

H omoia woyvpiCetat ott omote 1 A elval TEAIKA e€VePYOIOUPEVT] Yla HAVTA, TOTE
amnelpmg TOANa A Brjpata copPatvoov.

Ot liveness ovvOrkeg ywa to hour clock pmopoov va ypagtodv wg weak fairness
oovOrkeg. Av omowadnmote ovpmepipopd wavorowel v HC, éva ' HC'nat ), Bripa

i f , , _-."_ " i '||--lI .
elval mdva evepyoroupévo, £Tot 1 CO(ENABLED { HCnwt )y )
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KedaAlaito 1 : TLA+ 13

Enopevewg, n HC ovvenayetat ot n WE (HCnait ), n omoia toodvvapet pe TNV
dedtepn  amo T MOAPANAV® €KPPAOELG, elvatl woodvvapn pe TV EKPPAON

OC(HCnat )y r, 11 liveness oovOrxn ywa to hour clock.

Enopevog weak fairness piag evepyeiag A, onpaivet ot av 1 A eivatr mavia
EVEPYOIIOU|HEVI] dIIO KAIOWA OTLyHI), TOTE dLT IMPEHel TENKA VA  EKTEAEOTEL.
Xpnowonowvtag to weak fairness oe pa evépyela A, mpoodiopiletat ott avtr) dev Oa
Apoktovrjoet ano pua evépyeta B i) onota etvat mavta evepyoroupéve) Ty 101a XPOovikr)
otiypr). Mmopobvpe akopn va £Xovpe TV IEPUIT®OL OIoL pia evépyela B extelettat 10
(POPEG IIEPLOOOTEPEG ATIO TNV eveépyela A, ald otav kat ot dvo eivat weak fair, xapia
aro avtég Oev Oa prmopet va meptpévet yia navid.

1.7 Strong Fairness

Strong fairness tng A onpaivet ott av i A elvat dmneip®g ovXVA £VEPYOIIOUPéVT) AIIO
KAIIOW OTLYHI), auTr] TeAKd IpErel va ektedeotel. Aot elvat pa xprjowpn évvola yia
NV IEPUIT®ON Mov OVO 1) MEPLOoOTEPEG EVEPYELEG elval evepyomoupeveg oty ida
KATAaotaor), aAAd 1] eKTENEOT] PLAG ALTOV KAVEL TNV AAAL VA PNV ELVAL EVEPYOIIOU|HEVT)
m\éov. Eva kal\d mapddetypa amd avto eivat éva oevdplo apolPaiov arrokAelopov
Orov OlaPOPeg OVIOTNTEG MEPIPEVOLY Yla €vd token emopeévmg avteg propovv va
eKTeENéOOLY pla Kpiown epyaoctia mov nepthapPavet daporpalopeveg petaPAntes. To
strong fairness npoodiopietat amo to:

SFyars(A)

Optloope v SEw(A4), strong fairness tng evépyelag A, va eivat pua amo tig akolovbeg
dv0 100dvVapeg eKPPoELS:

1 CO(-ENABLED (A) ) v TS (A4),

H omota woxvpiletat ott 1 A TeAkd AIevepyomoteital yua mdavtd, 1) damepa moAa A
prjpata oopPaivoov.

2) OCENABLED ({AY), = TOO(A4),

H omotia woyvpiletat ott av n A eivat aneipog ovoyvd (infinitely often) evepyomoupévn,
TOTe dnelpa HoANa A Prjpata coppaivoov.

Agod n CLF (te\wka mavia/eventually always F) etvar 1oxopotepn  Snladn
oovendyetat mv — < F (ameipog ooyvd/infinitely often F) yia omoladrmote ékgpaor
F, n strong fairness eivat woxopotepn ano v weak fairness. Mmopoope va exgpacoope
Vv weak kat v strong fairness wg axoAovOwg:

o Weak fairness tg A woyvpiletat ot éva A Prjpa npemnet tTeAkd va oopPet av n A
etvat continuously evepyorowmpevn.
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» Strong fairness g A woyxvpifetat 0Tt éva A Prjpa mpemnet teAikd va oopPet av n A
etvat continually evepyomoumpévn).

Continuously onpaivet ywpig dwaxomr|. Continually onpativet enavelnppéva, mbavag
e Olaxoréc,

Baowkoi Kavoveg

WEF Kavovag ZoCeving (WF Conjunction Rule)[1] Av Ay, . . ., Aj elvat evépyeleg TéToteg
(A, (A;)

v elvat eQlkto, To <

i
L

e

®OTE, Yld OIOLadNIIOTe H1AKPLTO i KAl j , OMOTEDIOTE TO

] ' ' ' ' o .'I ' ' '
Sev pmopel va yivel e@kto extog av éva Vri/v Prijpa oopPel, tote 1)

elvat woodvvapn pe mv WE, (4, v...v 4,

SF Kavovag Xolevéng (SF Conjunction Rule) Av Ay, . . ., A, elvat evépyetleg Tétoteg
®OTE, yld onoladrnmote OLaKPLTd i Kat j , omotednmote n evepyela A; elvat e@ikt), 1)
evépyelta Aj Oev upmopel va yivel ekt péxpt éva A; Prijpa va oopPet, tOTE 1)
SF,(Ar) Ao ASFy(An) sivan 100dvVapn mg SE (A v v Ay),

Baowkéc tantoloyieg

‘Eva onpavtiko {eoydpt Sumev tavtoloyiov BeBatdvel o1t 1o < empepiletat otov
I 1 ' LA
teheoty V kat o €L empepiletat otov teheotn)

OC(FVG) = (COF)v(O0G) COFAG) = (OOF) A [(COG)

Ot fairness oovOnkeg etvat évag 1pomog yla va ek@paoctodyv ot liveness 160t teg[5]. H
EPWTNON TOL KATA MOCOV £Va MPAYHATIKO OLOTNPA Kavorotel pia liveness dtotnta
propet va anavt el povo napatnp@vtag To OLOTHA Y VA AIIELPOD PIKODG XPOVIKO
dlaotpa, Ta DPAypaTiKA CLOTPATA Op®G dev pPmopoLV va tpéxovv yia mavta. To
liveness eivat mdvta pia Ipoogyylon yia v 10T Ta 0L HPAYHATIKA PAG EVOLapepet.
O¢é\ovpe éva ovotnpa va teppatifet péoa oe 100 ypovia, ala avtd amodeikvoet ot Oa
AIIaITovoe TV HPootnKrn KAMowwv XPovikev napadox®v. Emopevag, amodeikvoovpe
Vv aoBevéotepr) ovvONK O1IIov TO ovOTNHA TeAKA Teppatifel. Avto dev amodelkvoet OTL
To ovotnpa Oa teppatioet Katd Vv dtapkeld g (NG pag, al\d avto amodelKvOEeL TV
arovota dmnepav Ppoyxev. To liveness mpoodiopifetar oav v ovlevdn tav weak
kat/1 strong fairness diotjtwv omotedrmote eivat dvvatd kat oovifwg avto eivat
oxedov navta dovato. Exovtag évav eviaio Tpomo yla va ex@pdacovpe To liveness
KAVOUHE T1G IPOOIayPaPEG EDKOAOTEPEG OTNV KATAVONOL).
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Kegpalato 2: Iowotnteg Liveness

ITepiAnyn xepalaioo

2T0 KeQAAALO ALTO YyiveTal pla eoay®yl] OXeTka pe Tig liveness 10totnteg. Ztnv
OLVEXEW IIPOTELVOVTAL OldPOpPOl OPOHOol avagopika pe v liveness Owotnta.
Emnpoobfeta napovotadovtatl Kat KAmoteg aANeg 1010TNTEG TTOL EPIIEPLEXOVV TO OTOLYELO
tou liveness. Tedog mapovoradetat To ote pia npodiaypagr) Bempeitat machine closed.
2KOIOG Tov Ke@aldaiov eivat va yiver xatavontr) 1 liveness 910tta ®g oLOTATIKO
otolyelo tov alyopibpov tov liveness model checking mov enednyeitat ota enopeva
KeQAahaia.

2.1 Ewoaywyn

Ta ovyxpova AeltovpylKd OLOTPATA KAVOLV EKTETAPEVI] XPHOIN TALTOXPOVOV Kl
Katavepnpévav alyopibpmv. Aotot ot alyopifpot etvat meplimAoKol KAt Katd OOVEIELT
elvatl evkolo va vodpyet kdamoto Aabog odnyovtag pag oe pia Aavaopevn ovynlov
emmedov oyxediaon.

O povog TPOIog pe TOV OMOI0 PIOPOLHE VA €lpacte olyovpot OTL £vd TADTOXPOVO
OLOTNHA KAVEL OTL IMIOTELOLHE OTL MPEIEL VA KAVel, eivat va anodeiovpe avotnpa ot
Oviwg avtd ovpPaivet. Yndapyoov Ovo &idn wottov mov {nrovviar amod Eéva
TALTOXPOVO CLOTNPA VA Kavorotet[4]:

o ISwotnteg Safety, mov dnAmvoov OTL KATL “Kaxo” Oev mpoOKettal MOTé va ovppet,
dnAadr), ot To mpoypappa noté dev Oa ewoaybel oe pia pn anodekty KATAOTAON).
Exgpaloov o1l 11 ovpmepipopd evog ovotnpatog mote Oev  mapapfuddlet
ODYKEKPL1EVEG OLVOIKEG.

o [d10t1eg Liveness, mov dnAavoov ot katt “kalo” Ba oopfet tehkd, dnAad), ot
TO IPOYPAPHA €loayetal TeENKd oe pia amodektr) katdotaor. Exgpdaloov ott to
ovotpa Oa ep@avioel pia COYKEKPIEVT] COPIIEPLPOP HECA OE P IEMEPAOHEVT)
repiodo xpovoo.

Kdmoteg oovnoiopéveg 1010t 1eg safety etvat:

o Mepwkn) OpBotnra (Partial correctness): av 1o mpoypappa Sexivd pe ainor
npooovvonkn (precondition), tOTe avto mote Oev pmopel va TeppATIOEL peE TV
weodn petaoovOnkn (postcondition).

* Amnovoia Ad1e§odov (Absence of deadlock): to mpoypappa moté dev eloayetat
0€ Pld KATAOoTAon OtV omoild Kapia mepattep® mpoodog dev etvat dovatr.

o Apopaiog anoxAeiopog (Mutual exclusion): dvo Oragopetikeg diepyaoieg Oev

Pploxovtatl IOTe TALTOXPOVA OTA KOWVA KPIOWd THIHATA EKTEAEOTG TOVG.
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» Xpovikn) mpoteparotnta  (First-come-first-serve): pwa  atmon moo
npayparonow)dnke petd ano pia Al aitnon Oev pmopet note va efomnpetnOet
PV ano avtv.

[Tapadetypata liveness 1dtottwv nepthapPavoov:

* 'EMewpn Mpoxtoviag (Starvation freedom): n onoia opiCet ot pua depyaoia
eppavifetl mpoodo drmelpa ovyvd, To “KAaTtt KaAoO ” elvat 0Tt vriapyet IPOodog,.

o Teppatiopog (Termination): o omoiog oxvpiletar otL eva ovotnua Oev Oa
eKTeAelTAl y1a IIAVTA, TO “KATL KAAO” elvat 1] OAOKAT|P®OT TG TEAELTALAG EVTOATG,

» Eyyonpévn onnpeoia (Guaranteed service): 1) onoia opilet 01t xabe atton ya
v peoia TeAMKda kavoroteitat, to “katt kaho” etvat n Aappavopevn) vrmpeotia.

To TLC pmopet va xpnowpomnowdet yia tov é\eyyo Tov safety xat liveness[6] 1010tttV
o€ pa npodaypagr) ypappev oty poper) [nit A ONext A Liveness |

Init eivat 1o apxkd Katyopnpa KAtdotaons, Pla EKQPEAOor IOV MEPLYPAPEL OAEG TIG
EYKLPEG APYLKEG KATAOTUOELG,.

Next eivat n ovoyétion enopevng KAtaotaong, 1 onoia mpoodiopifet OAa ta dvvara
Prjpata (Cedyn amo StadoyKég KATAOTAOELG) O Pld OLUIIEPLUPOPA OLOTHHATOG. ADT)
etvat pua Owaleodn evepyeuwv MOL TEPLYPAPEL TG OLAPOPETIKEG AetTtovpyleg TOL
OLOTIHPATOG.

Liveness eivat pia xpovikr| €K@paor) mov Ipoodtopilet Tig O10TNTEG TOL OLOTIHATOS BG
v ovlevdn TV fairness covOnkwv otig evepyeteg (WFvars (A) xat/1) SFvars (A), ywa tig
evépyeleg A).

['a tig safety 1010t teg, 1o TLC efepevva ONeg TIg IPOOPAOIPEG KATAOTACELG OTO LOVTENO
OLOTHHATOG, YAXVOVTAG Pld KATAOTAON OtV omnoid pia invariant Oev wavomoteitat 1
av éva adie€odo veiotatat (dev vmapyet dvvaty) endopevn Kataotaor)). Ooov agopd Tig
liveness 16w0tteg, 10 TLC xprowpomotel tv tomomowupévn tableau pédodo (yia
IIEPLOOOTEPEG TIANPOPOPIeg OXETIKA He TO Onpactoloywko tableau petafeite oto
[Tapdptpa B). Muwa tableau xataoxeor) etvat évag alyopidpog mov petagpalet pia
AOYIKA XPOVIKI) £KPPAOT] O £VA AVTOPATO MEMEPACHEVOV KATAOTACEDV ITOL ATIOdEXETAL
akpPwg OAeg Tig anewovioelg (models) g ékppaong. To TLC dev xprowpomnotet v
Kataokeor) tableau tng ypovikrg ékppaong av aovtr] HePA\ApPAvel POVO XPOVIKEG
vroekppaoelg OUA (ameipwg ovyva) xat “OA (oxedov mavia) omov A elval pa
KAtaotaon 1 éva xatnyopnpa evépyewag. Aev xpnowpomnotet tableau yia avtov too
eldovg TIg YPOVIKEG eK@PAoelg Yylatt pmopodv va eleyxbodv mo amodotika pe
arm\ovOoTEPO TPOIIO: PE ToV eAeyx0 LIAPENG KOKA®V OTov ypago kataotaong. Emedr) o
YPUQPOG KATAOTAONG KATaokevAetat yia Tto liveness eleyyo pmopet eOKOAa va yivet

noAv peyalog ywa va to xewprotel to TLC, 1o TLC meprodika eleyyet g liveness
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1O10TNTEG OF EVAV HEPIKO YPAPO KATAOTACEDV IOV £XEL KATAOKELAOTEL PEXPL EKELVI) TNV
otiypr). Otav to TLC aviyvevoel éva o@dApa, eva trace xatrdotaong mov detyvetl to
OQUAPA TOIMVETAL OAV HEPOG TG AVAPOPAG OPANPATOG,

H npaypatki) onpaoctia tov liveness e\éyyov etvatl va anodeietl v anovoia Ppoyyxmv
0€ HOVOIATIA O1AdOX KMV KATAOTACEDV AIELPOD PIIKODG.

2.2 Opiopot 1010t tag Liveness

ITpoteivovtat ot akoAovbot opiopot yia v ot ta liveness[7]:

Eot® S 1o obVOAO T®V KATACTACE®V TOL OLOTHPATOS, S TO OLVOAO aKOAOLOWY
Arelpov PrjKovg amd KATaotdoelg TOL OLOTHHATOG KAt S TO OOVOAO IMEMEPACHEVOV
axkohovOlV amo KAtaotdoelg Tov ovomparog. Mia extédeon omotovdrmote
npoypdappatog paopet va povtedonowmbet oav eva pélog too S . Ta otoyeia tav S
amoka\OOVTAl eKTEALOELG KAl TA OTolyela Tov S pepikég exteldoelg Kat ypdovpe 7 =7
Otav 1) eKteAeon) O kavorotet v wwotnta P.

Opwopog 1

M pepikr) extédeon a etvat live yia pra wdomta P av kat povo av ovndapyet pia
axkolovbia anod kataotdoelg B tétoleg wote 4P F X, Mua liveness 1516tta eivat pua
wwotnta ywa v onota kabe pepikr) extéheorn eivat live. Emopévag P etvatr pua liveness
O0TNTa av Kat povo av

*

Liveness: (Va: acS : QpF: LS af |=P))
O optopog avtodg etvat o Atyotepo MmePLoPLoTKOG.

Meéow g avtipaong, Bempeiote o0tt P eivat pa liveness 10t0tnta moov dev ikavonotet Tov
IIAPATIave oplopo. I1pemetl va vriapyel KAIOa PEPLKY) EKTENEODT) d, TETOLA WOTE

Vg peS?:. of#P))

H extéleon a eivat “xatt kaxko” 1o omoto amayopevetat ano v P . Etoy, n P etvat ev
pépet safety 1&iotnTa xat oxt pa liveness 1010t)1a, onwg Oempr)Onke.

Yndapyoov optopot yia to liveness mepltoodtepo meploplotikol amod Tov napardve.
Opwopog 2
‘Evag vnmoyn@rog riov exet diepevvn et etvat:

Uniform Liveness: (J8: £eS8%: (Va: ac ST af} |= P))
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n P etvat uniform liveness 1d10tta av xat povo av ondapyet pia arnn extedeon (P) moo
propet va mpooaptnOet oe kabe pepikr) extédeon (a) étor wote 1 akolovbia mov
MapdayeTat va wavorotet v P.

Opopog 3
AN\og oplopog oo éxet ripotabet aro tov Sistla

Jy: yesS®: y=F)
Absolute Liveness: " (V8: fe€S8°: flEP=(Va: aeS: af|=F))
n P etvat absolute liveness 1d10tta av xat povo av avty eivat pn kevy) (non-empty),
OnAadr ovmdapyet TOLAAXIOTOV HlA EKTEAECH IIOL TNV IKAVOIIOlEl, KAl OIOLAdrIOoTE
exteleon) (P) otnv P pmopet va npooaptnet oe onotadnmote pepikr) ektéleon) (a) yia va
Aaet pua akolovbBia oy P.

Eivat yprjoipo va yivet 1 o0ykplon avtov tov Tomkov optopev. H L etvat pua liveness
wOoTnTa av ornowadnnote pepikr) ektéeon a propet va enektabel oe kamowa exkteleon) B
¢tol wote aff va eivat L - n emhoyn) g P mBavov va e€aptatat ano v a. H U etvat
pa uniform- liveness 1&w0tnta av ordpyet pia amin) ektéleorn) P n omoia emexteivel OAeg
TI§ pepukég exteAéoelg a tétoteg oote ap va etvat U. Kat, A etvat pua absolute-liveness
WOTTa av aovty) elvat pn Kevr) Kat omoladnmote exktéeon P oty A upmopel va
xpnoworowmBet yia va emexteivel OAeg T1g pepikeg exteléoelg a. Omowadrmote absolute-
liveness 1910tta eivar pua uniform-liveness 15idtnta xat omowadrmote uniform-
liveness 1510t ta etvat pua liveness 6totnta.

Eveo 1 absolute liveness yapaxtpier pwa evdiagépovoa taln dot)tev, Oev
reptAapPavet Oleg Tig 1WOOMTEeg mov Oa pmopovoav va Oewpnbovv liveness.
Onowadrjnote leads-to 0wotTa (m.x. pa eyyonpévn vmmpeotia) dev etvat pua absolute-
liveness 1510t ta. Tétoteg 1810t 1EG Yapaktnpifovial og

Leads-to: Onowadrjmote vmapdrn evog yeyovotog tomov Ei tedwd axolovbetitat
aro pia vIIapdn evog yeyovotog tomoo Eo.

Otav 1o E2 elvatl ikavonoujoipo xapaxktpiletatl wg pia liveness idwotnta, “xartt kaho ”
rov Oéhovpe tehikd va ovpPet etvar to yeyovog Ex . I'ia va Oeite 0Tt pia leads-to 1diotnta
dev eivat pa absolute-liveness 1910t ta Oempeiote pia extéleon B oty omoia xavéva
yeyovog tonov E1 11 Ez 6ev oopPatvet. H leads-to 6a mpénet va oxvet ot p. Qotooco
MIPOCAPTOVTAG TNV [P Of Hld HEPLKI] €KTENEON AIOTEAOVDHEVI] AMO £vVa AIMAO YEYOVOG
tonov E1 mapdayet pia extéAeon oo dev ikavomotel Ty 10t Ta.

Eniong Oewpeitat ot 11 uniform liveness dev ocoMapPavel mAnjpwg v €vvold Tov
liveness. 'Eva mapadeitypa puag liveness 10wotntag moo Oev eivar uniform-liveness
ot ta yapaxktnpifetat arno
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Predictive: Av 1n 00mta A apylkd 10x0el TOTE PETA AIO KATIOWI MEPLKI)
extéAeorn), 1 WO ta B navtote 0a woyvet. Atagopetika av dev woxver n A, n B
riote dev Oa woyvet.

Avtr) etvat dAM\n pua liveness 10w0tnta, enedr] avt) anattel KAMOW0 «KANO YEYOVOG»
(ette o «mavtote B» 1) «mmavtote . ») va oopPet tehikd. Opwg, Oev eivat pia uniform-
liveness 1510t ta agov dev vnapyet kapia amii) akolovdia mov va propet emroywg va
EMIEKTEIVEL OAEG TIG PEPIKEG EKTENEOELG.

2.3 AN\eg Id10tTEg
IToANég 1010t Teg dev eivat ovte safety ovte liveness. 'a mapddetypa omnotadnmote
wwoTTa mov yapaxtnpiletat anol7]:

Qomov va (Until): Tehwa Oa ocopPel éva yeyovog tomov Ex xat oha ta
rponyobvpeva yeyovota etvat too tonoo Ei.

elvat 1) Topn) puag safety 0wottag xat puag liveness wdwotnrag. H safety 0ot ta etvat:
“~E1 mpwv Ex” Sev mpoxettat va oopPet, xat 1) liveness dwotnta eivat: to Ex tedika Oa
oopPet. H oovolwr) opbotnta (total correctness) eivat emiong 1 tourn puag safety
wwtnrag  (pepikr) opbotnta) kat pag liveness dottag (teppatiopog). Zinv
npaypatkomta kabe ot ta eivat n topr) (ovlevdn) pag safety xat puag liveness
wotnTag,

TomoAoyikoi y@pot

Tomohoyikot ywpot (Topological spaces)[8] eivat pabnpatikég Sopeg Mmoo emtpernoov
TOV TOIIIKO OPLOPO EVVOL®V 0K 1] OLYKALOL), 1] opBfotnTa kat 1 ovveyela. O KAddog TV
Pabnpatikeov mov peAeTd TomoAoyKovg x@povg anokaleitat tormoloyia (topology).

‘Evag tonmoloyikog xwpog etvat éva ovvolo X padi pe to T, pia cbAAOYT) amod vIIooLVOAA
TOL X, IIOL KAVOITOoLY Td akolovba adiopara:

1. To kevo ovvolo Kat To X avijKoov oTo T.
2. H ¢veor) onotovormote OLANOYIIG CLVOA®VY IIOL AVIIKODV OTO T, AVIKEL EIILONG OTO T.
3. H topr} omotovdr)mote (e0YovG OCLVOA®V IIOL AVI|KODV OTO T, CVIJKEL EMLONG OTO T.

H ovA\oy1) T anokaAeitat tonoAoyia oto X. Ta otoiyeia too X amoxalovvtat onpeia
(points). Ta oOvoAa oOtO T aAMIOKAAOLVIAlL AVOLKTA OLVOAa (open sets), kat Ta
oLpIANPoOpAta tovg oto X armokalovvtdat kAetota ovvola (closed sets).

Mua yertovia (neighbourhood) evog onpeiov x etvat omotodrmote cOVOAO To omoio éxet
éva avolyto vroovvolo mov mepiexet to X. To «ovotua yertovida» (neighbourhood

system) oTo x amoteAeital Ao OAeG TIG YEITOVIEG TOD X.
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Tomxkd, éva vmoovvolo A evog tormoAoykob xwpoov X eivat mokvo (dense) [9] oto X av
yla omotodnmote onpeio x oto X, kdbe yertovia tov x mepAapPavel TOLAIYLOTOV eva

onpeto amno to A.

H napandave Stariotmor) Ipoékoye aro ToV TOIMOAOYIKO XAPAKTINPIOpRO ToL safety xat
Tou liveness rov ¢dwoav ot Alpern xat Schneider. Zopgava pe v dnpooievon[7] tovg
vIapyet pua tonoloyia amd 1o S® (to obOVOAO aAxOoAoLOWV dAIEPOL HIKOLG dAIIO
KATAOTACELS TOL OLOTHHATOG) OtV omoia ot safety 1d10tnteg etvar akpiPpwg closed
obvola xat ot liveness 1dwotrteg etvat akpiPpwg dense ovvola. Ta Paocika open cOVoAa
avTig g Toroloyiag eivat oOVOAd OADV TOV EKTENECEMV IOV POPACOVTAL £Va KOO
npobepa. Qg ovvr|dwg, eva open OLVOAO elval I EV®OOL TO®V PACIKOV Open OLVOA®YV, Eva
closed obvolo eivat to copnmrpepa evog open oovolov, Kat éva dense oOvolo etvat
avTo mov Tépvetl Kabe prn kevo open ovvolo. Etot ot Alpern kat Schneider anédetSav ot

Oewpnpa: Kabe dotra P eivar n topny puag safety 1dwotntag xat puag liveness
woTnTag,

Emu\éov amedei§av kat éva mo yeviko arnoteeopa

' y -~ 1 [ ' 1 ]
Ozwpnpa: Av NE 1, 6mov S 10 0OVONO TGV KATACTAGE®Y TOL OLOTHUATOS, TOTE

ornowadrjmote WwotNTa P etvat 1) tour) amo dvo liveness 1910t teg.

2.4 KAeiowpo Mnyavng (Machine Closure)

Ot evepyeteg A, tov onolwv ot fairness 1510tnteg eppavifovtat oty ek@paor Liveness
(oe ma mpodiaypa@r ypappévn otnv popery Init A ONext A Liveness), éyoov éva
IPAYHA AIIO KOWOL: MPEmel ONeg VA elval DIOEVEPYELEG TNG EVEPYELAG EMOUPEVIG
katdotaong Next. Mua evépyela A etvat pua vmoevépyeta g Next av kat povo av kabe
A Prjpa etvan éva Next Prjpa. Iooddvapa, n A etvat pua vmoevépyewa g Next av kat
povo av n A oovenayetat v Next. Ze oxed0v O\eg Tig mpodiaypageg 1 EKQpaon)
Liveness Oa mpémet va eivat r ovleoén tov weak kat/1) tov strong fairness exgpdoemv
yla tig vmoevépyeteg g Next. @a enednyrjoovpe topa To yiarti.

Otav PAémoope mv mpodiaypagr), avapévoope to Init va meplopiler v initial
katdotaor), to Next va nmepropilet 1o Tt Prjpata mbavov va copPovdy, kat to Liveness
Va HePLYPAPEL HOVO TO Tt TEAIK Ipérietl va ovpPel. Oempmvtag thv akolovdn ékppaon):

ple=0) A O =a+ 1], A WE ({2 >99) A (2" =2 1))

Ot mpwtot 80O oL eLKTEOL TG TAPAIIAV® EKPPAOLG LoYLPIfOVTAt OTL TO X elval apyKda
0 xat ot onowodnmote Prjpa eite avlavet to x kata 1 1) 1o agrjvet apetaBAnro. Qg ex
TODTOV, aLTOl LIOVOOLV OTL av To X MoTe vrepPet to 99, TOTe AvLTO ywa mavia Oa
napapeivet  peyalotepo tov 99. H weak fairness dwotnra (dev etvat pa vmoevépyeta
me &' = x + 1) wyopiletat 611, av avtd oopfel, Tote T0 X mpémet TEAKd va petobet
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Kata 1 —avtupatiko yua tov 8evtepo ovevKTEéD. g €K TOVTOD, 1] £KPPAOCL AVTI) LIIOVOEL
ot 1) x Oev pmopet moté va vrepPet o 99, €101 avto etvat wodvvapo pe

ol ) A Oz < 99) A (' = &+ 1}]a

Zovdeovtag tnv weak fairness 1diw0tnra pe Tovg HmpwTovg VO OL ELKTEOVLG TNG
rpornyovpevng ekgpaong(l) amayopevovpe éva f=a+1 prypa otav to x = 99.

Mua npodaypagn g popeng tng éxppaong (1) amoxaleitat machine closed av xat
povo av o ovlevktéog Liveness dev meplopiet ovte v initial kataotaon ovte to TU
Pripata mBavov va oopPovv. Evag mo yevikog Tporog yia va eK@QEACcODHE auTo eivat
o akolovbog. Mia mernepacpev OLPIEPLPOPA O IKavorotel pia safety 1diotnta S av xat
povo av 1 ooprepipopd AapPaverat npoodetovrag dmelpa moAa stuttering Pripata
0To T¢AOG NG O mov Kavomotel TNV S. Av 11 S etvat pua safety 16w0tnta, 101 opifovpe t0
Cevyapt ano exgpaoelg S, L va eivat machine closed av xat povo av kdabe nenepaopevn
OLPIIEPLPOPA TIOL Kavorolel v S propet va emektabel oe pia Arelpr) COUIEPLPOPA
oo kavorotei v 9 A L. Amoxalovpe pia mpodiaypagr) machine closed av to {edyog

Init n O [;"'.'r-r-.l'f.]

TOV EKPPUAOEDV vars kAt Liveness etvat machine closed.

Znavia 0edovpe va ypdayoope pua npodiaypagr) nov dev etvatr machine closed. Av to
KAavoope, avto etvat ooviifwg ano Adabog. Mia mpodiaypagr) eyyovdtat va etvat machine
closed av ) Liveness etvat 1 obleoln tov weak xat/1) tov strong fairness 100t teov ya
vmoevépyeleg g Next. Aot 1 oovOrkn Sev Swatnpeitat ywa myv mpodiaypa@r) tov
napandave napadeitypatog, 1 omoia Oev  eivar machine closed, enewldn 71

(e o= 09y A (! . ) ' ' A :
(0 > 99) A (a r — 1) 8ev elvan pua vroevépyela mg 2 x+ L

Exto6g amo tig aocvvriOioteg nepiotdoetg, mpénet va ekppddletat to liveness pe fairness
1010TTEG V1A TIG DIIOEVEPYELEG TG EVEPYELAG ENOPEVG KATAOTAONG. ADTEG elval ot mo
ankeg Ipodlaypa@és, Kat g €K TOLTOL EDKOAOTEPEG VA YPAPOLV KAl va Katavornbovv.
Ot neproootepeg mpodtaypaPeg CLOTPIATOG, AKOPA KAl av elvatl HOAD AemTopepelg Kat
MEPUTINOKEG, HIIOPOLY VA YPAPOLY HE ALTO TOV AIAO TPOIIO.
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Kepalaio 3: TLC Model Checker

Iepilnyn ke@alaiov

To xepdAato aotod Sexiva pe v Iapovoiacn Tov Katyoptv alyopifpmv yia model
checking. I'ivetat pua ewoaywyr) oto TLC xat otnv ovoveyela meptypda@etat o TPONog pe
tov oroto To TLC exTipd yevikd Tig eKQPAaoelg (XPOVIKEG KAl 1)), O TPOIIOG He TOV OIIoi0
vroAoyilel T KATaotaoelg Kabwg KAt To MG eAEyXeL TG WO10TNTEG. TNV OLVEXEW
napovolaloviat ot Paoikég dopég dedopévav mov xpnowporotet to TLC yua v
vAomoinon twv alyopibpwv tng xat téAog enednyeitat o alyopidpog mov axoAovbeitat
oto TLC yua 1o safety model checking aA\d xat ywa to liveness model checking. To
Ke@AAAlo avto arnookoret oty avalotiky) napovotaon tov TLC model checker.

3.1 ANyopiOpor Model Checking

Ynapyoov &vo katnyopieg alyopibpov model checking[10], to symbolic model
checking xat to explicit-state model checking. To symbolic model checking eivat
KalOtepo ywa v enaknfevorn hardware ocvotnpdtev eve to explicit state model
checking ywa tnv enaAnBevon ovompdarev Aoyopwov. Ot hardware model checkers
Baoifovtat ovvrifwg o pa otpatnyikr) ovpPolikrg avadrtnong mov eSetddletl ta cOVOAa
TOV Kataotaoce®v oe kdbe Prjpa, evo ot model checkers Aoylopikoo Paocifovtat coxva
otV explicit state avadrjtnon, orov n 1poodog yivetat oe pia kataotaon kabe gopd. To
mo onpavtko eivat ot ot hardware model checkers ovovrfwg xprnoipomolovy éva
ODYXPOVO HOVTENO €KTENEONG, OTO omolo OAeg ot Olepyaocieg mapovolalovv Mmpoodo
TALTOXPOVA, EV® 1] €KTENEON evOg poviéhov oe eva software model checker etvat
oovridwg aovyxpovr, Omov 1| eKTEAEOn aveddptT®V HeTaPdoemv propel  va
npaypatomnowdet pe OAeg Tig dovatég oelpég eKTENEOTG.

2to explicit state model checking, exteAeitat pia avadrton (ovvrfwg dfs (depth first
search, avalfmon oe Pabog)) oOTg KATAOTAOELS TOL LIO eAéyxov ovotrjparog. H
avaditnon mpox®pd amno katdotaon oe kataotaon. H avadhmon exteleitatr pe
katedOLVON TIPOg TA EPIPOG, dAIIO HId KATAOTAON OTlg ENOPEVEG KATAOTAOELG
(successors), eKTOG KAt av 1) otpatnykr avaditnong amnattet omobodpopnor). Enopévag
propet evkoha va extipnfel o apl@pog TV KATAOTACEDV IIOL OLVAVIAEL KATA TV
Swapkela g enalrjfevong. EmumAéov, OAeg ol KATAOTAOEG IIOL OLPPETEXOLV OTNV
avadrtnorn) etvat mpooPAactjieg Ao TV apXIKr] KATAOTAoN).

2to symbolic model checking, diatnpeitat pia CopmMEOpPEVI] AVATIAPAOTAOL TOL XHPOL
Kataotdoe®v. e kdabe otddio, 1 avanapaotaon Owatypel pa ovAloyr) amo
Kataotaoel. MIopoovpe va epappooovpe Evav HETACXHATIOHO O avTO TO OLVOAO TOV
KATAOTACE®V, Yld VA BPOVHE TO OLVOAO TOV KATAOTACEDV IOV £lval IPOooPaotpeg amo
avteg pe pa petapaon (forward avadfytnorn) 1) T0 OOVOAO T®V KATAOTACEDV TO OIIOL0
propet va petaoynpatiodet oto dobév oovolo (backward avadlrntnon). Ztnv oovexewa
propet va mpooaptnfet 1o dobev ovvolo kataotaocemv 1) va meploptotel eSaptapevo
arIo TtV OTPATY1KI) avadrtnong Kat v dtotta mov etvat va eAeyyOet.
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3.2 Ewoaywyn oto TLC

To TLC[1] etvat évag explicit-state model checker ywa tnv TLA+ xat etvat vAomoupévog
oe Java. Exet oyediaotet xat vAomowOet ano tov Yuan Yu, pe v Porbewa tov Leslie
Lamport, Mark Hayden, kat Mark Tuttle.

To explicit-state model checking eivat dovatd povo yla MemepacpEVOV KATAOTACEDV
(bounded-state) mpodiaypageg. Emopevog to TLC déxetar wg eioodo pa TLA+
npodiaypagrn) xat éva configuration apyeio mov opifoov éva nenepacpévo povtélo.

To TLC etvat dabeopo peow tng nAextpovikng tonobeoiag (http://lamport.org). To
Kealato avto rneprypdget tov model checker TLC Version 2.01.

To TLC xerpiletat mpodtaypa@eg Mov £XOLV TV TOHOMHOUHEVT] pop@r| [BAeme 2.1]
Init N O[Next] yors N Temporal

ornov Init etvat to apywo xatyopnpa, to Next eivat ) oxeon enopevng Katdotaong,
vars etvat ot petaPAntég kataotaong kat Temporal eivat n xpovikry ékgpaor Iov
ovvribog mpoodiopiler pia liveness oovbnkn. Av n mpodiaypagr dev mephapPavet
Temporal éx@paon, Tote avt éxet TV axohoodn popery 74 A O[Newt]vars, xa
ernopeveg propet va ayvondel 1 ovrtnon OXETIKA PE TOV XPOVIKO EAeyXO KAIOlag
wwotnrag. To TLC pmopet va exteleotel xopig va €xet va eheySet kamowa Ow0tntd, otV
MEPUIT®OT) eAeyyeL yia OVO €101 OPANPATOV:

o “Silliness” opdApata. Mwa xwpig vonpa éxgpaon (silly expression) eivat yua
napddetypa 1 3+ (1.2), mg omoiag 1 évvowa Sev kaBopiletar amd v
onpaotoloyia g TLA+. Mwa npodiaypagr) etvat AavBaopévn av eSaptatat ano
Pa xopig vonpa ékgpaot).

o Deadlock. H amovoia adefodov eivatr pia Ouwaitepn 1910tTa MMOL OLXVA
embopeital va wavonotet pla npodiaypagr), avt) ek@paletat ano tmy Bt ta
invariance = (ENABLED Nexl) Eyq avtinapdderypa yia avty mv dutmta
elvatl pia oopmepupopd mov emdeikvoel ade§odo dnAadn to va @Bdoet oe pa
Kkatdaotaorn otV onoia to Next Sev elvat emTpento, ENOPEVMG KAVEVA HEPALTEP®D
Pripa etvat dvvato. To TLC kavovika eAéyyet yia adie§odo, alkda avtodg o EAeyxog
propei va etvat amevepyonoupévog agob yia KAIold ovotijpatda to adiegodo
DITOOEIKVOEL EMTLXT) TEPHATIONO.

3.3 Extipnon ek@pacewv

O ¢eleyxog pa mpodiaypagrg amattetl ektipnon 1oV ekppdoemyv. ['a napadetypa, to
TLC xavet invariance éAeyxo extipovtag v invariant ékgpaorn oe xabe mpoofaotpy
kataotaorn OnAadr), vmoloyilet TNV T TOL KATNYOPHHATOG, I oIoia Mpémet va etvat
TRUE. I'ia va yivet avtiAnmto Tt kavet kat Tt dev kavel to TLC, mpénet va xatavonet
TO MG ALVTO EKTIPA TIG EKPPAOELS.
To TLC extipd T1g eEKQPACELG PE VA OCOYKEKPIPEVO TPOIIO , YEVIKA EKTIHA DIOEKPPAOELG
"amo Ta aplotepd mpog Ta dedld”. ZoyKeKpIEVa:

e Extpa myv P N 4 ekupovtag mpéta to p xay, av avtd eivat TRUE, tote ektipd

10 q.
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o Extipa mv P Vg EKTIHOVTAG IIPAOTA TO P KA, av avTo eivat ico pe FALSE, tote
exTpd 1o q. Extipamv ? = ¢ oav PV Q.
o Extipa mv II' p THEN €1 ELSE €2 expovtag mpoTa 1o p kat petd ektipd
elte toel 1o e2.
Ia va yivet avtAnIt) 1) ONPAVIIKOTNTA ALTOV T®V KAVOVOV, d¢ PEAET|OOVHE éva
ar\o napdadetypa. To TLC dev pnopet va extiprjoet v ekgpaon x [1] av 1o x etvat
ioo pe (), apovn ( )[1] dev éxer vonpa. (H adeia akolovbia ( ) eivat pa ovvaptnon
TG oroiag to 1edio OPLOPOL elval éva Kevo ODVOAO Kdt eNopevmg dev mepiexet o 1.) O
IIPMOTOG KAVOVAG LIIOVOEL OTL, av 1o X eivat ioo pe to ( ), tote 10 TLC pmopet va

EKTIHIOEL TNV €KPPAOT) )
(x #()) A (z[1] =0)

ANMa oxt mv (Aoyka 1odvvann) Ekppaor
(z[1] =0) A (z #())

(Otav extipatat n tedevtaia ékppaon, to TLC npota npoorabel va vroloyioet tv
( )[1] = 0, avagepovtag éva opaApa enedny Sev pmopet va to kavet.) Evtoxag, yevika
EMALYETAL VA YPAPEL 1] TIPAOTL £KPPAOT AIIO TNV dedTEPT Y1ATL ELVAL EDKOAOTEPT OTO VdA
yivet avtinmom). Ot davBpwmnot xatalaPaivoov pia EKQEAON EKTIHOVIAG dUTV
dlavonTika amno ta aplotepd mnpog ta 6edid, pe To idto tpomo mov to kavet kat to TLC.
To TLC extipa mv dzeS:p anapdpovtag ta otoyeia sl,..., sn Tov S pe KAmnowa
OglPd KAl PETA EKTIPA TO p pe To si va avtkabiota to x , 61a60xu<(bg yai=1,..,n
Avto anapipel ta ototyeia Tov oovolov S pe éva oL evBL TPOIO, KAl OTAPATA KAl
dnAavetl eva opalpa av to cOVOAO Oev elval IPOPAV®OG IIEMEPACHEVO. 12.3)

3. Avto anapBpet éva obvoAo NG popePrg feesp } anapt@pmwag Ipwta 1o S,
Kat £tot avtd pmopet va anapibproet 1O {11€0..5:1 <4} pna oxt TO
1t € Nat @i <4}
To TLC extipd Tig exgpdoetg 7 T € S 1 p xqu CHOOSE & € 5 : P (1 omoia emotpéget
pla avbatpeta em\eypéve) T X TOL S TIOL IKAVOIIOLEL TV £K@EAOT] P) anapldpmviag

Tla napaﬁatypa 1o TLC pnopet va anapiBprjoet ta OTOIXSI(I aro to 10: Kdt To

IP®TA TA OTOL Ela Tov S, pe tov 1010 rpono OII®G aLTO eKtlpa my T E S:ipH
onpaotoloyia g TLA+ avagépet 6t ) CHOOSE € S P elvan pua avBatpetn Tr)
av Ogv DIIAPXEL KAVEVA X 0TO S yid TO 0Ioio TO p eivat true. Q0TO00, ALTH) 1] IEPITTM®OT)
oxedov navta mpoxalet éva Aabog, €tot to TLC yepiletatr avto og eéva opalpa. Na
onpelwdet OTL N exTipnon TG EKPPAONG

[F n>5 THEN CHOOSE ¢ €1 ..7n :¢>5 ELSE 42

Sev Ba avanapayet opalpa yati to TLC dev Oa extiprioet tyv ékppaor) CHOOSE av

n <9, (To TLC Ba avégepe éva opalpa av npoonabovoe va extiprjoet v CHOOSE

¢x@paon otav o 7 < )

To TLC Oev pmopet va extiprjoet pn optofetnpévoovg "unbounded" mooodeikteg 1)

exppaoelg CHOOSE dnAady, tig excppaoag IOV £YOLV A ATIO ug axoAovbeg poppeg
dx @ p Vi : CHOOSE & : p

2oykekppéva, to TLC propet va extiprjoet pua  set-valued éxgpaon povo av avt) n
EK(PPAON 100VTAl PE VA MEMEPAOPEVO ODVOAO, KAl PITOPel va ektipr)oet pua function-
valued ex@paon povo av n ék@paor eivat pla covapnorn g orotag to 1medio opltopov
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etvat éva nenepaocpevo ovvolo. To TLC propet va extiprjoet ek@pAcelg TovV akoAovbmv
HopP®V povo av propet va arnaptbprjoet To oovolo S:

dz eSS :p YeelS:p CHOOSE z € S : p
{x el :p} {e :z €S} [z € S — €]
SUBSET S UNION S

3.4 Extipnon Xpovikov Exgppaocemv

H npodiaypagrn xat ot 1d10tnteg mov 1o TLC eAéyyetl elvatl xpovikeg ek@pAoels. XT0
onpelo Advto MEPLYPAPETAL TO OLVOANO TOV XPOVIKDV EKPPACED®V IIOL ALTO pIopel va
Xelprotet.

Mua ypoviki) éK@paon xapaktnpifetal wg nice av kat povo av avt) etvat pia odvlevdn
arro eKPPAOELG TIOL AVI)KOLV O¢ P1d dIIO T aKOAovOeg T€00eP1g KAAOELS:

Katmnyopnpa Kataotaong (State Predicate). Mwa ovvaptnon xatdotaong oo
Aappavetr booolean tipeg.
Invariance Ex@paocn. Muwa ék@paon g popeng L7, dmov P eivar éva kamyopnpa
KATaotaong. 1
Box-Action Ex@paon. Mia ex@paorn tng popeng O[A] U, 0mov A elvatl pa evepyela Kat
L elval pua oLVAPTNOL KATAOTAOLG.
AnAn Xpovikn Ex@paon. ['ia va optotet aotr) i kAdorn, npenet npota va Bécovpe tovg
axolovBovg oplopovg:
o  Ortamloi Boolean teNeotég ammoteAOLVTAL ATIO TOLG TEAEOTEG
A V ' — = TRUE FALSE
TG MPOTAOWKI|Gg Aoyiknig padi pe tov kabopilopo g noootntag (quantification)
AV OF MEMEPAOpEVA, oTabepd COVOAQ.

o  Mua ypovikr) éxppaon katdotacns (temporal state formula) eivat avtr) moo AapPdaverat
Ao ta Katyoprpata Kataotaong epappofovtag amlovg Boolean teAeotég kat tovg
XPOVIKOUG TeheoTég L, O kar~+. T napadetypa, av to N etvat pua otabepd, tote

Viel..N :O(z=di)=3j€l..i:(y=4))
ELVAl Pid XPOVIKL] EKPPAOT KATAOTAONG.

o  Mua arhy ékppaon evépyeiag (simple action formula) eivatl pia €K@paor) mov pmoopet va
dpet 11§ akolovbeg popeeg:

WE,(4)  SF.(4)  00(4),  ©0O[4],

omov to A elval pua evepyela Kat to v eivat pla oovdptnon Katdotaong. Ot

oovleTikég ex@pAoeElg Trg WE,(4) xau g SF.(4) eivar N (4)s Kat 1)
ENABLED (A)y [BAéne 1.6 xat 1.7].

Enopéveg pia amhr) xpovikr) ék@paot) opiletat va eivat pia €K@pact) oo dopeitat aro
XPOVIKEG EKPPAOELG KATAOTAONG KAl AIAEG EKPPUOELG EVEPYELAS EPAPROCOVTAG ATIAODG
Boolean teleoteg.

To TLC pmopei va extipfjoet pua TLA xpovikn ék@paon av kat povo av (i) 1
ék@paon etvat nice xat (ii) to TLC pmopet va exTipr|oetl OAeg TIg EKPPAOELS ATIO TG
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oroieg ovvtifetat 1) ékppaon. Ta napadetypa, pla ékgpaor g popeng I’ ~ € eivat
nice, etot 10 TLC pmopetl va extiprioet avtr) av KAt pOvo av avto PIOoPel va eKTIPNOEL
mv P xat mv Q.

To TLC pmopet emopévmg va eKTIIIOEL TV XPOVIKI] EKPPAOT
Viel..N:O(y=1)=WE,(y' =y+1)A(y> i)
av to N etvat pua 0T0[6€p('1 ereldr) avTr) elvat pia arm) Xpovuq'] éxkppaon ((Kat snopévoag
nice) xat to TLC }mopel va eKTiproet OAeg Tig ovvbletikeg exppdoetg. To TLC dev pmopet
Va eKTIN0EL TV oz’ = 1), , AQOL C[DTI] dev eivat pia nice éx@paor. Aoto dev propet
VA EKTIENOEL TNV EKPPAOT) WE (2] =0) qv NPEMelL va eKTIPENOEL TNV evépyela

(z'[1] = 0)

v pe éva prpa s — 1 oto omoio to ¥ = () otV Kataotaon t .

3.5 YIoAoy1op0g Kataotaoemwv

Otav to TLC extipa pua invariant, vmoloyiCet v Tipn g invariant éxgpaong, n
ornota etvat eite TRUE 13 FALSE. ‘Otav 1o TLC extypa to initial xatnyopnpa 1 mv
evépyela eMOPEVI|G KATAOTAONG, DIIOAOYI(eL éva OLVOAO AIIO KATAOTAOELS Y1 TO APXIKO
KATYOPNHd, TO OOVOAO OA®V TOV APXIKOV KATAOTACE®V, KAl Yld TNV €vePyeld
ENOPEVIG KATAOTAONG, TO OOVOAO TOV OLVAT®V EMOPEVOV KATAOTACEDV -SUCCeSSOr states
(primed states) mov eivatr mpooPdoipeg amo pra dobeioa (unprimed) xatdaotaon
ekkivnong Xtmv ovvéxewa Oa meprypaget nog to TLC kdvel avtd yua v evépyewa
ENOPEVNG KATAOTAONG, 1] EKTIPNOI TOL APYKOD KATIYOPI|HUATOG elvat avaloyr).

Onwg éxovpe avagepet pua kataoraor) eivat pua avdabeon tipov oe petapAntés. To TLC
vroAoyiCet Tig successors amod pia dobeica kardotaon s avabitoviag oe OAeg Tig
unprimed petapAnreg Tig TIPEG TOVG OTNV KATACTACT S, KAl 0TIV COVEXELA EKTILA TV
evepyewa enopevng Katdaotaong. To TLC extipa v evépyela emopevng Kataotaong
ON®G TNV EKTIPNOI TOV EKPPACEDV IOV IEPLYPUPNKE MO0 IAV®, pe dvOo eSaipéoelg mov
epLypd@ovpe otny ovvéxeld. Aot 1) neptypar) Oewpel ot1 1o TLC éxet 1101 exteéoet
O\eg TIg avabeoelg KAt TI§ AVTIKATAOTAOoELG 1oL mpoodlopiotnkav amno v CONSTANT
evToAn) (pe v omoia opietat pia constant mapdpetpo) oto configuration apyeio. Etot,
] €VEPYEW EMOPEVI)G KATAOTAONG &lval pua €KQPAor Iov IePAapPdvel  povo
petaPAntég, primed petaPAntég, model tipéc, kat evoopatopévoog TLA+ teheotég Kat
otabepég.

H npotn drag@opd otnv eKTipnon tng evéPyeELag EMOPEVNG KATAOTAONG €ival 0Tt TO
TLC dev extipa tig dwalevlerg amod ta apiotepda ota 0e§id. Avti avtov, otav avto
EKTIA P DIIOEKPPAOT Ayv...VA n, ALTO X®PI(EL TOV DIIOAOYIOPO O N SEXDPLOTEG
EKTIPNOELG, Kabe pia armo Tig oroieg AapPavel pia DIIOEKPPAOT IOV AVTIOTOLXEl oe pia
ano 1§ A; . Ilapopoiwg, OTav avtd ekTpd IV 3z €5:p, quto xopilet Tov
DIIOAOYIOPO Ot SeX@PLOTEG eKTIHNOELg yia Kabe éva ototyeio tov S. Mia ovvenaywyr)
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P=4q vroAoyiletat oav v dwalevdn (7P)V Q@ 1a napadetypa, To TLC yaopidet
TNV exTipmon g

(A= B)V (CAJi€S: DGE)AE)

oe SeX®PLOTEG eKTIPN|oelg  amo Tpelg Otalevktéong, amod ToLG Omoiovg amoteleitatl 1)
napandve ékepaon, Sniadn, 4, B xat CA(FieS : DU)AE,

Ia va extpnOet o tekevtaiog Otalevktedg amod Tovg TPelg dralevKTEOLS, MPWTA
extipatat to C. Av Anebet 1 tipr) TRUE, tote xopilet avtr) TV eKTipnon oe Sexmplotég
extipioeg mg (1) NE yia kafe i péoa oto S. Extipd myv £ (i) NE EKTIPOVTAG IIPMTA
10 D(i ) xat, av aoty Adpet mv tipn) TRUE, tote extipd to E.

H 6¢otepn dragopa oto tpomo pe tov onoio to TLC extipa v evépyeta eNOpevg
Kataotaong eivat 0Ty, yia orotodnrnote petaPAntr) X, av avto eKTIPA Pid EKQPAOT) TNG
poperg &' = € otav dev éxet avatedei pia tpn oto £, TOTe 1) extipnon mapdyet v
tipr) TRUE kat 1o TLC avabétet oto 4’ v Tijr) mov amokTtOnKe ard TV ekTipmon g
ékppaong e. To TLC extipa pua €xk@paon Tng popeng = "€ S oav va nrav
dve Sz =w Exupa myv UNCHANGED x oav = yla omowadnmote

UNCHANGED (eq,..

petaPAnt X, Kat myv 5 €n) sav

(UNCHANGED e1) A ... A (UNCHANGED e,,)
yila onowadnmote ék@paon e; . Emopévag, to TLC extipd my VNCHANGED (z.(y.2))

oav va nrav
(z'=2) A (Y =y) A (2 =2)

2e MEPUIT®OT IOV EKTIPATAL Pl €KPPAOT) TNG HopPng & "= e, 10 TLC avagepet eva
opdApa av avto anapidpnost pra primed petaBAnt mov dev Tig exel avatebel akopa
pa ). Mua extipnon otapatd, otav dev Bpefovv kataotdoelg, av evag oulevKTE0g
exTipnOet oe false. Mia extipnon mov oAoxkAnpwvetrat xat Adafet mv tipn true Pploxet
TNV Katdotaon mov IHpoodiopifetal amo T Tipég mov avarédnkav ot primed
petaPAntég. Znv televtaia mepimtworn), to TLC avagépet eva opdipa av oe Kdamola
primed petaPAnt) 6ev éxet avaredet pa Tup).

[a va dtevkpivicovpe G avto Aettovpyel, ag peletrjoovpe nwg to TLC extipa v
eVEPYELA EMOPEVIG KATAOTAONG

V Az €1.. Len(y)

Ay = Append(Tail(y), =)
VAz =z+1

Ay = Append(y,z’)
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'Eote Beopodpe katdotaon ekkiviong pe typeg & = 1 kat ¥ = (2.3). To TLC xopidet
TOV DIIOAOYIOPO EKTIH®VIAG Tovug dvo Otalevktéovg ywplota (kdbe Owalevxteog

aroteleitat amd 800 OLJELKTOVG). HeKVA EKTIP®VIAG TOV HP®TO OlalevkKtéo g

" [ ] ] ] 2 a1 F B
EKTIU®OVTAC TOV IP®TO OL{ELKTED, O OIIO10C YelpileTal ® dieel.. Len(y):w L,
R S P G Xep S

Agov Len(y) = 2, n extipnon tov npotov dialevkteov xwpiletat oe dvo {exmPLOTEG

EKTLHOELG
Az =1 Az =2
Ay = Append(Tail(y), z') Ay = Append(Tail(y), z")

To TLC extipd v mpmtn Ao avtég Tig evépyeteg og edr)g. Extipd tov nmpwto ovlevkKTo,
avabétovrag omv &' v T 1. TV OLVENElA EKTIIA TOV SedTEPO OLIEDLKTEO,
avabdetovtag otnv y' MV T Append(Tail((2,3)),1), Enopévag, extipovtag myv
PG evépyela Ppiokel TV successor Katdotaon pe & = 1 xat Y T (3. 1),
[Tapopola, extipmvtag v OedTepn evépyela PPIlokel TV successor KAtaoTaon He
r=2xa ¥ = (3:2) Me napopoto tpomo, 1o TLC extipd tov 0evTepo StalevKTEO TG
EVEPYELAG EMOMEVIIG KATAOTAONG Yia va BPel TV successor Katdotaon pe £ = 2 kat
y =(2,3,2), Enopéveg, 1 extipnon tng apxKIg eVEPYELAG EMOPEVIG KATAOTAONG
Bpioket Tpeig successor KATAOTAOEL.

To TLC vmoloyiCet t1g initial kataotdoelg ypnotponowwvtag pa napopota dtadikaoia
yla va extipnoet to initial katyopnpa. Avti va Sexwvrjoet ano tig dobeioeg Tipég TV
unprimed petaPAntov (m.x. X,y) xkat va avadétet tiypeg oe primed petapAnreg (. x,y’),
aoto avadétet Tipég otig unprimed petaPAnres.

To TLC etvat emiong mBavov va mpemet va eKTIPNOEL PLd EVEPYELT OTAV EAEYXEL YA Hld
010 Ta. e ATV | IEPUITOOT, EKTIPIA TV EVEPYELA ON®G Oa éxave pe omoladrjmote

EK@PPaON.

3.6 EAeyxog b0tV

Meéxpt avto 1o onueio éxoope emednynoet mog 1o TLC extipd T eK@pdoelg Kat
vrioAoyiCet Tig initial KATAOTAOELG KAl TIG SUCCESSOr KATAOTAOELS. e ATV TV eVOTTa
neprypdgovpe nwg 1o TLC xpnotponotet v extipnorn yia va eAéySet tig 1diotnteg.

Ornwg 1101 exovpe ava@épet 1) elcodog oto TLC amoteAeitat anod pia TLA+ module kat
¢va configuration apyeio [BAéne 1.3]. To TLC Bempet 0Tt 1) mpodiaypa@r) £xeL TV HOPPr)

Init A O[Next]pars A Temporal

To configuration apyelo opifet 10 MHENEPAOHEV®OV KATAOTACEDV OTLYHIOTOIIO TOL
povtelov 1ov eivatl va avalovbet, kat dnhwvel moteg Ao Tig eKPpAoelg mov opifovrat
PEOA OTO POVTEAO AVAIIAPLOTOLV TNV IPOOlaypa@r] TOL OLOTIHATOG KAl MOLEg elvat ot
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O10TNTEG MOV elval va enalnfevTodY MAVE® O ALTO TO MEMEPACHEVMOV KATAOTACEDV
OTLYHOTOIIO.

Ia nmapadetypa, 1o configuration apyeio yia to HourClock onwg éyoope Oeilet
neptAapPavet v OnAwor)

SPECIFICATION HC
Meéow tg ortotag to TLC Aappavet v HC wg v npodtaypagn oo ivat va egetaotet.

H dotta 1) ot wOwotnteg oo mpénet va eheyxbovv mpoodiopifovtat oto idto apyeio pe
pwa evtoAr) PROPERTY.

ITpoodropilovtag eva katnyopnpa katdotaong P oe pra PROPERTY evtolr) Aépe oto
TLC va eheySer ot 1 mpodiaypagry ovovenayetat 1o P, mov onpaivet ot to P eivat
alnbég oe xabe initial kataotaon kdbe ocoprepiPopdg Mov Kavorotel v mpodiaypaer).

e aoTo To onpeio opifovpe KAIOEG EKPPAOELG ITOL AapPdvovtat amo to configuration
apyeio ya v npayparomnoinorn tov model checking. Xe avtovg tovg oplopovg, évag
ovlevKTEOg TIpodlaypang (specification conjunct) etvat évag oolevKTéog TG €KPPAOT|S
oo npoodiopietar amd v evioAry SPECIFICATION, évag ovlevktéog 10t0tntag
(property conjunct) etvat evag ovleDKTEOG arId pid £KQEAON IOL MPoodlopiletatl armo
pa evtoAr) PROPERTY. Ot optopol avtol xpnotpornotony Tig 1€ooeplg KAJOEL TV nice
XPOVIK®V EKPPACEDV IOV OPLOTHKAV IO AV OtV evotnta 3.4.

Init

To xatnyopnpa mov mpoodopilet TV APXIKI) KATACTAOLN TG IPodtaypadns. Avto 1o
katnyopnpa mpoodiopifetar and pwa INIT 13 pia SPECIFICATION evtohrn. 2wy
televtata mepimtworn, etvat n obvlendn ammd OAovg Tovg oL ELKTEOVS ITPOdIAYPAPT|G IOV
elval Katnyoprpata KataoTtaonG.

Etot yia napdadetypa av n mpodiaypagr oo eSetaloove £xet TV Lop@r)

Init A O[Newt], s

xopig xapia liveness oovOrkr), tote avti va xpnowpomnoujoovpe pra SPECIFICATION
€VTOAI), pmopovpe va opiooope To initial xatnyopnpa Kat v evépyela emOpevIg
KATdotaong tonofetovtag Tig akoAovbeg 600 evtoleg oto configuration apyetio:

INIT Init
NEXT Next

Next

H evépyeta emopevng xataotaong g mpodtaypa@ns. Ilpoodiopifetat amod pia evioAr)
NEXT 1) a6 pia evrohr) SPECIFICATION. Xy teAevtaia mepimteon, auty etvat pia
evépyeta N TETOWA IOV LIIAPXEL £VAG OL(EVKTEOG TIPOOIAYPAPLG TG HOPPLG — INlu Aev
IIPETIEL VA DIIAPYOVV IIEPLOCOTEPOL TOD EVOG TETOLOL OLEDKTEOL.
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Temporal

H o0levén xabe ovlevkteov mpodiaypagr) mov dev eivat ovLTe KATHYOPN A KATACTAONG
ovte box-action éxgpaor. Avtr) etvat oovifwg 1) liveness ocovOnkn g npodiaypagr|g.
Ia napaderypa é¢otm O0TL BENOLpE va mpoodiopicovpe éva polot oto omoto Bedovpe va
dnAwoovpe ot éva HCnxt Prjpa npenet tedika va oopPet av  HCnxt etvat ooveywg
evepyoroumpevr xopig daxomr). Eva HCnxt Prjpa eivat eva Prjpa moo aradet tnyv hr
onwg eyoope avagépet [BAemne 1.3]:

210 module ypagoope

HCini == hr \in (1 .. 12)

HCnxt == hr' = IF hr # 12 THEN hr + 1 ELSE 1
HC == HCini/\ [][HCnxt] hr /\ WF_hr (HCnxt)

2to configuration apyeio ypagoope
SPECIFICATION HC

Enopevog 1 Temporal exgpaon eivat 1 WE_hr(HCnxt) moo amoteAet v liveness
oovOnkn ywa mv npodwaypagry HC(HourClock). O oxvpiopog oovOnkov fairness
propel va aroxkAetioet to amneipo stuttering.

Invariant

H o0levdn ano xabe xatnyopnpa katdaotaong I mov eite mpoodiopifetat aro pia eVioAr)
INVARIANT 1} xyapw kamotag diotrta oolevktéon ion pe I . Ta napdadetypa ¢0te
ot Bedovpe 1 petaPAnr) hr va naipvet tipeg amod 1o 1 €wg 1o 12 xat BéAovpe avto va
etvat woyovet mavta (va etvat mavra akndeg). Ynapyoov 00 TpOmot Onmg ava@Eépage Imo
IAV:

A’ tpomog B’ tpomog
210 module ypagoope 2to module ypagovope
HCini == hr \in (1 .. 12) HCini == hr \in (1 .. 12)
TypelInvariance == []HCini

2to configuration apyeio ypagoope | Zto configuration apyeio ypdagoope
INVARIANT HCini PROPERTY Typelnvariance

ImpliedlInit
H o0Cevdn) amd kabe ovlevkTeo 1010TTAG IOV €lvatl éva KATYOPI L KATACTAONG.

Zmyv npaln etvar mbavo va xkAnboope va ekeySoope v opbfotnta evog CLOTPATOS
Xoplg va exoope kapia emonpn mpodiaypagr) Tov Tt akpiBwg to obotnpa vrotibetat
OTL IPEMEL VA KAVEL Xe ALV UV IEPUITOOL), PIOPOVHE VA YPAWOLHE HId €K TOV
votepwv (ex post facto) mpodiaypa@r). XtV OPAypATIKOTNTA MIPOKELTAl Yid Hid
an\omowmpévr £€kdoorn g eSetalopevng mpodiaypagng. O eleyyog pag eotidaletat oto
av 1 apyn) eSetalopevy npodiaypagr) ovvenayetatr/ wkavomnotel tv ex post facto
npodiaypaqr).
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Eotw yia napadetypa ya mv npodwaypagry HourClock toyver ott dev exoope pa
emionun nOpodiaypagrn Ttote Onplovpyodpe TV ex post facto mpodiaypaer)
HCCorrectness, oo etvat pa mo anlonoupéve) npodiaypaeny ano v HourClock, kat
Oéhovpe va eléyfoope av n HourClock ovvenayetatr tyv HCCorrectness. Avtog o
é\eyxog pmopet va yiver pe tov axkolovbo tpomo oto configuration apyeio Tng
HourClock:

210 module ypagoope
INSTANCE HCCorrectness

210 configuration apyeio ypdagoope
PROPERTY HCCSpec

H HCCSpec amotelel v XpOVIKI| €K@QPAOL IOV IEPLYPAPEL TNV HCCorrectness KAl elval
ton) pe

HCCSpec == HCiniC /\ [][HCnxtC] hr

OIOL HCiniC TO APXIKO KATNYOPnHpd TO omoio opilel TV dpyilKl] KATAOTAOL TOL
ovotnpartog g HCCorrectness xat HCnxtC 11 OX€0n €MOMEVIG KATAOTAONG 1] omoid
optilet povo Tig dvvateg Aettovpyieg tov ovotpatog tg HCCorrectness.

Etot eAéyyovtag av 1 HourClock wkavomnotet tnv HCcspec ehéyyxovpe av 11 HourClock
ovvenayetat v HCCorrectness.

ZOYKEKPEVA av pag evoldgepe POVO va eAeySovpe av 1oxDeEL TO APXIKO KATHYOopnpd
acinic g HCCorrectness Oa prmopovoape va ypayoope 1o €51)g

210 module ypagoope
INSTANCE HCCorrectness

2o configuration apyeio ypagoope
PROPERTY HCiniC

ImpliedAction

H ooCevdn amo xdabe evépyera [A]u TéTola@ @oTe KAIO0G OL{ELKTEOG 1O10TNTAG VA
woodvvapet pe L[A]u.

To napdadetypa nov napovordoape mo nave oty éxk@paon ImpliedInit pmopovpe va
TO EKPETANAEDTODIE KAl Y TNV KAALTePL) Katavonor) tng Implied Action.

ZOYKEKPIPEVA Op®G av pag evoldgepe POVO va eAEyEOLHE av 1O0XVEL 1] OXEOT] EMOHREVIG
katdotaong HenxtC g HCCorrectness Oa priopovoape va ypdaypoope to edr|g

210 module ypagoope
INSTANCE HCCorrectness
ImpliedAction == [][HCnxtC] hr

1o configuration apyeio ypagoope
PROPERTY ImpliedAction
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ImpliedTemporal

H o0b(evdn xabe ovlevktéov 1O10TNTAG MOV €ival pia amAr) XPOVIKI) £K@PAOL), aAd dev
etvat g poperg LI, omov I elvar eva xatnyopnpa KAtaotaong. AMoTeAel KAt avtv
pwa liveness 1910t ta. ‘Eotw ott Bédovpe va opiocovpe o1t oto HourClock ocoppaivoov
aneipa <<HCnxt>>_hr Prjpata, oo alAaloov v hr:

210 module ypagoope
HCnxt == hr' = IF hr # 12 THEN hr + 1 ELSE 1
AlwaysTick == []<><}<HCnxt>> hr

THEOREM HC => AlwaysTick

210 configuration apyeio ypdagoope
SPECIFICATION HC
PROPERTY AlwaysTick

To []<><<HCnxt>> hr anotelel v ImpliedTemporal exppaon) g npodiaypar|s.

Constraint

H o0Ceuln tov Kat)yopnudtov KAatdotaong mov Ipoodtopioviatr amo eVToAég
CONSTRAINT.

Otav 0éhovpe va meplopioovpe Eva POVTENO Yld VA TO KAVOLHE MEMEPAOHEVO, OnAadr),
va emripénet povo &vav nenepaopévo aplipo amod Tig duvatég KataoTdoelg, PIopovue
va 1poodloploovpe £va KATYOPNHPA KATAOTAONG IOV AITOKAAeiTal constraint to oroio
Oa repropilet To priKog TV aKoAovOimy.

[a mapadetypa, €0t OTL BENovpe va meploploovpe TO PHKOG KATIOW®Y akoAovbimv £Tot
®oTe va £€xoov To MOAL pnkog 2 (\leq eivat n ASCII avanapdotaon tov ooppfolov

<=).
210 module ypagoope
SeqConstraint == /\ Len(msgQ) \leq 2
/\ Len (ackQ) \leq 2
2to configuration apyeio ypagoope
CONSTRAINT SegConstraint
ActionConstraint

H oo0Cevdn amo oAeg tig evépyeleg mov mpoodiopifovtar amod eviodég ACTION-
CONSTRAINT. Eva constraint evepyelag eivat mapopoto pe éva constraint, pe v
dragpopd otL avto eSaleipet Tig dvvateg petaPaoetg mapd Tig KATAOTACELS,

Otav to TLC ekeyxer pua dotmta, omyv npaypatkotnta Oev emainbevet ot 1)
npodiaypagrn vmoovoet Ty wwotnTa. Avti avtoo, ekéyxet ot (i) to safety pépog tng
npodiaypagrng ovvenayetat to safety pepog tng WOmTAg KA (ii) 1) mpodiaypaqr)
ovvenayetal 1o liveness pépog tng wWottag. I'a mapadetypa, vmobétoviag Ot 1
rpodtaypa@r) Spec kat 1) Wwotta Prop etvat
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1t

Spec: Init A O[Neat], ..« N Temporal

Prop = ImpliedInit A | [Implied Action]ypars N Implied Temporal

onov Temporal xat ImpliedTemporal eivat liveness 1610t teg. 2Ze avt)v v nepIT®ON),
10 TLC eAéyyet Tig dv0 exppdaoetg

Init A O[Neat]pors = ImpliedInit A O[ImpliedAction],ars
Spec = Implied Temporal

Av10 onpatvet 0Tt dev pnopet va xpnowponowOet to TLC yia va ekéySet o1t pia non-
machine-closed mpodiaypagrn wavornotet v safety 1dotta. I'ati tote o Liveness
ovCevktéog Oa meplople Vv initial xataotaon r)/xat ta Prjpata pe anotéleopa o
é\eyxog tov TLC va etvat AaBog [BAéne 2.4(KAeiowpo Mnyavrg)].

Zmv mpadn, oxedov OAa ta avudpaotikd (reactive) ovOTpATA PIIOPOLV Vd
IIPOOOIOPLOTOLY X P1OHOIIOIDVTAG OLOTHHATA eVePYEL®V (action systems) padl pe amhég
weak xat strong fairness 16w0tnteg. Ot meploootepeg mpodiaypagég eivatr machine
closed. Mwa machine-closed mpodiaypaen pmopei mavia va ypa@tei oav éva
ovotnpa evepyelwv padi pe fairness 1010tnteEg poOvo oe 61afedielg THOV evePYELOV

ovotpartog[5].

3.7 Baowkeg 6opeg dedopévwv tov TLC

To TLC otmv pédodo model checking mpoomabei va Ppet Oleg tig mpooPdaotpeg
(reachable) xataotaoetg, dnAadr), OAeg TIg KATAOTAOELG TTIOD PIIOPOLV VA ERPAVIOTOOV
OT1G OCOHIIEPLPOPEG IOV IKAVOIIOIOVV TIV £KPPAOT)

Init AO| Next]yars

['a v vAomoinon g pebodov model checking to TLC Swatpet 11 akolovbeg tpetg
dopég 6edopévav (1) tpitn dnpovpyeitat povo yua v vlomoinor tov liveness model
checking):

» To ovvolo G mov etvat pepog tov ypagoo reachability xkatdotaorng mov to TLC éxet
LIIOAOYIOEL PEXPL TV TPEXOLOA XPOVIKI] OTLypn. XtV ovola meplhapPdvel ta
fingerprints t@v kataotacewv. Ta fingerprints tov eival otoxyaotika povadika
abpoiopata eléyyov (checksum) mov ovowaotikda eivat kwdwoi (hash-code) tav
64bits.

O alyopiBpog mov axoArovbet to TLC avanapiota to G cav pa éveon amod dvo
aobvvdeta (disjoint) obvola kataotacewv, To éva Kpateite oav éva in-memory hash
table xat To d\\o ocav éva tadivopnpévo apyeto diokov mov €xel éva in-memory
index. Ia va e\eyxbet av pua xataotaon etvat peoa oto G, 1o TLC npmta eAéyyet
Tov in-memory table. Av 1 katdotaon Oev eivat eket, 1o TLC ypnowpomnotet pia

dvadwr) avadrtnon oto in-memory index ywa va fpet To prAok tov dHiokovL IMov
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mbavov va mepiexet avtv Ty Kataotaon, OwaPdalet avtd To HIAOK, Kdt
xpnowpomnotet dvadwkrn) avadrjtnon ya va det av n katdaotaor eivat oto prAok. [a
va npoobeoet pia kataotaor oto ovvolo, To TLC v npoobetet otov in-memory
table. ‘Otav o mivakag elvat yepdtog, Ta IEPLEXOPEVA TOL  TASIVOPOLVIAL Kdt
ovyx®vevovtat pe Tto apyeto Oilokov, kat to in-memory index Tov apyeiov
evipepwvetat. IIpooPfaon oto apyeio tov diokov amd moAanAa worker vijpata
rpootatevetat amo éva readers-writers HP®TOKOANO xAewdopatog. [BAeme
napaptpa A(A.3) yla neptoootepal.

o H ovpa U (ovpa FIFO) eivat pia axkolovbia amd KATaotdoelg T@V OIol®v ot
successors Kataotaoelg dev exoov vroloyiotet akopn. H ovpda U vlomoteitat ocav
éva apyeio dlokov TOL OmoOIOL Ol MPWTEG KAl Ol TEAELTAlEG APKETEG YIALddeg
KATAY®PNOEG Kpatovvtat otV pvipn. Aoty etvat pua FIFO ovpd oo xprowpomnotet
éva background vrpa yia va xaver prefetch xataywprjoeig kat dA\o yia va ypaget
KATAy®pProetg otov O10Ko. AQlepmvovtag eva KAAoRd Tov ernefepyaotyy yla avtd Tda
background vrjpata yevika eSaopaliletat ot eva vrjpa worker moté dev mepipévet
yia disk I/O otav yivetar mpooBaon otnv ovpd. [BAéne napapmpa A(A.3) yua
1EPLo0OTEPA]

o Ta to mpaypartonoinon tov liveness model checking ovykexpipéva AapPavetat
vIoyrn Kat pwa tpitn Oopr), evag katevbovopevog ypda@og KATACTACE®V IOV
ovopadetat behavior ypagog. Ileplodikda kata mv ddpkewa g dnpovpyilag tov
behavior ypdagov, xat otav £xet odoxAnpwbdet n dnpovpyia tov behavior ypdgov, to
TLC eléyxer myv wWwomta ImpliedTemporal wg axohovbwg. Eotw T éva obvolo
aroteAovpevo amno Kabe COPIIEPIPOPA T IOV elval akoAovOia KATAOTACE®V Ot &va
povoIdtt dmelpov prjKovg otov behavior ypago Sexivaovtag pe pia  initial
katdotaor). (I'a mapadetypa, to T mepthapPdvet to povondmt § —+ § — § — ...
ywa xdbfe initial xataotaon s otov behavior ypdgo.) Na onpewwbet ott xdabe
ooprepupopd oto T kavorotet v Init NO|Next|vars, To TLC yta To liveness model
checking eléyyxet emiong ott kabe oopmepipopd oto T wavomolel v éx@paon
Temporal = 1pliedTemporal.

H Onpuovpyla tov behavior ypdgov Tteppatifetat povo av 1o OOVOAO TGOV
POooBAoIpV Kataotdoemy eival nenepaopevo. ANag, to TLC O0a tpexet yia navra
dnAadr}, momov va e§avtAr)oetl TOLG TOPOLG 1] TO OTAPATI|OODYV.

3.8 AAyopiOpog Safety Model Checking

O alyopipog mov axkohovbeitat yia v vAomoinon tov safety model checking eivat o
axolovbog:

A@o0 yivet 1 avalvon Kat 1 onpactoAoyikn) eneGepyaocia t@v module mov eivat va
eetaotovy ano to TLC akolovbel n dnprovpyia kat anobrikevon tprjpatog state space.
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1.Anpovpyia xat anofrkevon tpparog state space

To TLC extelet tov alyopiBpo tov mivaka 1, Sexkivavtag pe keva 1o G kat v U:

1. EAéyxet ott xabe assume otnv mpodlaypd@r Kavoroleitat damo Tig Tipég Iov
avatebnkav otig otabepég mapaperpoug.

Muwa ASSUME evtolr) Oa mipénet va xprotpomnoteitat povo yia vrobéoelg oyetika pe
TG otabepég (constants). Aedopévo eivat Ot 11 ekppaon dev mpémet va Mmeptéxet

petapAnréc.

2. Ynoloyiet To OOVOANO T®V APYIK®V KATAOTUCE®V EKTIHMOVTAG TO APXLKO KATYOP
Init (BAene 3.5). I'ia xabe apyikr) katdotaor s oo Pprke:

a) Av 1o xatyopnpa Constraint eivat aAnbég otnv katdaotaon s, eAeyxetat av to
obvolo G mepiexet Vv kataotaon. Av dev tnv nepiéxet v torobetet oto oOVoAo
G, omqv ovpa U. (ypappég 10-16)

b) Extipa ta xatnyopovopeva Invariant xat Impliedlnit otwv xatdotaon s,
avagépet  mbava opalpata kAt otapatda av eite 1o éva eite To dA\o eival
Pendeg.

3. 'Oocon U Bev etvat kevry, kavet Ta akolovda:
a) Ag@aipet mv npwtn katdotaon ano v U. (¢otwm avt) s)

b) Bpioket to obvodo T OA@V T®V successor KATAOTACE®V TNG S EKTIHMOVIAG TNV
evépyela enopevng katdaotaong Sexvavrtag ano v s (BAéme 3.5).

¢) T'a xaBe xkataotaon t oto T, kdavet ta akoAovOa:

i. Av 1o xamyopnpa Constraint eivat akndég otv xatdaotaorn t xat to Prjpa
5 — 1 wavomnotet 1o ActionConstraint, tote av npt dev eival péoa oo G,
10T Vv Ipoobetel oto G xat ot v ovpa U (ypappeg 34-40).

ii. Avnt Oeveivat péoa oto G, 101e eNéyyetat av to Invariant eivat yeodég otnv
katdotaon t 1) to ImpliedAction eivat  weodég yua to Prjpa § — {, tote
aAva@Epet eva oQpaipa xat ortapatd (ypappeg 41-45).

d) Av 1o T eivat xevo xat 1 emdoyr) yia tov éleyyxo vmapdng deadlock eivat
EVEPYOIOUPEVT], TOTE AVAPEPEL €va OPalpa adteGodov kat 1 OAn dadikaoia
OTapatd.

To TLC pnopet va xpnowponou)ost moAania vijpata, kat ta Prpata 3(b)-(d) pmopoovv
Va eKTEAEOTOVV TADTOXPOVA AIIO OLAPOPETIKA VI|PATA Yid OlAPOPETIKEG KATAOTUOELS S.

To TLC dev extelel ovvr)Owg kat ta Tpia Prjpata moo neprypdenkayv napanave. Kavet
10 frpa 2 povo ywa pa pn otabepr) module, otnv omoia nepimtwor to configuration
apyeto mpemet va mpoodopilet pa Init éxgpaon. To TLC kavet to Prjpa 3 povo av to
configuration apyeto mpoodiopilet pra Next ek@paor), TV onoia MPEMeL va eKTEAEOEL AV
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10 configuration apyeio mpoodopifer pra Invariant, pa ImpliedAction, 1 pua
ImpliedTemporal éxgppaon).

IMivakag 1: AAyopBpog dnpiovpylag xat anobrkevong tpnpatog state space

1. Set G= new Set(); Queue U=new Queue();
2. Vector initials=new Vector.add All(Spec.getlnitial());

3. For all initials

4. |

5. State s = initials.getElement();

6. if !s.satisfies(Constraints)

7. {

8. throw new ConstraintsViolated(s);

9. }

10. else

11. {

12. if !G.contains(s)

13. {

14. G.put(s); U.enqueue(s);

15. }

16. }

17. if !G.contains(s)

18. {

19. if !s.satisfies(invariant){throw new InvariantViolated(s);}
20. if !s.satisfies(ImpliedInit){throw new ImpliedInit Violated(s);}
21. }

22, }

23. While !U.isEmpty()

24. |

25. State s = U.dequeueElement();

26. Set T=Spec. getSuccessors (s);

27. While T not empty

28. {

29. State t=T.getElement();

30. If ('t.satisfies(Constraints) | | !t.satisfies(ActionConstraints))
31. {

32. throw new ConstraintsViolated(s);
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33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

}

else

if !G.contains(t)

{
G.put(t); U.enqueue(t);

}

if !G.contains(t)

{

if lt.satisfies(invariant){throw new InvariantViolated(t);}

if Is.satisfies(implied Actions(t)){throw new Implied ActionsViolated(t);}

}
if T.isEmpty() && checkDeadlock){ throw new DeadlockViolated(s);}

}

3.9 ANyopiBpog Liveness Model Checking

2V neptteon mov eyovpe liveness model checking to didvoopa nov avtiotolyet otnv
wwotnta ImpliedTemporal xat agopd Tig liveness 10t0tnteg Oev eivat kevo. I'a v
KAAvTepn Katavonorn g dwadikaoiag tov liveness model checking pmopeite va Oeite
oto ITapapmpa A v evotnra A.3 mov avtiotolyel oty  «AvValvTiKY] HePLypaqQr)
EKTENEOT|G».

Ag@ov yivel 11 avaloon kat n onpactoloyikn enefepyaocia tov modules mov eivat va

egetaotovv ano to TLC akolovbet n apyuwonoinorn yia to Liveness Model Checking.

1.Apxwomnoinoy ywa Liveness Model Checking

ZOYKEKPIPEVA OTO OTAOLO ALTO KAVOVIKOIIOIODVTAL Ol EKPPUOELS TV temporals kat Tov
impliedTemporals, &nAadrn petatpenovtat oe O1AELKTIKI] KAVOVIKI] HOPQI)
(disjunctive normal form, DNF) ywa va eAeyx0et 1) eykopotta 1006, Kat va vroloytotel
1] OE1PA KAl O TPOIIOG pe Tov omoto mpémet va eheyyboov. Avtr) n pebodo emotpépet eva
handle (pia ovA\oyr) ano OrderOfSolution), o onoiog pmopet va xpnotpomnowOet kat oe
alAeg liveness epyaoteg. ZoyKekpipeva:

1. O alyopiBpog amoocovvbetel v Aiota Twv temporals xat tov impliedTemporals oe
pa dwalendn amno ovlevktéong g akoAovdng poperg (Metatpomnn o DNF):

(OOa -~ OOb - tf1) -+ (OOc -~ OOd - t2)...

2. Zwv ovvéxewa, ovykevipvovtatr oleg pali ot dwaledlelg mov exoov to 1O10 tf
(temporal formula). Avto Ba oopPet oe mepurtwoelg onwg oty (WF .. SF) =>
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(WF - SF -"- TF), ago0 to WF xat to SF 6a Staonaotoov oe TOANEG MePUITMOELG KAl
1o TF Ba mapapeivet id10 oe OAn v ddpkela. (ZTNV OPAYRATIKOTATA, EAEYXETAL 1)
100t Ta ovvtakTika povo ota TFs.)

Enopeveg yia amodotikotnta, evromiovrat ot OtalevkTteol IMmov £xovv TV 10w
XPOVik) ekppaon (tf).

To OrderOfSolution opadomotel avtovg tovg OtalevkTéovg oL €xyovv TV ida
XPOV1KI) ekppaon tf.

Ot Boolean  teheotég  eyoov  mv  oovion onpaocta  TOoLG OV
TLA. Zwmv ovovéxewa epappoletat 1 toodvvapia TOL IIPOTACLAKOL AOYLOHOL
(empeplopog Tov A IAve OTo V).

AANBV O)=(AAB)V(AACQ)

I'a xdabe ypovikn ékppaon (tf) dnprovpyeitat éva OrderOfSolution:
(C0a . OCb v O0c - OCd) - tf
Kabe ovlevktéog (GOa -+ OODb) avanapiotatat pe éva PossibleErrorModel(Pem).

Etvat mBavo éva am\o order of solution va éxet moAa avtiypaga tov OL(EA,
Eventually Always) xat tov O<(AE, Always Eventually) mov xatavépovtat otig
dalevlelg xat Tig ovlevlelg twv pems tov. [a va amogevyxOei 1 omatdhy,
xpnowporotovvtatr dvo mivakeg avadnmong(lookup tables): o checkState xat o
checkAction. Ta otoyeia avtov TV MVAK®V elval oty ovoia state predicates,
dnAadn] Boolean exgpdoeig mov mepthapPavoov otabepeg kat petaPAntég. O éleyxog
avTe®V TV KATYopnuate®v pmopel va emotpeyel true 1) false yeyovog mov
dtevkoAvvel TNV npaypatomnoinon tov liveness model checking.

ZOYKEKPIPEVA EAEYXOVTAL TA OTOEld avT®v OV mMvAakemv otav edetdletat xabe
KATdaotaon Kat ot petaPdoeig mg. Ot Tipeg tov pems 1mov detyvoov Tt Oa mperet va
eCetaotel etvat amhot axépatot Oeixteg (indexs) oe avTovg TOLG HVO MIVAKES.

3. Avdaloya pe 1o mjfog v OrderOfSolution dnpiovpyeitat avriotoryo mArfog amno
DiskGraph omov amofnkevet évav behavior ypdgo otov 6ioko. Xprotpomolovvtat
dvo apyeia Slokov yia va amobnkevtet o kabe ypagog. I'ia xkabe xkopPo otov ypdago,
10 Ipwto apyeio (nodes_0) armodnkedet TIg SUCCESSOrS KATAOTAOCELG KAl TIANPOPopieg
IOV £XOLV LIOAOY1OTEL yia Tov KOpPo, Kat to devtepo apyeio (ptrs_0) amobnxevet To
tingerprint Too xopPov xat tov deiktn oty Beon Tov KOPPoL OTO MPWTO AP)ELO.

‘Evag GraphNode eivat evag xoppog otov behavior ypago.

2. Anpovpyia xat anofnkevon tpnpartog state space
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O vmoAoytopog tov TLC dwatnpel ta akoAovBa invariants:

» T kataotdoeig Tov G mov kavornolovy to Constraint katnyopnpa.

o Ta kabe xkataotaon s oto G, v akpn amo 1o s oto s péoa otov behavior ypago.

e Av vndpyet pla axkprn otov behavior ypdago amo v Katdotaon s o pid Ola@OpETIK)
Kataotaon t, Tote n t elval pla successor KATAOTAOL TOL § IOV KAVoIolel To constraint
evépyetag. Me d\a \oyia, to Brjpa s — ¢ wavonotei tov Next A ActionConstraint.

o Kabe xataotaon s Tov behavior ypdagov eivat mpoofaotipn amno pua initial katdaotaorn (pia moo
wavorotet To Init katnyopnpa) ano pua dtadpopr| otov behavior ypdgo.

o H U etvat pua akohovBia amo dakpirég kataotaoetg rmov eivat ototyeia/kataotaoetg oto G.

o Ta xabe xataoraon s oto G nov Oev eivat otnv U, kat ywa kdabe xataotaor) t mov wkavorotet
to Constraint tétola mov to Prjpa § — ¢ wavonowet wmy Next A ActionConstraint, n
kataotaon t (etvat péoa orov G) kat n akpr) amno to s oto t eivat péoa otov behavior ypago.

To TLC extelei tov alyoptBpo too mivaka 2, {ekivwvrtag pe kevoog to G xat v U:

1. EAéyxet ott xabe assume otV mpodlaypd@rn KAvoIoleitat armd Tig Tipég Moo
avatednkav otig otabepég mapaperpoug.

Muwa ASSUME evtolr) Oa mipénet va yprjotpomnoteitat povo yia vrobéoetg oyetika pe
TG otabepeg (constants). Aedopévo eivat ot 11 ék@paon dev mpéret va Imeptéxet

petapAnréc.

2. YnoloyiCet To OOVOAO T®V APYIK®OV KATAOTACE®DV EKTIHOVTAG TO APYKO KATHYOPHd
Init (BAene 3.5). ['ia xabe apyikr) katdotaor s oo Pprke:

a) Av to katnyopnpa Constraint eivat akndég otnv Katdotaon s, EAEYXETAL AV TO
obvolo G mepiexet v kataotaon. Av dev tnv mepiexet v tonobetel oto oOvoAo
G, omyv ovpa U kabwg xat otov behavior ypago av n ékgpaon ImpliedTemporal
dev etvat xevr), dnhadr) exovpe xat liveness checking. (ypappég 10-19)

b) Extipa ta xatnyopoovpeva Invariant kot  Impliedlnit oty xatdotaon s,
avagépet mbava oealpata KAt otapatda av eite 1o éva eite To dA\o eivat
Pendeg.

3. 'Oocon U Bev eivat Kevry, Kavel ta akoAovda:
a) Ag@aipel mVv npwtn Katrdotaorn amno v U. (¢otw avtr) s)

b) Bpioket To oobvolo T OAwV T®V successor KATAOTACEDV TG S EKTIHMVIAG TNV
eVEPYELA ENOPEVNG KaTaotaong Sexivavtag aro tnyv s (BAéme 3.5).

¢) TI'a xabe xataotaon t oto T, xavetl ta akolovba:

iii. Av 1o xamyopnua Constraint eivat aAnbég otnv kardotaon t xat to Prjpa
5 — 1 wavomotet to ActionConstraint, tote av 1t dev eival péoa oo G,
tote Vv npoobetert oto G kat omv ovpa U xabwg xat oe eéva obvolo
LiveNextStates ITOv IePIEXEL TIG EMOPEVEG KATAOTAOELS TG S AV 1] £KPPAON)
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ImpliedTemporal &ev eivar xevr), OnAadr éxoope xat liveness checking
(ypappeg 38-48).

iv. Avrnt Oev eivat peoa oto G, 10te eAéyyetar av 1o Invariant etvat yeodeg otnv

kataotaon t 11 to ImpliedAction etvat  weodég yua to Prpa § — 1, tote
AVAPEPEL VA OPANPA KAt otapatd (ypappeg 49-53).

d) Av 1o T etvat xevo kat n emAoyny ywa tov €leyxo vnapdng deadlock etvat

EVEPYOIIOUHEVT), TOTE ava@épetl eva opaipa adie§odov kat n 0An dwadikaoia
OTapatd.

Tedog av 1 éxgpaorn ImpliedTemporal dev eivar kevr), dnladr eyoope xat
liveness checking, oto ypa@o npootibevtatl 0Aeg Tig successor KATAOTAOELG TG S
oo mepteyovtat oto obvolo LiveNextStates xabwg xat tig petaPaoelg oe avtég
amo v s, dnAadn) g § — I petaPaocelg eKTIPOVTAG ONA TA KATNYOPHRATA KAt
T1g evépyeteg ov epgavifovrat otig exppaoelg Temporal xat ImpliedTemporal
(eAeyxet av kavorowovvtat ta otolyela twv checkState xat checkAction
MVAK®V). ZTO YPAPo Ipoobetel pe T1g dANeg petaPdoelg kat v petdapaon
§ — S (stuttering step). (ypappég 56-61)

To TLC pmopet va yprotponow)ost moAara vijpata, kat ta Prjpata 3(b)-(e) propoov

VA eKTEAEOTOVV TADTOXPOVA AIIO OLAPOPETIKA VI|HATA YA OIAPOPETIKEG KATAOTUAOEL S.

IMivakag 2: ANyopOpog dnpiovpyiag kat arodnkevong Tpnpatog state space

10.

11.

12.

13.

14.

15.

16.

17.

18.

Set G=new Set(); Queue U=new Queue(); BehaviourGraph Graph=new BehaviourGraph();

Vector initials=new Vector.add All(Spec.getInitial());

For all initials

{

State s = initials.getElement();
if Is.satisfies(Constraints)

{

throw new ConstraintsViolated(s);

}

else

{
if !G.contains(s)
{
G.put(s); U.enqueue(s);
if lisEmpty(ImpliedTemporal){ //for liveness
Graph.add(s);

}
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19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42,
43.
44.
45,
46.
47.
48.
49.
50.
51.
52.
53.

54.

}

}
if !G.contains(s)
{
if !s.satisfies(invariant){throw new InvariantViolated(s);}
if !s.satisfies(ImpliedInit){throw new ImpliedInit Violated(s);}
}

While !U.isEmpty/()

{

State s = U.dequeueElement();
Set T=Spec. getSuccessors (s);
Set LiveNextStates;
While T not empty
{
State t=T.getElement();
If ('t.satisfies(Constraints) | | !t.satisfies(ActionConstraints))

{

throw new ConstraintsViolated(s);

}
else
{
if !G.contains(t)
{
G.put(t); U.enqueue(t);
if !ImpliedTemporal.isEmpty() //for liveness
{
LiveNextStates.add(t);
}
}
}
if !G.contains(t)
{
if It.satisfies(invariant){throw new InvariantViolated(t);}
if !s.satisfies(implied Actions(t)){throw new Implied ActionsViolated(t);}
}

}

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 07:29:02 EEST - 18.117.229.71



KeddAato 3:TLC Model Checker 42

55.

56.

57.

58.

59.

60.

61.

62.

if T.isEmpty() && checkDeadlock){ throw new DeadlockViolated(s);}
if ImpliedTemporal.isEmpty() //for liveness
{
Graph.add(LiveNextStates);
LiveNextStates.add(s);
Graph.addTransition(s,LiveNextStates);

}

3. YAonoinon Liveness Model Checking

Onwg éxyovpe 1101 avagépet pia liveness dwotnta exppdalet 0Tt To ovotpa Oa eppavioet
Pl OLYKEKPLEV] OLHIEPUPOPU HPEOA Of Ha Iemepaopévi) mepiodo ypovoo. Ia va
aviyvevboov napafiaocetg liveness dot)tov xpewaletatr va efetactodyv ot 1010t TEG
avTEG O€ EKTEAEOELG OLOTIIATOG ATIELPOD HIJKOVG.

O behavior ypagog oo xataokevaletat ano to TLC ywa to liveness é\eyyo eivat évag
katevbovopevog ypd@og o omoilog amoteleitat dmo éva IENEPACHEVO  OLVOAO
KOPLUQ®V/KOpPeV Kat eéva obvolo katevbovopevav akpov. Metaldp obo xopPav tov
YPAPOL elvat SLVATOV VA DIIAPXOLV IEPLOOOTEP TOL €VOG PLOVOIIATLA.

E@ooov pihdpe yia povondatia Aretpov HIjKovg og €vav KAatebduvopevo ypd@o yid tov
é\eyxo Tov liveness eivatl moAd mBavo va mpokOYoouv KOKAOL (KAELOTA POVOIIATLA) OTOV
ypdgo, dnAadr) povordtia ormov 0ot ot KopPot eivat Stakpttol eKTOg amod vo=vk (Vo O
apyKog KOpPog xat vk o TeAkog kopPog tov povomatiod). Xto TLC xata v
dradwaota tov Liveness Model checking 1) evpeon evog kUKAoL avtiotolyel oty evpeon
evog counterexample otnv enaArfevor) plag mpodiaypagng.

H npaypatikr) onpaota tov liveness eAéyyov eivat va amodeifetl mv amovoia KOKA®V
0¢ povondatid Sladoy KMV KATAOTACEDV ATIEPOD PIIKODG,.

Av oe evav katebbovopevo ypago yia kabe 6Vo kopPoog i Kat j vrIdapxel TOLAAXLOTOV
éva xatevbovopevo povordtt anod tov KOpPo i otov kopPo j xat éva xatevfovopevo
povondatt amo tov KOpPo j otov KOpPo i 10te 0 ypdgog yapaxtnpiletal wg oxvpd
oovekTikog (strongly connected)[11]. Ta 6bo avtd povomdatia Oev eival amapattta
dalevypeva, dnAadn pmopei va pnv dabétoov xovovg kopPouvg(axpeg). Anladn, ot
KOpPot Bplokovtatl Havm Oe £va KAELOTO HovordaTt (KOKAO).

Qg oxvpa ovvektikyy ooviotwod (Strongly Connected Component,SCC)[11] oe evav
YPU@PO opifeTal 0 HEYLOTOG DIIOYPAPOG KOPP®V KAl AKH®OV TETOL0G woTe Kdbe xopPog va
etvat npooPaotpog amo kdbe aAo xopPo. H ewova mov akoAovbel avanapiota évav
YPAPO PE OLAKPLTEG TIG LOXDPA ODVEKTIKEG OLVIOTOOEG TOV.
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Zmv Bewpia tTov ypagaev évag katenbovopevog ypagog eivat akvklog(acyclic), dnAadr)
dev éxet katevBovopevovg KOKAOLG, av KAt pOvo av avtog Oev exel Kapia toyopda
ODVEKTIKI] OOVIOT®Od. (eneldr] évag KOKAOG eival 10yupd OLVeKTIKOG Katl Kabe toxopa
ODVEKTIKOG LIIOYPAPOG IIEPLEXEL TOLDAUXIOTOV €vVda KOKAO.) Xe auTV TV IMepintmon
PAape yua évav kateobovopevo dakokAo ypago (DAG, Directed Acyclic Graph).

Etot to TLC, xata tv vAonoinor tov liveness model checking, eotialetl oty aviyveoon
TOV 10YVPA OLVEKTIK®OV OLVIOTOOMV HAG KAl OOVEIAYETAL TV AViXVELOI] T®V OOV
mbavev kOxK vV, dnAadn v edpeon TV ooy mavev counterexamples.

IMapatnpnon: O akyopBpog mov xpnowomnoteitatr ano 1o TLC ywa mv edpeon tov
OXDPA ODVEKTIKOV OLVIOT®OMV Potddel apketd pe tov akyopidpo Gabow(1999)[12]. O
OLYKeKPIEVOG alyopldpog xprowporotel dvo otoifeg. H mpatn otoifa amobnkedet to
TPEXOV HOVOIIATL eV 1] OevTePT OTolPa OKOIO £XEl VA EVTIOMIOEL MOEG KOPLPEG elvat
onpeta 00000 Oe 10XLPA OLVEKTIKEG oLVIOT®Woeg. O alyopdpog axolovbei v
eCepevvnon AoB (Avadrtnon oe Babog). Otav evtomiotel pia avelepevvnt) KopoPn v,
gloayetat Kat otig 0vo otoifeg. Eav Ppebet pia omoboaxpr) -kat ovovenwg, Pplokopaote
eviog ouVIoT®oag- pe dradoyikd ot oty devtepn) otoifa, mapapévet poOvo 1 Kopv@Pr)-
artoAndn g omoboakyng 1)1ot, 1 eyyvTepn Ipog TV pifa tov devopov AcoB kopovr| Tov
avtiototyov kvKAov. Katd mv mepdtworn tng eneSepyaociag pia Kopo@rg v, eAéyyetat
PNI®G 1) v elvat otnv Kopo@r) tng dedtepng otoiPag. Eav vat, tote avto onpativet mog 1) v
etvat onpeto e100d0v , Kat OAeg ol KOPLPEG ToL povoratiod AoB otv nmpotn otoifa,
aro TV KEPAAI] NG HEXPL TNV L, AIIOTEAODY 10XVPA OLVEKTIKI) ovviotood. Edv oy, tote
dev yivetat timota. O alyopiBpog tov Gabow avaxkalvmtel TG 10XOPA OLVEKTIKEG
OLVIOTWOEG eVOG ypagnpatog G og YPApHIKO @G MPOG TNV MOADIIAOKOTHTA TOL XPOVO
KAt Y®po.

1. Aappavetat 1o enopevo orderOfSolution. Ia kaBe pem(possibleErrorModel) tov
orderOfSolution:

2. Apywonoteitat pua ovpd, n nodeQueue pe Tovg apykovg KOpPoog Tov ypagov. Ooo
aot] 11 ovpa éxet otolyela, yla xabe otowxelo/kataoctaon curState Tng mov
Aappavetat og root KOPPog yia TOV DIIOAOYIOPO TOL SCC:

3. Tomobeteitat 1n curState xkabwg xat 1n Ty TOL peyotov  prKovg
MAX_PTR=4611686018427387904)t00 apyetov fileForNodes oe pia otoipa dfsStack
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oL Xprotponoteitat ywa v bAonoinorn Tov dfs (depth-first search) akyopibpoov yia
Vv d1aoy1orn oL ypd@oo.

4. Apywonoteitat pia petaPAnt newLink va eivat ion pe MAX_PTR.

5. 'Ooo 10 peyebog g dfsStack eivat peyadtepo amo 2, eSayetal Ip®Ta £vd oTtotyeio
10 omoio avatifetar oe pia peraPAnt) lowLink xat éva mov avatifetar oty
Kataotaor) curState :

Av 1 katdotaor) avtr) 0ev £xet e¢epevvn et kat
Av 0¢ev g €xel avatebei kamoto link.
i. TngavariBetat eva link.

ii. TomoOeteitan 1 curState Sava otnv dfsStack ala pe
alaypévo kataMnAo medio g, €0t ®oTe va OnAwoet 0Tt
gxet eSepevvn el 1] CLYKEKPIHEVT] KATAOTAOT).

iii.  Emur\éov tomoOeteitat kat oe pia alAn otoifa tnv comStack
nmov mnepl\apPdvet OAeg TG KATAOTAOELS IIOL E£XOLV

eCepeovnOet.
iv.  Apywomnoteitat pta petaBAntr nextLowLink va eivat ion pe
newLink. ITapa\AnAa avddavetat katda éva n newLink.

v. Bpioket 1o obvolo T OA@V T®V successor KAataotdoemV TG
curState péowm tov behavior ypagov. I'a xdbe succState
Kataotaor) tov oovoloo T:

Av aot] 1n succState katdaotaon Oev é€xer eSepevvnOet,
ehéyyovtat ta EAAction yia avtrv v katdaotaon.

Edav o é\eyyog etvatr aAnfng tote av to link mov éxet
avatedet otnv succState eivat FilePointer, dnAadr to link
etvat pwkpotepo too MAX _PTR, tote 1 succState
tonobeteitan oty dfsStack (ypappég 35-38). Atagopetikd
av 1o link mov éyet avatebet oy succState eivat
pwpotepo tov nextLowLink tote avatibetat n tpr) tov
link otnv nextLowLink.

Eav o é\eyyog eivat peodng tote av to link moo &xet
avatedel otmv succState eivar FilePointer tote 1
succState ToroOeteitat omv nodeQueue(ypappeg 44-47).

vi.  TomnoBeteitar ) nextLowLink otnv dfsStack.
Av gxel avatelei xamoo link otnv curState

i. av 1o link mov ¢£yet avarebet omv curState etvatl pukpotepo
tov lowLink tote avatifetat n tipr) tov link otnv lowLink.

ii.  TomoOetettal n lowLink oty dfsStack.

Av ¢xer e€epeovnbei TOTE 01 Kataotaoelg otV comStack amo TV KopoLPr| peEXPL
Vv curState oxnpatifoov éva SCC.
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A. Av 1o link g curState etvat ioo pe v Tipn) tov lowLink e€ayetat pa
kataotaor curStateC amno v comStack.Xtnv ovovéyela yiverat Eeyxog
yla 1o av to component eivat trivial. Zoykpivetat n curStateC pe v
TpExoLOA Kataotaor curState av eivat ideg ala xat av 1 curStateC
dev mapovowdlel stuttering, €tolr @ote va amo@aociobel av To
component etvat trivial.

Av to component eivat trivial

To link 1mg curState yivetan 1co pe  MaxLink
(=9223372036854775807).

Av to component 8ev givan trivial

i. AapPavovtat 0Aot ot KOpPor/KATaoTdoelg oL MePEXOVTAL
OTO OLOTATIKO aro v comStack kat tomobetodvTaAl o€ Evav
NodePtrTable(hashtable) pe ovopa com. Emurhéov to link g
curState yivetat ioo pe MaxLink (ypappég 70-76).

ii. Kdabe eva otoiyelo curNode tov com eleyyetat av Oev eivat
null. Xwmv nepimtwon avt) eAéyyovrar ta AEState, ta
AFEAction ywa xdbe successor xopPo mov Oeiyvet o
OLYKEKPIEVOG KOPPog kabmg kat av eKmA\npmvovtdt td
promises oO¢ IEplIT®ON IOL vIHdpyel tableau. Av OAa
IKAVOIIOOLVTAl €YOLUPE €va counterexample xat Tote
avagépetat  éva O@PAApA KAl OTApAtd O  €AeyyOG.
(Zvykekppéva eAéyyetat i petapaon oty omoia 1 curState
detyver otov eavto g (dnAadny va vmdapyet kvxhog) [a
KAADTEPH] KATAVONOI KOTASTE TV AVAADTIKI] MEPLYPAQT)
exteAeong oto [Tapdaptmpa A).

B. E€dyetat ano v dfsStack to plowLink.

i.  Av 1o plowLink etvat peyaivtepo tov lowLink , tote yiverat
too pe to lowLink.

ii. TomoOetettan Sava otnv dfsStack

IMivaxag 2: AAyopiBpog YAomoinorn) Liveness Model Checking

8.

9.

10.

While(true)
{
OrderOfSolution oos = new OrderOfSolution (spec.getNextOOS());
for all oos.pems
{
Queue nodeQueue=new Queue(Graph.getInitNodes());
while (nodeQueue.hasElements())
{
State curState= nodeQueue.dequeue();

Stack dfsStack=new Stack(); Stack comStack =new Stack();
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11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42,
43.
44.
45.

46.
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dfsStack.push(curState);
dfsStack.push(MAX_PTR);
long newLink= MAX_PTR;
while (dfsStack.size()> 2)

{

{

long lowLink = dfsStack.pop();

State curState = dfsStack.pop();

if (!curState.hasExplored())

if (!curState.HasLink())

{

//AV Oev 16 €xer avatebei link

curState.putLink();
dfsStack.push(lowLink);
dfsStack.push(curState);
comStack.push(curState);
long nextLowLink = newLink++;
Set T=Graph.getSuccessors (curState);
Forall T
{

State succState =T.getElementy();

if (IsuccState.hasExplored())

{
if (curState.CheckEAAction())
{
if (succState.link<MAX_PTR)
{
dfsStack.enqueue(succState);
}
else if(succState. link < nextLowLink)
{
nextLowLink= succState. link;
}
}
else if (succState. link <MAX_PTR)
{

nodeQueue.enqueue(succState);
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47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

80.
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}

}

dfsStack.push(nextLowLink);

}

else

{

//AV TG €xer avatebei link

if (curState.link < lowLink) lowLink = curState.link;

dfsStack.pushLong(lowLink);

}

else

//AV éyer e{epevvn Ol

if (curState.link == lowLink)

{

State curStateC=comStack.pop();
if (curStateC == curState &&!isStuttering(curStateC)) //trivial
{

curState.link=MaxLink;

}

else //mon trivial

{
NodePtrTable com =new NodePtrTable ();

while (true)

{
com.putNode(curStateC);
curState link=MaxLink;
if (curState == curStateC ) break;
curStateC=comStack.pop();

}

for all com

{

Node curNode = com.getNode();

if (curNode == null) continue;
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82.
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85.
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87.

88.

89.

90.

91.

92.

93.

94.

95.
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if curNode.satisfies(AEState) && curNode.satisfies(AEAction)&&
&& curNode.satisfies(Promises)

throw new CounterExampleExist();

}
long plowLink = dfsStack.pop();

if (lowLink < plowLink) plowLink = lowLink;
dfsStack.push(plowLink);

} //end of while (dfsStack.size()> 2)
} // end of while (nodeQueue.hasElements())

} //end of for
}  //end of while

IMepatotnta ANyopiBpoo (Finiteness)

O ovyxexpipévog alyopidpog kalovmtet OAovg Tovg KOKAoLG(sccs). H nodeQueue apyikomnoteitat
€ OAeg TIG apyKéG KATAOTAOELG Kat Kabe pia amo avtég eSepevveitat (armodidovrag g éva link)
Kat Aappavetat ®g root KOPPOg OTOV DIIOAOYIOHO TV SCCS KAl eNOPévmg eSetalovTal OAot ot
mbBavoi KOKAOL

Kata v extéleon tov alyopiBpovo otov é\eyxo T®V successor KATAOTAOE®V HIIOPel va
torofetnfovy aviiypaga twv apykov KATaotacemv oto télog tng nodeQueue mpotod va
egepevvnbovv. ‘Otav €pyetat 1 oelpd evog avilypd@ov, 1| apylkl] Katdaotaorn otyoopa Oa éyet
eCepeovn el kat omote eAéyyetal 1o link tng ovykekpipevng katdotaong [Bdoet Tov OIoiov
oopmepaiverat OTL O OLYKEKPEVOS KOpPog €xel eheyxbel pe amotéleopa va pnv
enavalapPaverat 1 GladKaocia LIIOAOYIOROD Yld SCC yld TOV oLYKeKPpévo KopPo. O éleyxog
TETOL®V AVILYPAP@V oLVAVTIATAl ota Tehevtaia Prjpata extéAeong Tov akyopibpov oty eSetaon
KAIIOl00 pem.

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 07:29:02 EEST - 18.117.229.71



KedaAlairo 4 :Liveness Model Checking oeg enimedo dikTtUOU 49

Ke@alaio 4: Liveness Model Checking oe
Katavepnpevo mneptaililov

ITepidnyn xepalaioo

210 KeaAato avto napovoraletat 1 mapdAnAn vAomnoinon nov npodmrpye oto TLC
yia xatavepnpeva neptpdAlovia. Avagépetat ooviopa 1 apyttektovikyy RMI moo
xpnowonouwdnke yia v mapdAMnAn ovlomoinorn tov liveness model checking oe
Katavepnpéva meptPallovia kat napovoldaletal 1) napaiinlomnoinon tov Liveness
Model Checking (Brjpata alyopifpov) mov vAomoujfnke ota mAaiocwa avtrg g
epyaotag. Téhog meprypdagetat o 1pomog ektéeong tov TLCServer kat too TLCWorker.

4.1 ITapaMnAn vlomoinon otnv exktédeon too TLC ywa xkatavepnpéva
nepPaliovta

To TLC mapeyet v mapdA\nArn vAomoinon oe xatavepnpevo mePPAAlov povo ng
dradwaotag dnpovpylag tov State Space.

I'"a v vAomoinon avtod tov alyopibpov ypnotpomnow)dnke 1o poviého RMI tng Java,
10 omoio Paoiletat oty texvoloyla g OtaovvOeong AIOPAKPVOPEVOV AVIIKEIPEVOV
Kat elval oxedlaopévo yla va mpodyel TV SAAEITODPYIKOTTA PETASD AVIIKELHEV®DY,
KATAOKELAOPEVOV Ot Java, pEOd Og €vd KATAVERNHEVO KAl €TeEPOyeveg IEPPAANOV.
ZOYKeKPLpéva 1) emikAnor) anopakpoopeveyv pedodwv (Java Remote Method Invocation
- RMI) emttpénet oe éva avtikeipevo tng Java mov Tpéxel 0 Evav DIIOAOYLOTL), VA KANEOEL
pa pebodo evog aMov avtikelpevoo g Java mov exteleitat oe aA\o pnyavnupa. H
ripooneaon tng pefodov avtrg yivetat pe v Pordeta tov diktvoo.

210 poviedo RMI 1 petafifaon opopdtov KAt emoOTpepOpEVOV TIHOV Ot &vda
katavepnpévo meptPaliov yivetrat avtopara amod pryaviopovg oo RMI kabog xat pe
Vv Porjfeia AANA@V XAPAKTINPIOTIK®V T1)G Java ONmG TV  OLPLOIOoiN0n AVIKELPEVOD
(Object serialization) [13] (texvoloyla mov emTPENEL TNV HETATPOII] EVOG AVTIKEIPEVOD
O€ pla oelpd aro bytes pie OKOIO TV PETAPOP TOL PEC® TOL OIKTLOD 1 TNV Ao Kevor)
Tov Og KAamolo apyeio 1] memory buffer aA\d xat v avdaxtnorn ToL OV APXLKI] TOD
poper). H dwadwaoia pe v omoia oepromoteitatr éva avtikeipevo amoxaleitat
oelpronoinorn (serialization 1 marshalling) . H avtifetn Aettovpyia, avaxtnong pag
doprng 6edopevmy amo pia oelpd bytes, anoxkaleitatl anooeipronoinor (deserialization 1
unmarshalling).

ZOYKEKPIIEVA TOMIKA AVTIKEIPEVA yid VA MEPAOTOLY MAPAHPETPOL O ANOPAKPVOPEVA
avtikeipeva, oto povtedo RMI, Oa mpenet va eivan serializable. AnAadr 0a npémet va
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vAomolovy v denagr) java.io.Serializable. EmuiAéov ta peAn evog “oeiplonou|orpon”
avtkelpévoo Oa npénet va eivat “oepromouopa”.

210 KAtavepnpevo meptBalAov, To avtikeipevo moo Kahet éva al\o yapaxktnpifetat og
neAatng (client), eveo avto mov dexetat v kArjon Aéyetatl eSommnpetntig (server). Xto
TLC ¢xoope tov TLCServer mov avtiotoiyet otov server kat toog TLCWorkers mov
avtiotolyovy otovg clients coppmva pe To povieho RMI.

TLCServer

O TLCServer datnpet tig akolovbeg dopég dedopévav: to ovvolo G mov eivat pepog
Tou ypdgov reachability xataotaong mov to TLC exet vrmoloyioet péxpt TV TPEYOLOA
XPOVIKI] OTlypr] Kat pwa ovpd (pra akolovbia) U amd avelepevdvnteg KATAOTAOELS,
dnAadn OAeg Tig kataotdaoelg oto G 1@V Omoimv ot successors dev éxovv LIIOAOYOTEl
axopn amro to TLC. (To obvolo G xat n U eivat idwa pe t1g dopeg TG eKTENEONG TOL
single workstation oo mapovoiactnkav oto xegalato 3, evotnta 3.7.)

Me v nmAnktpoAoynon tng KatdAAnAng evioArg [PAéme 4.4] Sexwva 1 extéleon tov
TLCServer:

1. Apxixxa o TLCServer mpaypatornoteli TV avdalvon Kat TV  ONHAClONOYIKI)
eneepyaota tov modules mov eivatr va eSetaotovv ano to TLC. Zmv ovvéxewa,
exteAel Ta emopeva Priparta, Sekvovtag pe kevo to obvolro G kat kevr) v U:

2. YmoAoyiet To 0LVOAO T®V APXIK®V KATACTACEDV EKTIHMOVTAG TO APXIKO KATYOPHd
Init. I'a kdBe apywur) katdaotaon s oo PprnKe:

a) Av 1o xatmyopnpa Constraint eivat aAnbég oty xatdotaorn s, eNeyxel av to
obvolo G mepiexet Vv kataotaon. Av dev tnv nepiéxet v tonobetei 0to oOVOAO
G xat oty ovpa U.

b) Extipa ta xatnyopovpeva Invariant xat ImpliedInit otmv xatdotaon s. Av
TovAdyloToV éva amod Ta Vo eivat WPevdég 1 eKTEAEOT] OTAPATA KAl AVAPEPETAL
&va oQAApa.

3. Anpuovpyet eva pntpoo (Registry) otov Tomko vroAoytotr) moo Oéxetat attrjoelg oe
ovykexkppévo port (e§ optopoov 10997). To punrpwo eivat évag e1dkog eSommpet TG
oo avadnta avtikeipeva Baoet ovopartog. Ot RMI servers mpémnet va xatayopndoov
oe pua vrnpeota avadrnnong (lookup service), mote va prmopovv ot clients va toog
evtomi{ovv. ZOYKeKPIEvVaA OV Java DIIAPYEL pld TETOW LINPEOLA, 1) rmiregistry, 1)
omota exteAeitat ®¢ Sexwplotr) Oladwkaola KAt EMUTPENEL OTIG E€PAPHOYEG Va
katayopoLv RMI vrnpeoieg 1] va artoktodv avapopd o€ pia OnAmpev) vinpeotia.

4. Kataywpet tov server nov eivat tonov TLCServer pe to ovopa “TLCServer” oto

PNTP®O.
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5. Kat meptpévet yua e10epYOHEVEG ALTIOELG.

TLCWorker

O TLCWorker dwatnpet v akoloobn dopr) dedopévav: to odvoro G mov eivat pépog
Tou ypdgov reachability xataotaong mov 1o TLC eyet vmoloyioet pexpt Vv TPEXOLOA
xpovikr] otypny. (To obvodo G etvatr ido pe v Oopr) g exteéAeong tov single
workstation oo napovolaotnke oto kepdalato 3, evotnta 3.7.)

Meta v extéleon tov TLCServer, pe tnv mAnKTpoAOynon tng KataAnAng evioArg
[BAéme 4.5] Sexwva n) extéeon) too TLCWorker.:

1. O TLCWorker mpermiet va arnoktiogl pia avapopd 0TO AIOPAKPDOPEVO AVTIKEIHEVO.
Avto yivetat peow too pntpwov RMI. O TLCWorker (ntdet pia OvyKeKPLHEVT)
vrnpeota pe ovopa “TLCServer” xat 6éxetat éva URL yia tov amopakpoopevo
nopo, OnAadry to TLCServer avrtikeipevo. MOAG pwa avagopa oe &va
AIIOPAKPVOKEVO AVTIKELPEVO YIVEL YV®OTI), avTo pmopel va ypnowpomnowdel oav va
elVal TOMKO avVTKeipevo.

2. O TLCWorker npayparomnotet v avaloorn) KAt TV ONHAclONOYKI) eneSepyaoia tov
modules oo eivat va eSetaotovv amod to TLC.

3. Méow g avagopdg oto anopaxkpvopévo avrtikeipevo “TLCServer”, o TLCWorker
apyKornotet to tormko ovvolo tov G oo pe to ovvolo G tov TLCServer.

4. Znv ovvéyela Kalel pua oovapton register Tov server pe OPLOPA TOV €ADTO TOV
(worker). Me avtov tov tpomno kataywpeitat o TLCWorker otov eSonmpetnt).

5. Ano mv otypr moo o TLCWorker xataxwpnbei otov server, dnpiovpyeitat éva
TLCServerThread ywa avtov mov eivat éva vijpa otov TLCServer yia v
eSommpetnon tov ovykekpipévov TLCWorker. Me v ekté\eor) anTtod TOL VIjpATOg
ekteAovvTatl ta akohovda Pripara:

6. Oocon U too TLCServer Gev etvat kevry, to TLCServerThread xavet ta akolovBa:

a) A@aipei éva obvolo kataotdoemv states anod v U peyeébovg BlockSize (1024)
IIPOKEPEVOD VA EETAOTODYV ADTEG Ol KATAOTAOELG OTOV OVYKEKPLpEVO worker.

b) O TLCServerThread «alet pia ovvaptnon getNextStates too TLCWorker
MEPVOVTAG G OPLOPA TO ODVOANO KATAOTACE®V states yla va vroloyioet Tig
SUCCessOr KATAaoTAaoelg TOL OLVOAOUL states mov £xel avaldafet.

c) 2Zvykekppeva pe v getNextStates o TLCWorker yia xabe pua s xataotaon amno
TI§ KATAOTAOELG TOL OLVOAOL states Pploxket to oovoho T pe TG successor
KATAOTAOCELG TG, EKTIHOVTAG TV EVEPYELA EMOPEVI|G KATAOTAONS,.
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d) Av 1o T elvat xevo kat n emAoyr] ywa tov eleyxo ovmaplng deadlock etvat
EVEPYOIIOUHEVT), TOTe ava@épel eva opdipa adie§odov kat 1 oAn dwadikaoia
OTapatd.

e) T'a xabe kataotaon t oto T, o TLCWorker xdavet ta akohovba:

i. Awaypaget Ti¢ Kataotdoelg tov obvolov T mov vodapyoovv 1101 oto diko ToL
oovolo G.

ii. Xe avteg mov éxovv petvet ekeyxet av 1o katnyopnpa Constraint etvat anbeg
otV Kataotaon t kat av 1o Prpa s — I ikavonotet to ActionConstraint.

iii. To oLVOAO T®V KATAOTACE®V IOV IAPAYOVIAL EMOTPEPETAL  OTOV
TLCServerThread.

f) Amo 10 emoTpe@OpevO OLVOAO KATAOTAOE®V, Ttorobetovvtat oto obvolo G
kabwg xat otmv ovpa U too TLCServer povo ot kataotdaoelg Iov Oev
epnepiexovtat oto obvolo G too TLCServer.

Xy enopevn oedida akolovbet To dSaypappa akolovbiag g OAng Stadwkaotag.
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Master Workstation Worker Workstation

TLCServer TLCServerThread RMIRegistry TLCWorker

T

ProcessModules()

ComputelnitStates()

—createRegistry()—t

rebind(“TLCServer”)

«€lookup(“TLCServer)—
7777777777777 URL-——-3

ProcessModules()

< P—registerWorker()
—newTLCServerThread()—»_
» getNextStates(states)*—————»
ComputreNextStates()
N ——— newsStates-----------------------—1
AddNewsStates()

Y aotv v mapd\nAn vlomoinon too TLC Oev epmepieyetat kaboloo to Liveness
model checking. Opwg, 0mmg @atvetat Kat amod Tig PETPOELG OTO KEPANALO 5, KATA TNV
extéeon tov TLC yia pua mpodiaypagr) mov mepthapPavet Liveness 1diotnta/eg oxedov
ONOG 0 XPOVOG eKTENEONG KaTtaval®vetal oty ektéleor) Tov Liveness model checking.
["a tov AOyo avto, ota HDAdiowla Tng epydaciag davtrg, LAOHOWLHAlL TNV
napalAnlomnoinon tov Liveness model checking oe xatavepnpéva mepipallovia
obppmva kat maAt pe to poviedo RMIL Zinv oovéxera axolovbel pia ovvropn
napovoiaocn g apxttektovikng oo RMI ywa va yiver kaAotepa xatavonto to Hwg
axkpipwg Ba vAomowOet to napdAinAo Liveness Model Checking.

4.2 Apxrtektoviki too RMI

To RMI[14] etvar éva APl g Java pe tOo omolo HOAPEXETAl £vd HPOVTIEAO

MPOYPARHATIOROD Yld KATAVERNPEVA OLOTHHATA. ZTV Oovuola IMPOKETAl yld Hid
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Texvoloyla 1 omoia emtpénet oty Java Virtual Machine evog vmmoloytotr) va kalet
pebodovg avtkelpévav ot omoieg extedovvtatr otg JVM dMeV amopakpoopévev
vroAoytotwv. To RMI ypnowpornotet ogiplomnoinon avrtiketpévoo (object serialization) yia
TNV OEPLONON0n KAl TNV dIIOCElPonoinon tov napdpetpov [BAenme 4.1] xat Oev
pPeTaPdAlet TOovg TOIMOLG, AIIOKPOVIITOVIAG £TOL Olagopeg ota YapnAotepa emineda
APXLTEKTOVIKI|G.

To ovompa RMI anotelettat ano tpia dwakpira emnineda. Avta etvat:

o To eminedo TkeAeton/Zredéxovg (Skeleton/Stub)

o To eminedo Anopaxkpoopevng Avagopag (Remote Reference Layer)
» To erninedo Metagopag (Transport Layer)

Stubs | Skeletons
RMI ZVotnpa Eminedo Anopaxpoopévng Avagopdg
Eminedo Metagopag

Av vrioB¢oovpe yia napadetypa ot éva avikeipevo C oto pnyavnpal 0elet va kaléoet
pua pebodo tov avtikelpévov S, mov Pploketat oto pnyavnua. To aviikeipevo S eivat
éVa AIIOPAKPLOHPEVO AVTIKEIPEVO KAl DAOMOlEl Pl 1) MEPLOCOTEPES ATIOPAKPVOHEVEG
draovvdeoetg (remote interfaces). Ot anmopaxpovopeveg dtaocvvdeoelg mepiéyoov pebodoog
ot omotieg propet va kAnBoovv amo ottypotona dAev avikelpévav. Enedry opmg to
avtkeipevo C Pploketat oe alho pnyavnpa, dev eivat oe B¢on va xkaleéoet an’ evbetag
pua tétoa pebodo. T'ia to Aoyo avtov dnprovpyeitat pia xkAdon- otélexog (stub) too
avikelpévoo S oto pnyavnua omov Ppioketatr 1o C. To otéleyog avtd Opa g
DIIOKATAOTATO (Proxy) TOL AIIOPAKPDOPEVOD AVTIIKEIPEVOD S.

AxolovBet pia Staypappatiki) AIelKOVIOn TOD ODYKEKPIPEVOD TAPAOelyatog.
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Mnxavnua 1. Mnxavnua 2

Client C Stub Skeleton Server S

I I

Invoke method——»

create
communication
passing
parameters

invoke method—>

run method

<€«—return response

passing
) response

<€«—return response

To otélexog (stub) oto pnyxavnual exet Tpetg Paocikég epyaoteg:

o  EpgaviCet tig idleg amopaxkpoopeveg StaovvOéoelg Onwg Kat to S, dpa amd v
oxomd tov C etvat to idwo pe 10 S.

e & ovvepyaoia pe Vv ewovikn pnyavy g Java (JVM) xat to ovompa RMI,
petagépel ta oplopata ywa Tig KANOElg T®V AIOpakpuopeveov pefodov armo to
pnxavnpal oto pnyavnpa 2.

o AapPavet Ta amoteA\éOpATa TOV KANOE®V TOV AIOUAKPLOPEVOEV pebodmv kat ta
emotpe@et oto avrkeipevo C.

210 pnxavnpa2 orndpyet pa kKAaon-okeAetog (skeleton) mov eivat vmevOovr ya tpia
IPAYHaTa:

o Aéxetat Tig KANOEG TOV AIOPAKPLOPEVEOV nedddnv kabwg kat Ta oplopata ta
orotda ¢pyovtat arod TOV IEAdT).

o Extelel 11§ KA1j0elg TV ATIOPAKpLOpEveV pefodmv mPog TO TOMKO AVIKEipEVO,
MIEPVMVTAG T oplopata mov £xet AdaPet.

o A¢yetal ta anotehéopata oV pedodmv kat ta emotpépet pe ) Porjbela g JVM
kat too RMI oto pnyavnpal.

Enopévag xabe éva ano ta tpia emineda [15] kavel ta akolovda:

To eminedo XxkeAetov/ZteAexong eival vievbovo yia v petadoon T®v dedopevov amo
TOV DHOAOYIOTN-IIEAATI IPOG TO AIIOHAKPLOPEVO AVTIKEIPEVO TOL €SLIMPETNTL), Kabwg
KAl Yl TNV €MOTPOPI) TOV AMOTEAEOPATOV AIO TO AMIOPAKPVOHEVO AVIIKEIPEVO OTOV
IeEAdT.

To eninedo anmopakpovopEVIg AVa@OPAag AoXOAELTAL HIE T1) PETAPOPA TOV OedOPEVMV OE

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 07:29:02 EEST - 18.117.229.71



KedaAlairo 4 :Liveness Model Checking oeg enimedo dikTtUOU 56

mo yapnAo eminedo xabwg KAt pe Ta MPOTOKOANA IIOL AIALTOLVIAL yld va yivel 1)
EMKOWVOVIA ZKEAETOV / ZTEAEXOLG.

To eminedo peragopdag eivat yevika vmevdovo yia tnv dnpiovpyia, t) Otaxeiptorn, Kat
Vv napakolovbnon tev oovdéoewv. ITapaxolovbel emiong kat yepifetar OAeg Tig
KA1 0€1g petadd tov efomnnpetnt) Kat v nedatov. Baoiletat oto TCP/IP.

Ta otehéyn xat ot oxeletot Onplovpyovviatr pe éva Pondntikd mpoypappa Mmoo
ovopaletatr petayhaottiot)g RMI (rmic tool)[16]. T\a va pmopel va xalettat éva
ATIOPAKPVOHEVO AVTIKelpeVo TIpéret va Kataxopnbel pe éva ovykekpipévo Ovopd oto
pntpwo RMI oo PBpioketat otov eSommpetnt). To amopakpoopévo avikeipevo priopet
10Te va npoonelaotel pe T xpron evog URL oo axoAovbet to npwtokoAo RMI. I'a
Hapddetypd, av To AIOPAKPVOHEVO AVTIKEIPEVO exel Katayxmpnbel oto pnTpwo pe To
ovopa “AddServer” xat n dtevbovon IP tov eSormpetnt) etvat a.b.c.d, To avtikeipevo-
IeAATng propet va dnpovpyrjoet éva otéexog yU avTtod TO AIOPAKPLOPEVO AVTIKEIPEVO
pe mv xpnon too URL:

Rmi:/ /a.b.c.d./AddServer.

4.3 ITapal\nAonoinon Liveness Model Checking

TLCServer

O TLCServer otn liveness checking mapalAnAn exdoxr) tov, Swatnpet T1g akolovbeg
dopég dedopevmv: éva ovvolo G mov etvat pépog tov ypdgov reachability xatdotaong
oo to TLC éxet vmoloyioel péxpt TV TPEXOLOA XPOVIKI] OTLyHI), Hia ovpd (pia
axolovBia) U anod aveSepedvnteg kataotdaoetg, dnAadt) oAeg Tig kataotaoelg oto G tov
orol®v ot successors Oev £xoov vrioAoytotel akoprn ano to TLC alAa kat éva ArrayList
sucstates, movo mep\apPdaver Oleg TIg petAPACEl] TOV KATAOTACEDV IIOD E£XOLV
eCepeovnOel, To omoio amootéAAetat oe VAovg tovg workers (yia v dnpovpyla tov
behavior ypdgov tovg) mptv v vAomoinor tov liveness model checking. (To obvolo G
kat 1 U elvan ideg pe tg dopég g extéleorng tov single workstation mov
IIAPOVOLACTNKAV OTO KePdAato 3, evotnta 3.7.)

Me v m\nktpoAoynon tng KataAMnAng evtoAng [PAéme 4.4] Sexwva 1 extéleon Tov
TLCServer.:

1. O TLCServer nmpaypatomnotet v avaAvor) Kat TV ONHaOl0AOYIKI) EMeSePYaoia Tov
modules nov etvat va e€etaotovv and 1o TLC.

2. Xmv ovvéxewa kavel myv Apxwkomnoinon yia Liveness Model Checking omov
vroAoyifovtat ta OrderOfSolutions onwg napovolaotnke oto Ke@AAAlo 3, evotnta
3.9.). O TLCServer extelet ta emopeva Prypata, Sekivovtag pe keva to obvolo G kat
Vv ovpa U:
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3. EAeyxet ott xabe assume otV mpodlaypa@r] KAVOMIOLELTAl amod TG TIPEG IIOL
avatebnkav otig otabepeg mapapeTpovs,.

Muwa ASSUME evtolr) Oa nipénet va Xprotpomnoteitatl povo yia vrobéoelg oxetika pe
11§ otabepég (constants). Avpifoope OTL avT 1 ekPpaon Oev Mpémet va MHepléxet
petapAnréc.

4. YnohoyiCet To OOVOANO TOV APYLK®V KATAOTUACEDV EKTIHOVTAG TO APYLKO KATNYyOPnpd

Init. I'a kaBe apywrn) kartaotaon s oo PprKe:

a) EAéyyxetav to katnyopnpa Constraint eivat aAn0ég otnv xataotaon s Kat eAeyyet
av to ovvolo G mepiexet v Kataotaon. Av dev v mepiexet v torobetel oto
ovvolo G xat otnyv ovpa U.

b) Extipa ta xamyopovpeva Invariant xat ImpliedInit oty xatdaotaon s,
avagépel &va oPAApA KAt OTAPatd av eite to éva eite 1o Ao etvat yeodeg.

5. Anpuovpyet éva pntpoo (Registry) otov Tomko vroloytotr) moo Oéxetat attr|oelg oe
ovyKkekppevo port (e§ optopod 10997), onwg avagpepbnke mo nave.

6. Kataywpei tov server mov eivat tomov TLCServer, mov €yoov yivet Oleg ot
rponyovpeveg Aettoopyieg, pe 1o Ovopa “TLCServer” oto pntpwo.

7. Tlepipével yia e10epYOHEVES ALTIOELG.

TLCWorker

O TLCWorker mépa amd 1o oovolo G, mov eivatr pepog tov ypagov reachability
katdaotaong 1mov to TLC €xet vrmoloyioet p€xpt TV TPEXOLOA XPOVIKI) OTtyjr), opilet Kat
pwa 6evtepn dopr) yia To liveness model checking: évav behavior ypdgo. (To G xat o
behavior ypdgog eivat idieg pe tig dopég g extéleong tov single workstation moo
IIAPOVOLACTNKAV OTO KePdAato 3, evotnta 3.7.)

Metd v extéleorn tov TLCServer, pe v mAnktpoAoynon g KataAAnAng evioArg (oe
kdaOe vmoloyiotr)) [PAéne 4.5] Sexivd 1) extedeor) too TLCWorker.:

1. O TLCWorker npénet va anoktiogl pia ava@opd 0To AIOpaKPOOPEVO AVTIKELpEVO.
AvT0 propet va yivet pe v vanpeota avaditnong mov IPooPépPeL TO0 PNTP®O TOL
RMI. O TLCWorker {rjtaet pia ovykekpipévng vrnpeoiag pe ovopa “TLCServer” kat
dexetar éva URL ywa tov amopaxkpoopévo mopo. MOAG pia avagopda oe &va
AIIOPAKPVOKEVO AVTIKEIPEVO YiVel yvwoTr), avTo pmopet va ypnowpomnoinbet oav
TOITLKO AVTIKEIPEVO, YEYOVOG IIOD AIAOIOLEL ONPAVTIKA TNV OAn dadikacia

2. Ilpaypatonotet v avalvon Kat TV onpacloloyikl) eneepyaoia t@v module oo
etvat va eCetaotovv ano to TLC.
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3. Zmv ovvéxeta o TLCWorker xkaver tv “Apyukonoinon ywa Liveness Model
Checking” onov vmoloyifovtat ta OrderOfSolutions onwg mapovolaotnke oOTo
kepalawo 3, evotmta 3.9.). O TLCWorker exteletl ta emopeva Pripata, SeKvovag pe
keva ta ovvola G nov dwayepiletat o GManager:

4. YmohoyiCet To COVOANO TOV APXIK®DV KATAOTACEDV EKTIHOVTAG TO APXLKO KATYOPa
Init. Ia kaBe apywrn) xkartaotaon s oo PprnKe:

a) EAéyxet av to xatnyopnpa Constraint eivatr alnfég otnv xatdaotaon s Kat
e\eéyxetat av to oovolo G mepiéxet Vv Kataotaon. Av Oev TV IHePLEXeL TNV
torobetel oto ovvolo G kabwg xat otov behavior ypdgo ®g apyikr) katdotaon
tov behavior ypagoo.

5. Extypd ta xatnyopovpeva Invariant kat ImpliedInit otwv xatdotaon s, avagépet
&va OQAApPA KAl OTAPATA av elte To va eite To Ao elvat Yendeg

6. Méow tng avagopdg oto amnopaxkpvopévo avrtikeipevo “TLCServer”, o TLCWorker
Kavet 1o obvolo tov G va eivat ico pe 1o ovvolo G too TLCServer.

7. O TLCWorker xalet pia oovaptnorn register too server pe Oplopa TOvV €0dTO TOL
(worker). Me avtov tov tpono kataywpeitat o TLCWorker otov eSonmpetnt).

8. Amo v otypny mov avtog o TLCWorker katayopndei, dnpiovpyeitat eva vijpa
TLCServerThread amd tov TLCServer yia tnv eSommpetnon 100 OLYKEKPLPIEVOD
TLCWorker. Kata v extéAeorn) tov vrjpatog TLCServerThread extedodvtat ta edrg:

9. Ooon U too TLCServer Oev etvat kevr] to TLCServerThread (Anpovpyia State
Space):

a) Agaipel éva oovolo kataotaoewv states ano v U peyeboog Blocksize(1024) ev
IIPOKEPEVOD VA £SETAOTODV ADTEG Ol KATAOTAOELG AIIO TOV OLYKEKPpEVO worker.

b) Kalet pwa ovovapmon getNextStates too TLCWorker péoa amd tov
TLCServerThread yia va vmoloyioet Tig successor KATAOTACES TOL OLVOAOD
states mov exet avaldpPet.

c) Zoykekpipéva o TLCWorker pe v getNextStates yia xafe pia s kataotaor) ano
Tl KATAOTAOELG TOL OLVOAOL states Ppioket to odvolo T pe TIg successor
KATAOTAOELG TG, EKTIHOVTAG TV EVEPYELD EMOPEVI|G KATAOTAONG,.

d) Av 1o T etvat xevo kat r emAoyny ywa tov €leyxo vnapdng deadlock etvat
evepyonoumpevn, tote o TLCWorker avagepet eva opalpa ade§odov kat 1 0An
dradwaoia orapartad.

e) I'ia kabe kataotaon t oto T, o TLCWorker xavet ta axkolovba:

i. Alaypaget Tig Kataotdoelg too cbvolov T mov vrdpyxovv 110n oto diko Tov
obvolo G.
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ii. XZe avteg mov éxovv peivetl eheyxet av 1o katnyopnpa Constraint etvat anbeg
otV Kkataotaon t kat av 1o Prpa § — ¢ wavomnotet 1o ActionConstraint.

iii. To ovvolo newStates twv kataotacemv mov napnydnoav kabwg xat eva
dwavoopa liveNextStates pe tig petafaoetg (8 — 1) moo npénet va ewoayboovv
otov behavior ypago emotpegpovtat otov TLCServerThread.

f) Amo 1o emotpeOpEVO OOVONO KATAOTACE®V, Ol KATAOTAOES Ol oroieg Oev
epnepExovtat oto obvoAo G tov TLCServer tonobetovvtat oto ovvoro G xabag
kat ot v ovpd U tov TLCServer. Ooo yia 11§ petaPaocetg yia tov behavior ypago
torobetovvtat oto ArrayList sucstates too TLCServer oo mepthapPdvet OAeg tig
PETAPAOELg TOV KATAOTACE®V IOV £xouv eGepevvnOet.

10. Epooov ohoxAnpwBet 1 Srtadikaoia dnpiovpyiag tov State Space (1 U too TLCServer
dev mepthapPavet miéov otoryeta) exiva to Liveness model checking.

a) To TLCServerThread agatpet éva ovovolo amo ta pems t@v OrderOfSolution
peyéboog BlocksizePem (1024) xat tomofBetovvtat oto davvopa checkPems ev
IIPOKELPEVOD VA eCETAOTOVY OTOV OLYKEKPIEVO worker.

Tnv mpoty @opd ®g apywkoroinon o worker AapPaver emupoobeta pe to
diavoopa checkPems xat to ArrayList sucstates too TLCServer pe tig petapdaoetg
OV TV Kataotaoce®v Imov &xoov Ppedel. O worker mpoobBéter avteg Tig
petapdoeilg otov behavior ypda@o agob ektiprjoet OAa Ta KATNYOPHHATA KAl TIG
eveépyetleg rmov epgavifovrat otig exkppdoelg Temporal kat ImpliedTemporal.

b) TI'a xdbe eva pem and to ovvolo checkPems mpaypatomnotet ta Pripata tov
otadiov “YAomoinon Liveness Model Checking” onwg mapovoidotnke oto
Ke@alato 3, evotnta 3.9.

2y enopevn oedida akolovbet To daypappa akolovbiag g OAng Stadwkaotag.
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Master Workstation Worker Workstation

TLCServer TLCServerThread RMIRegistry TLCWorker

ProcessModules()

Livenessinit()

0O
o

mputelnitStates()

createRegistry()——>|

rebind(“TLCServer”)

<«lookup(“TLCServer)—|
7777777777777 URL---------3

ProcessModules()

Livenessinit()

< P—registerWorker()
—newTLCServerThread()—»

» getNextStates(states)*————»

ComputreNextStates()
PR newStates, |
LiveNextStates
AddNewStates()
AddToSuccStates(LiveNextStates)
R checkOOS

(checkPems,SucStates)*

BuildBehaviorGraph(succStates)

CheckPems()

D IsOk / errorString----------------—-

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 07:29:02 EEST - 18.117.229.71



KedaAlairo 4 :Liveness Model Checking oeg enimedo dikTtUOU 61

4.4 Exteleon TLCServer

TLCServer.java v Aot 1 kAdon emextetvet TtV KAAOn  java.rmi.server.
UnicastRemoteObject[17] (1 omoia mapéyxet éva odvolo amo pebodovg mov emrpénoovyv
oto RMI va OovAedel 0mOTd. ZOYKEKPIPEVA OlPlOMolel KAl dIIOOELPLONOoLel  Tig
ATIOPAKPVOHEVEG AVAPOPEG €VOG AVIIKELPEVOD.) Kat avtopata efayetat ywa RMI
(Remote Method Invocation) mpoofBaot). Aoto o Tpomnog pag kabiotda tkavoog yia client-
server npooPaon nave oe diktoo petadd tov TLC Server kat twv TLC Workers. Avtr
vlomotet o TLCServerRMI  étol @ote va emrtpénet AnopakpLopév) IpooPaon oto
server object a6 toog TLC workers.

I'a v exteAeon tov TLCServer mAnktpoloyeitat pia evioAr g HopPr|g :
java tlc.tool. TLCServer options spec_file

o110V

spec_file eivat to ovopa tov apyeioo mov nepexet tv TLA+ npodiaypaqr).

options elvar pa axolooBia amotehovpevy) amo pndEv 1) MePLOOOTEPEG A0 TIg

axoAovbeg emAoyEg:
-config config_file
ITpoodiopilet ot To configuration apyeio ovopadetat config_file, To omoio mpemet va
etvat éva apyelo pe enextaon .cfg. H enéxraon .cfg pmopet va napaineei ano to
config_file. Av aoty 1 em\oyr) napaln@ei vrobétete ot éxet To 1d10 Ovopa pe To
spec_file, extog g emextaong .cfg.
-deadlock
Ager oto TLC va pnv eAéy&et yia adie€odo. Eav avt) 1 emhoyr) dev mpoodiopiletart,
1o TLC Oa otapatjoet av Ppet eva adie§odo dnAadt), pia mpooPAaotpn KATaoTaon)
X®WPLG successor KATaoTdaor).
-recover run_id
Avt) 1) emmoyr) xavet to TLC va Sexivrjoet TV eKtéNeon) TG Ipodiaypa@prg Ot aro
MV apyt), aA\d amd omov otapdrtnoe to tehevtaio onpeio eleéyyov (checkpoint).
Otav 1o TLC AapPdavet eva onpeio eEAeyxov, TOIMOVEL TO AVAYVOPLOTIKO exTeéAeong. H
Tpn) too run_id mpémet va etvat avtod 10 avayveploTiKo eKTENEOTG.
-coverage num
Avt) 1 emoyr) kavel TLC va tonovet "coverage" mAnpogopieg kabe num Aerrtd xat
oto té\og g extéAeong tov. Ia xabe evépyeia ovlevktéov mov "avabdétet pa Tipn"
oe pua petaPint), to TLC tonovel tov aplpod tov @op®v mov 0 ov{eLKTEOG £Xel
HIPAYHATIKA YP1otpomow)0el OtV KATAOKeDI) PG VEAG KATAOTAOLG.
-terse
Kavovika, 1o TLC enexteivel mAnpwg Tig Tipég mmov epgavifovial ota pnvopata
o@AaApatog 1) otV £§odo anod v extipnon twv Print exgppacewv. H terse emioyr)
kavet To TLC avti aotod va ToImvel HEPIKDG EKTIHMOHIEVEG, OLVTIOHOTEPEG EKOOOELG
ALTOV TOV TIHOV.
-nowarning
Yndapyoov TLA+ ex@paoelg oo eivat voppeg alda etvat apketa appifoAeg, mov n
napovoia toog mbavov va ovnodeikvoet eva opalpa. To TLC xavovika e§ayet pa
npoetdornoinon otav anaptipel pia t€towa ap@ifoAn mNePUIT®OL), avTi) 1] €MAOY)
ATIOKPOIITEL AVTEG TIG IIPOELOOIIO)OELG,.
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-fp num
Apywornotet Tov KoOKa yia ta 64-bit fingerprints pe v tipr num.

4.5 Extedeon TLCWorker

TLCWorker.java + Avt] 1n xAdon enmektelvet v KAJOn java.rmi.server.
UnicastRemoteObject[17] kot vAomotet tv TLCWorkerRMI dieniaer).

I'a v extéAeon too TLCWorker mAnktpoloyeitat pia evtoAr) g HopePng :

java tlc.tool. TLCWorker options spec_file server_name
o110V
spec_file eivat to ovopa tov apyeiov noo nepiexet v TLA+ npodiaypaer).
server_name eivat to hostname too TLC server pe tov onoio Oa ¢pbet oe emxowvavia.
options eivat pua axkohovBia amotehovpevr) amo pndev 1] MepPlOOOTEPEG A0 TIG
axoAovbeg emAoyEg:

-config config_file

ITpoodiopilet Ot TO configuration apyeio ovopadetat config_file, To omoio mpemet va
etvat eva apyelo pe enéktaon .cfg. H enéxraon .cfg pmopetl va napainebei ano to
config_file. Av aotf 1 em\oyr) napaln@ei vrobétete ot £xet To 1d10 Ovopa pe To

spec_file, extog g emextaong .cfg.
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Kepalaio 5: Metpnjoeig

ITepiAnyn xepalaioo

270 KEPAAALO ALTO NAPOLOLACOVTAL TA AIOTEAEOHATA TOV PETPIOEDV TIOD IIPOEKLYAV
KATd TV eKTeAeon puag mpodtaypagng pikprg kAipaxag (5000 xataotdaoetg) kat otnv
ovvéxela puag mnpodiaypagr)g peydAng xAipaxag (30000 kataotdoelg). XtV TeAIKT)
EVOTITA ADTOL TOL KePAAAIOL YIVETAl IIAPOLOIAOI TOV COPIEPACHATOV IIOD £XOLV
eSayxbet faoet TwV peTprioemy.

5.1 MeBodoloyia perpriocwv

Ot petproelg mpaypatonouwjdnkav oe OLO pNYAVIPATA TOL epydotnpiov TOL
PETAIITUY1AKOL pe Ta akOAovba yapaxtnploTkd:

Xapaxktnplotika
Enelepyaotrg Intel Xeon CPU , E5520 @ 2.27GHz
CPU cores 4
Mvrpn (GB) 4
Tomog Aiokoo SATA2

H npodiaypagr) oo xprotponow)Onke ywa tig petproetg nrav n LiveHourClock.tla yia
TNV OIIOld DIIAPXEL AEITTOPEPT)G AVANDOT TO0O T1)g 101ag g mPodtaypa@Prg 000 Kdt Tng
exteleong g oto TLC oto Iapdapmpa A.

Mapatnpnon: To RMI ypnowpomnotet yia va kataymprjoet oto registry éva remote object
e’ optopov 1 dtevBovorn 127.0.0.1(localhost), IP mov Sev eivat mpooPdoiun amod ailo
DIIOAOY10TI), OIOTE Y1d aLTO TOV AOYO OTNV eVTOAT] yid TV ektéAeon too RMIServer xat
otov RMIWorker ewoayoope kat mv drjAwon tng wdwotntag hostname[18]. H tipn g
OLYKEKPEVNG W10t Tag avanaplotd To host name algapdpntiko to omoio Oa mpémet
va ovvoeeTal pe Td aropakpvuopeva stubs wote va emrtpénetatl otovg clients va kahoovv
peBOB0VG Ot éva ATIOPAKPLOPEVO AVTIKEIHEVO.

Ano v pepia too RMIServer, oo extedettat oto 1° pnyavnpa, DAnKtpoAoyovpe thv
axkolovbn) evtoAn):

java -Djava.rmi.server.hostname="inf-uth-corei7-1-pg.dyndns.org" tlc.tool. TLCServer LiveHourClock.tla

Oocov agopda tov RMIClient, yia v exteleor) Tov, avaloya nmooovg workers Béhoope,
exteNoLpE éva script To omoto avabetel oe kabe core Tov 2°° pnyavipatog evav worker
peom tng evtoAng taskset[19]. Emureov opifovpe pe 1o ~Dpid (process id) pia diotta
avabétovtag oe xkabe worker pla povadikr) tipr) n omota mpootifetat oto TEAOg Tov
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ovopatog tov metadir (to metadir mpoodiopiler tov xataloyo dir otov omnoto to TLC
arobnkevet Ta apyeia Tov oL MPOKVIITOLY KATA TV EKTEAEOT) - opieTatl va eivat 100 pe
NV TPEXOLOA NpEPOPNViIa Kat @pa TNV OTypr] tng dnupiovpyiag tov) 1ol wote va
vnapyet dagopornoinon petalv twv client moo Tpéxovv oto ido pnyavnpa xabwg
xpewaletat xata TtV extedeorny Tov  alyopibpov. Télog xpnowpomoujoape TNV
avakatedvbovon e§odov £tol wOTe Ta amotedéopara  va avaxatevfovoviar oe
dagpopetika apyeta. Ia napadetypa yia v extéeon) tecodpmv workers to script xet
Vv akoAoobn popern:

script.sh

#!/bin/bash

taskset -¢ 0 java  -Dpid=0  -Djava.rmi.server.hostname="inf-uth-corei7-2-pg.dyndns.org"
tlc.tool TLCWorker LiveHourClock.tla inf-uth-corei7-1-pg.dyndns.org &> worker(.txt &

taskset -¢ 1 java  -Dpid=1  -Djava.rmi.server.hostname="inf-uth-corei7-2-pg.dyndns.org"
tlc.tool. TLCWorker LiveHourClock.tla inf-uth-corei7-1-pg.dyndns.org &> workerl.txt &

taskset -¢ 2 java  -Dpid=2  -Djava.rmi.server.hostname="inf-uth-corei7-2-pg.dyndns.org"
tlc.tool TLCWorker LiveHourClock.tla inf-uth-corei7-1-pg.dyndns.org &> worker2.txt &

taskset -¢ 3 java  -Dpid=3  -Djava.rmi.server.hostname="inf-uth-corei7-2-pg.dyndns.org"
tlc.tool. TLCWorker LiveHourClock.tla inf-uth-corei7-1-pg.dyndns.org &> worker3.txt &

Ot petprioetg mov akolovBobdv eytvav apyikd yia medio tipmv 1 éog 5000 moo AapPavet
n petaPAnt hr otg mpodiaypagég HourClock.tla katr LiveHourCLock.tla xat otnv
ovvéxewa 1) i0wa dradikaota enavaligpdnke yia medio tipav amnod 1 g 30000. Ze xabe
pla amno aoteg tig ekO0XEG O MP®TOG MIVAKAG AVILOTOLYElL OTNV OelPlaKy] eKTENEON] TG
npodiaypa@rng ya 1 worker kxat ot v ovvéyela yia multiprocessing tomxa yia 2, 3 xat
4 workers. Z1nv oelplakn) extéeon kabe worker AapPdavetl pla-pa Tig KATaotaoelg Ormg
Kat ta Pems.

Ot enopevol mivakeg mapovoldlovv ta aroteAéopata g MAPAAMNANG eKTENEONG O
katavepnpéva neptpaliovra. To block size twv states mov avatifevtat oe xabe worker
napapevel otabepod ota 1024 onwg ftav oplopévo otv 10 vmapyovod MAPAAANAL
vAomnoinorn tov TLC eve melpapartiot)kape og mpog 1o peyedog tov block size tov Pems
oo avatifevtat oe kabe worker nipog eneepyaota.

e kabe pa ano avtég Tig MEPUITOOELS O IIPMTOG MIVAKAG IIAPOLOLAel TA ATIOTEAEOPATA
otov master ywa mAfjdog workers (WorkerCnt) amo 1 éwg 4. I'a xabe petpnon
MIPAYHATOIIOIOVHE TPELG EKTENECELS, EV® TA OTOLXELA TG HETPNONG IOV KATAYPAPOLHE
etvat: (i) o xpovog oloxArpwong tng extéeong (TStates) tov vmoloyiopov TtV
Kataotaocemv (dnprovpyla State Space), (ii) to peyebog Tng pvrpng moo éxet deopevbet
(MStates-Allocated) xat (iii) To @@éApo péyebog pvrjpung (MStates-Used) ywa v idwa
dtadwaotia (H Java Oeopevdel meploootepr) pvijpn am’ oon ypewdletat pia Oedopévn
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OTLYHI] YW VA €AAXIOTOIOW)0et ToV aplipo 1oV deopevoemv mov Ha xpetaotoovv), (iv) o
Xpovog oMoxArpwong TG extéeong (TLiveness) tov liveness model checking
(onpetwon: o xpovog TLiveness mepilapfavet to xpOvo eKTEAEONG DIIOAOYIOHOD TGOV
kataotaocewv TStates), (v) 1o péyebog tng pvrpng mov éxet deopevbet (MLiveness-
Allocated) xat (vi) To opeApo peyebog pvripng (MLiveness-Used) péxpt xat avtm)v myv
dadikaoia, (vii) to covoAko ypovo extéleong (TTotal), (viii) To covoAkoO péyedog Tng
pvipng moo £xet deopevbet (MTotal-Allocated) xat (ix) To oovoliko w@éAipo peyedog
pvipng (MTotal-Used). Emiong yia xafe napdpetpo vroAoyioape tov péco opo (Avg)
KAt TV ToIki) anoxkAon (StDev) tov tipov.

Ot vioAourtot mivakeg mapovotdfoovv Tig petproetg yia kdabe worker Sexmprota. I'ia xabe
worker o oxetikog mivakag deiktodoteitat wg Workerl yia tov 1° worker, Worker2 yia
Tov 2° worker K.0.K. ZTODG ODYKEKPUEVODG MIVAKEG KATAYPAPOVHE TPELG HETPHOELS Yid
g napapétpoog TTotal, MTotal-Allocated xat MTotal-Used. Kat oe aotv wmv
MEPUIT®ON LIoAoyloape yla Kabe mapdapetpo Tov péco 0po (Avg) Kat TV TOILKI)
artoxkAion) (StDev) tov Tip®Vv.

5.2 Extéleon Ilpodraypaprg pe 5000 states

Single Workstation (1pem)

WorkerCnt=1 1 2 3 Avg StDev WaorkerCnt=2 1 2 3 Avg StDev

Tstates(sec) 3.727 3.693 3.893 3.77 0.11 Tstates(sec) 3.691 3.75 3.738 3.73 0.03
Mstates(KB)-Allocated 241536 241600 241600; 241578.67 36.95 Mstates(KB)-Allocated 241600 241664 241600: 241621.33 36.95
Mstates(KB)-Used 70665 71107 71107: 70959.67 255.19 Mstates(KB)-Used 73483 73119 74416: 73672.67 668.98
Tliveness(sec) 48,016 50.011 48,559 48.86 1.03 Tliveness(sec) 43,411 48.675 48,924 43.68 0.24
Mliveness-Allocated(KB) 81024 84480 89920: 85141.33 448472 Mliveness-Allocated(KB) 96384 79488 87168 87680.00 8459.63
Mliveness-Used(KB) 74810 67719 57609 66712.67 8644.54 Mliveness-Used(KB) 45152 39021 42079  42084.00 3065.50
Ttotal(sec) 48.019 50.014 48.562 48.87 1.03 Ttotal(sec) 48.444 48.678 48.926 48.68 0.24
Mtotal-Allocated(KB) 81024 84480 89920: 85141.33 448472 Mtotal-Allocated(KB) 96384 79488 87168: 87680.00 8459.63
Mtotal-Used(KB) 74810 67719 57609: 66712.67 8644.54 Mtotal-Used(KB) 45152 39021 42079:  42084.00 3065.50
WorkerCnt=3 1 2 3 Avg StDev WorkerCnt=4 1 2 3 Avg StDev

Tstates(sec) 3.77 3.837 3.901 3.84 0.07 Tstates(sec) 3.836 3.759 3.788 3.79 0.04
Mstates(KB)-Allocated 241600 241664 241600; 241621.33 36.95 Mstates(KB)-Allocated 241600 241600 241408¢ 241536.00 110.85
Mstates(KB)-Used 72772 75532 73813: 74039.00 1353.81 Mstates(KB)-Used 75141 75390 76964: 75831.67 988.50
Tliveness(sec) 48.133 48.293 48.248 48.22 0.08 Tliveness(sec) 48.586 48.597 48.112 48.43 0.28
Mliveness-Allocated(KB) 94272 88704 91200: 91392.00 2788.96 Mliveness-Allocated(KB) 93312 90944 96128 93461.33 2595.22
Mliveness-Used(KB) 67750 75830 69787: 71122.33 4202.25 Mliveness-Used(KB) 58621 50670 63978: 57756.33 6696.00
Ttotal(sec) 48.736 48.296 48.251 48.43 0.27 Ttotal(sec) 48.589 48.6 48.115 48.43 0.28
Mtotal-Allocated(KB) 94272 88704 91200: 91392.00 2788.96 Mtotal-Allocated(KB) 93312 90944 96128: 93461.33 2595.22
Mtotal-Used(KB) 67750 75830 69787: 71122.33 4202.25 Mtotal-Used(KB) 58621 50670 63978: 57756.33 6696.00
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NapdAAnAn ektéAeon o€ katavepnpévo neptpaiiov (64 pems)

WorkerCnt=1 1 2 i 3 Avg StDev WorkerCnt=2 1 i 2 i 3 Avg StDev
Tstates(sec) 1.113 1.114 1.092 111 0.01 Tstates(sec) 0.874 0.915 0.88 0.89 0.02
Mstates(KB)-Allocated 60672 60672 60672 60672.00 0.00 Mstates(KB)-Allocated 58752 58752 58944 58816.000 110.85
Mstates(KB)-Used 8585 8604 8624 8604.33 19.50 Mstates(KB)-Used 7488 7499 7101 736267  226.68
Tliveness(sec) 66.283 66.8334 66.126 66.41 0.37 Tliveness(sec) 39.068 38.84 38.969 38.96 0.11
Mliveness-Allocated(KB) 60672 60672 60672 60672.00 0.00 Mliveness-Allocated(KB) 58752 58752  58944] 58816.000 110.85
Mliveness-Used(KB) 13922 13938 13969 13943.00 23.90 Mliveness-Used(KB) 17420 17402 16948 17256.67.  267.46
Ttotal(sec) 66.645  67.179  66.465 66.76 0.37 Ttotal(sec) 39.789  40.063  39.798 30.88 0.16
Mtotal-Allocated(KB) 60672 60672 60672 60672.00 0.00 Mtotal-Allocated(KB) 58752 58752 58944 58816.000 110.85
Mtotal-Used(KB) 13922 13938 13969 13943.00 23.90 Mtotal-Used(KB) 17420 17402 16948 17256.67. 267.46
WorkerCnt=3 1 2 3 Avg StDev WorkerCnt=4 1 i 2 3 Avg StDev
Tstates(sec) 0.856 0.738 0.761 0.79 0.06 Tstates(sec) 0.665 0.778 0.832 0.76 0.09
Mstates(KB)-Allocated 75328 59968 59904 65066.67 8886.63 Mstates(KB)-Allocated 73600 72320 59264 68394.67. 7933.25
Mstates(KB)-Used 7567 7675 7771 767L.000  102.06 Mstates(KB)-Used 7327 9208 9744] 8759.67 1269.34
Tliveness(sec) 29.021 28.843 29.116 28.99 0.14 Tliveness(sec) 23.707 23.959 23.93 23.89 0.16
Mliveness-Allocated(KE) 75328 59520 59520 64789.33 9126.75 Mliveness-Allocated(KB) 73600 72320 59456 68458.67 7822.76
Mliveness-Used(KB) 22661 10070 10105 14278.67. 7259.33 Mliveness-Used(KB) 25573 27331 16355 23086.33 5895.40
Ttotal(sec) 30.199  30.139  30.199 30.18 0.03 Ttotal(sec) 25.716  25.934  25.813 25.82 0.11
Mtotal-Allocated(KB) 75328 59520 59520 64789.33] 9126.75 Mtotal-Allocated(KB) 73600 72320 59456 68458.67 7822.76
Mtotal-Used(KB) 22661 10070 10105 14278.67 7259.33 Mtotal-Used(KB) 27035 28856 17062 24317.67 6349.22

WorkerCnt=1

Workerl 1 2 3 Avg StDev

Ttotal(sec) 66.392: 66.897: 66.188 66.49 0.36
Mtotal-Allocated(KB) : 157056: 158144: 157120: 157440.00;  610.52
Mtotal-Used(KB) 52834; 52552¢ 59268; 54884.67: 3798.70

WorkerCnt=2

Workerl 1 2 3 Avg S5tDev Worker2 1 2 3 Aug StDev

Ttotal(sec) 39.,506; 39,809: 39,125 39,48 0.34 Ttotal(sec) 39,145; 39,482 39,370 39,33 0.17
Mtotal-Allocated(KB) 1574401 147392! 158720: 154517.33! 6203.82 Mtotal-Allocated(KB) | 158400: 157056 157120i 157525.33]  738.16
Mtotal-Used(KB) 59282: 93B47: 65557: 72895.33:18413.94 Mtotal-Used(KB) 39574: 40959; 108068: 62867.00; 39151.34

WorkerCnt=3

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Aug StDev
Ttotal(sec) 29.511: 29.807: 30.25 29.86 0.37 Ttotal(sec) 29,195 29.461: 30.548 29.73 0.72
Mtotal-Allocated(KB) : 147520: 157056: 147776 150784.00; 5433.22 Mtotal-Allocated(KB) : 157312i 147712: 147776 150933.33; 5524.18
Mtotal-Used(KB) 89210: 114507: 56816; B86844.33: 28918.16 Mtotal-Used(KB) 52900: 930661: B85956: 76505.67: 20578.02
Worker3 1 2 3 Avg StDev

Ttotal(sec) 29.,855; 29.116: 30.896 29,96 0.89

Mtotal-Allocated(KB) : 147456 157184; 1588481 154496.00; 6153.33

Mtotal-Used(KB) 81197: 64990: 61243: 69143.33; 10605.57

WorkerCnt=4

Workerl 1 2 ) Avg StDev Worker2 1 2 3 Avg StDev
Ttotal(sec) 24,898: 25.171; 24,981 25.02 0.14 Ttotal(sec) 25.281: 24.559; 25.27 25.04 0.41
Mtotal-Allocated(KB) : 157440: 157056: 157056 157184.00; 221.70 Mtotal-Allocated(KB) : 157376i 147584 157376i 154112.00; 5653.41
Mtotal-Used(KB) 99620:111341: 42925: B4628.67: 36588.83 Mtotal-Used(KB) 100233: 62655 66952: 76613.33: 20567.75
Worker3 1 2 3 Avg StDev Woarkerd 1 2 3 Avg StDev
Ttotal(sec) 24,291 24,877 24,635 24,60 0.29 Ttotal(sec) 24,588 25,485 25.641 25.24 0.57
Mtotal-Allocated(KB) : 1574401 157056; 157120} 157205.33 205.73 Mtotal-Allocated(KB) : 1479041 147968; 157568! 151146.67; 5561.13
Mtotal-Used(KB) 59289: 71482% 72982: 67917.67! 7510.19 Mtotal-Used(KB) 68539: 72086i 103395: B81340.00; 19182.35
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NapdAAnAn ektéleon o€ Katavepnpuévo neptBaiiov (128 pems)

67

WorkerCnt=1 1 : 2 : 3 Avg StDev WorkerCnt=2 1 ; 2 ; 3 Avg StDev
Tstates(sec) 11 1.085 1.098 1.10 0.00 Tstates(sec) 0.904 0.9 0.921 0.91 0.01
Mstates{KB)-Allocated 60672 60672 60672; 60672.00 0.00 Mstates{KB)-Allocated 58944 58944 58544 58544.00 0.00
Mstates(KB)-Used 8602 8600 8604 B8602.00 2.00 Mstates(KB)-Used 7113 7318 7364 7265.00 133.63
Tliveness(sec) 63.249 60.567 62,224 62.01 1.35 Tliveness(sec) 36.62 36.702 36.812 36.71 0.10
Mliveness-Allocated(KB) 60672 60672 60672; 60672.00 0.00 Mliveness-Allocated(KB) 58944 58944 58544 58544.00 0.00
Mliveness-Used(KB) 13670 13688 13648; 13668.67 20.03 Mliveness-Used(KB) 16667 16927 16991 16861.67 171.60
Ttotal(sec) 63.612 60.908 62.568 62.36 1.36 Ttotal(sec) 37.332 38.54 38.2593 38.06 0.64
Mtotal-Allocated(KB) 60672 60672 60672; 60672.00 0.00 Mtotal-Allocated(KB) 58944 58944 58544 58944.00 0.00
Mtotal-Used(KB) 13760 13688 13648; 13698.67 56.76 Mtotal-Used(KB) 16667 16927 16991 16861.67 171.60
WorkerCnt=3 1 i 2 i 3 Avg StDev WorkerCnt=4 1 : 2 : 3 Avg StDev
Tstates(sec) 0.736 0.802 0.75 0.76 0.03 Tstates(sec) 0.683 0.728 0.68 0.70 0.03
Mstates{KB)-Allocated 59840 76480 75264 70528.00; 9276.03 Mstates{KB)-Allocated 75456 59392 73472 69440.00! 8758.18
Mstates(KB)-Used 7600 7279 8051; 7643.33 387.82 Mstates(KB)-Used 346040 10175 7906 17573.67; 14823.36
Tliveness(sec) 27.596 27.561 27.884 27.68 0.18 Tliveness(sec) 22.565 22.352 22.435 22.45 0.11
Mliveness-Allocated(KB) 59712 76480 75264 70485.33; 9349.77 Mliveness-Allocated(KB) 75520 58496 73472¢ 69162.67; 9294.19
Mliveness-Used(KB) 5847 22385 22487; 18239.67; 7268.44 Mliveness-Used(KB) 23576 16620 26206 22134.00! 4953.02
Ttotal(sec) 28.941 29.025 29.0%6 29.02 0.08 Ttotal(sec) 25.154 25.02 25.131 25.10 0.07
Mtotal-Allocated(KB) 59712 76480 75264 70485.33; 9349.77 Mtotal-Allocated(KB) 75520 58496 73472 69162.67; 9294.19
Mtotal-Used(KB) 9847 22385 22623 18285.00; 7308.49 Mtotal-Used(KB) 25213 17113 27194 23173.33. 534105

WorkerCnt=1

Waorkerl 1 2 3 Avg StDev

Ttotal(sec) 63.494: 60.635 62.292 62.14 1.44

Mtotal-Allocated(KB) : 1603841 162432 162368 161728.00; 1164.38

Mtotal-Used(KB) 39740: 80751: 67408: 62633.00i 20918.32

WorkerCnt=2

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev

Ttotal(sec) 30.688: 38.36! 37.976 37.67 0.88 Ttotal(sec) 36.972: 37.948! 37.63 37.52 0.50

Mtotal-Allocated(KB) : 161920! 162112 160512 161514.67 873.63 Mtotal-Allocated(KB) : 160512; 162560 162112 161728.00; 1076.65

Mtotal-Used(KB) 81846: 67758! 35672: 61738.67: 23604.39 Mtotal-Used(KB) A0134: 32045 62970; 45049.67:16037.82

WorkerCnt=3

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev

Ttotal(sec) 27.947; 28.766: 28.744 28.45 0.47 Ttotal(sec) 28.61; 28.023; 28.407 28.35 0.30

Mtotal-Allocated(KB) : 162560: 161920: 162496 162325.33 352.48 Mtotal-Allocated(KB) : 162496 162496 162176: 162389.33;  184.75

Mtotal-Used(KB) 33600: 66849 64133: 54862.67: 18458.83 Mtotal-Used(KB) 62175; 68549 73609 68111.00: 5729.57

Worker3 1 2 3 Avg StDev

Ttotal(sec) 28.263: 28.329; 28.024 28.21 0.16

Mtotal-Allocated(KB) | 162048 162176: 162176 162133.33 73.90

Mtotal-Used(KB) 96108: 78221: 72986: 82438.331 12124.20

WorkerCnt=4

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev

Ttotal(sec) 24.114: 24.272; 23.754 24.05 0.27 Ttotal(sec) 23.84: 23.66{ 24.405 23.97 0.29

Mtotal-Allocated(KB) | 162368 162688: 162496 162517.33 161.06 Mtotal-Allocated(KB) : 162368} 162176; 162432 162325.33;  133.23

Mtotal-Used(KB) 76057: 73133 59846: 69678.67: 8639.93 Mtotal-Used(KB) 75087: 119377 75893 90119.00: 25341.38

Worker3 1 2 3 Avg StDev Workerd 1 2 3 Avg StDev

Ttotal(sec) 24.738; 24.638; 24.755 24.71 0.06 Ttotal{sec) 24.4631 23.975; 24.031 24,16 0.27

Mtotal-Allocated(KB) | 160512 161984 162176 161557.33 910.36 Mtotal-Allocated(KB) i 162624; 162176; 162048 162282.67; 302.45

Mtotal-Used(KB) 49436: 93374! B2287: 7T5032.33 22849.72 Mtotal-Used|KB) 42578: 81758 82204: 68846.67:22750.43
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NapdAAnAn ektéleon o€ Katavepnpuévo neptBaiiov (256 pems)

WorkerCnt=1 1 2 i 3 Avg StDev WorkerCnt=2 1 i 2 i 3 Avg StDev
Tstates(sec) 1.152 1102 1.107 112 0.03 Tstates(sec) 0.875 0.868 0.913 0.89 0.02
Mstates(KB)-Allocated 60672 60672 60672 60672.00 0.00 Mstates(KB)-Allocated 58944 58944 58752 58880.00] 110.85
Mstates(KB)-Used 8585 8585 8585, 8585.00 0.00 Mstates(KB)-Used 7247 7258 7650. 7385.000 229.56
Tliveness(sec) 58.677 60.509 61.356 60.18 1.37 Tliveness(sec) 35.091 35.451 35.558 35.37 0.24
Mliveness-Allocated(KB) 60672 60672 60672 60672.00 0.00 Mliveness-Allocated(KB) | 58944 58944 58752 58880.00i 110.85
Mliveness-Used(KB) 13543 13543 13543] 13543.00 0.00 Mliveness-Used(KB) 16679 16818 17134 16877.001 233.17
Ttotal(sec) 59.044  60.878 6174 60.55 1.38 Ttotal(sec) 36,938 37421  36.833 37.06 0.31
Mtotal-Allocated(KB) 60672 60672 60672 60672.00 0.00 Mtotal-Allocated(KB) 58944 58944 58752 5888000 110.85
Mtotal-Used(KB) 13543 13543 13543] 13543.00 0.00 Mtotal-Used(KB) 16679 16818  17134] 16877.00i 233.17
Workercnt=3 1 . 2 i 3 Avg StDev WorkerCnt=4 1 2 3 Avg StDev
Tstates(sec) 0.729 0.716  0.708 0.72 0.01 Tstates(sec) 0.748 0.679 0.693 0.71 0.04
Mstates(KB)-Allocated 59776 59968 75328 65024.00. $924.04 Mstates(KB)-Allocated 107008 59392 107008 91136.00} 27491.11
Mstates({KB)-Used 7623 7541 7671 761167  65.74 Mstates(KB)-Used 6412 9948 6548 7636.00] 2003.41
Tliveness(sec) 25.875 25.747 26.064 25.90 0.16 Tliveness(sec) 21.718 21.738 21.704 21,72 0.02
Mliveness-Allocated(KB) 59712 59520 75328 64853.33 907184 Mliveness-Allocated(KB) | 107008 58560 107008 90858.67i 27971.47
Mliveness-Used(KB) 9181 9276 22417 13624.67 761453 Mliveness-Used(KB) 24112 16282 244200 21604.67 4612.14
Ttotal(sec) 29.285  29.166  29.179 20.21 0.07 Ttotal{sec) 24.223 2435 24328 24.30 0.07
Mtotal-Allocated(KB) 59712 59520 75328 64853.33 9071.84 Mtotal-Allocated(KB) 107008 58560 107008 90858.67i 27971.47
Mtotal-Used(KB) 9599 9696 22417 13904.00i 7372.63 Mtotal-Used({KB) 27436 16993 27810; 24099.67; 6156.56

WorkerCnt=1

Workerl 1 2 3 Avg StDev

Ttotal(sec) 58.738: 60.571 61.419 60.24 1.37
Mtotal-Allocated(KB) | 164288 164608; 164224 164373.33;  205.73
Mtotal-Used(KB) 74815 117114: 111270: 101066.33: 22921.33

WorkerCnt=2

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev
Ttotal(sec) 36.627: 36.939: 36.516 36.69 0.22 Ttotal(sec) 36.248: 37.309: 36.148 36.57 0.64
Mtotal-Allocated(KB) : 166208! 166144 164800! 165717.33:  795.08 Mtotal-Allocated(KB) : 164864 164608 166464 165312.00: 1005.84
Mtotal-Used(KB) 58336; 71109: 118594 82679.67:31751.64 Mtotal-Used(KB) 64425: 130777 45857; 80353.00: 44644.46

WorkerCnt=3

Workerl 1 2 3 Avg StDev Waorker2 1 2 3 Avg StDev

Ttotal(sec) 28.538] 28.833: 28.272 28.55 0.28 Ttotal(sec) 28.881: 28.499: 28.604 28.66 0.20
Mtotal-Allocated(KB) | 164928 166528: 164736: 165397.33; 983.88 Mtotal-Allocated(KB) | 166144 164800: 165760: 165568.00: 692.27
Mtotal-Used(KB) 94807 25473; 88960: 09740.67: 38453.41 Mtotal-Used(KB) 76347: 22809: 77390: 58348.67:31215.62
Worker3 1 2 3 Avg StDev

Ttotal(sec) 28.238; 28.173; 25.015 28.48 0.47

Mtotal-Allocated(KB) : 166464 166592; 166208 166421.33: 195,52

Mtotal-Used(KB) 54245 60905: 44390: 53380.00: 7992.63

WorkerCnt=4

Workerl 1 2 3 Avg StDev Waorker2 1 2 3 Avg StDev

Ttotal(sec) 23,791} 23.634; 22.952 23.46 0.45 Ttotal(sec) 23.18: 23.023; 23.287 23.16 0.13
Mtotal-Allocated(KB) | 165056 166208: 164864: 165376.00; 726.90 Mtotal-Allocated(KB) | 166144 166080: 165888: 166037.33;  133.23
Mtotal-Used(KB) 1264631 129620; 83850i 113311.00: 25562.76 Mtotal-Used(KB) 45241:109280: 145599: 101040.00: 49159.27
Worker3 1 2 3 Avg StDev Workerd 1 2 3 Avg StDev

Ttotal(sec) 22,854 23.972; 23.913 23.58 0.63 Ttotal{sec) 23.522; 23.352¢ 23.535 23.47 0.10
Mtotal-Allocated(KB) | 166208 166080; 165888 166058.67:  161.06 Mtotal-Allocated(KB) 166080 165184; 165760 165674.67: 454,05
Mtotal-Used(KB) 52465 50250: 815944 61553.00:17693.82 Mtotal-Used(KB) 83650 66640: 135504: 95931.33: 35564.62
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NapdAAnAn ektéleon o€ Katavepnpuévo neptBaiiov (512 pems)

WorkerCnt=1 1 i o2 i3 Avg StDev WorkerCnt=2 1 i o2 i3 Avg StDev
Tstates(sec) 111 1.125 1.107 111 0.01 Tstates(sec) 0.916 0.893 0.905 090 0.01
Mstates(KB)-Allocated 60672 60672 60672 60672.00 0.00 Mstates(KB)-Allocated 58816 58944 58944 58901.33 73.90
Mstates(KB)-Used 8601 8596 8588 8595.00 6.56 Mstates(KB)-Used 7637 7355 7133, 7375.000 252.59
Tliveness{sec) 58339 59.983  59.959 59.43 0.34 Tliveness{sec) 35.277 35722 35.2720 3542 0.26
Mliveness-Allocated(KB) 60672 60672 60672 60672.00 0.00 Mliveness-Allocated(KB) | 58816 58944 58944 58901.33 73.90
Mliveness-Used(KB) 13465 13459 13443 13455670 1137 Mliveness-Used(KB) 17014 16751 16498 16754330 258,02
Ttotal(sec) 58704  60.363  60.343 59.80 0.35 Ttotal(sec) 36.144  37.413  36.041  36.53 0.76
Mtotal-Allocated(KB) 60672 60672  GOG72. 60672.00 0.00 Mtotal-Allocated(KB) 58816 58944 58944 5890133 73.90
Mtotal-Used(KB) 13465 13459 13443 13455.671  11.37 Mtotal-Used(KB) 17074 16751 16493 1677433 288,71
Workercnt=3 1 . 2 . 3 Avg StDev WorkerCnt=4 1 2 3 Avg StDev
Tstates(sec) 0.706 0.77  0.754 0.74 0.03 Tstates(sec) 0.666 0.833 0.799 0.77 0.09
Mstates(KB)-Allocated 75328 59904  59904! 65045.33i 8905.05 Mstates(KB)-Allocated 107008 59648  106880; 91178.67: 27306.43
Mstates(KB)-Used 7369 7756 7761 762867 224,89 Mstates(KB)-Used 6597 8711 66290 7312,330 1211.39
Tliveness(sec) 25.213 25.467 25.33 25.34 0.13 Tliveness(sec) 19.775 19.874 19.708 19.79 0.08
Mliveness-Allocated(KB) 75328 59456 59776 6485333 907274 Mliveness-Allocated(KB) | 107008 56704 106880 90197.33) 29006.15
Mliveness-Used(KB) 21186 9361 9286] 13277.67, 6343.92 Mliveness-Used(KB) 24471 16737 24654} 21937.33} 4505.13
Ttotal(sec) 30.304 30443 30.522 30.43 0.11 Ttotal(sec) 26.353 26537 26702  26.53 0.17
Mtotal-Allocated(KB) 75328 59456 59776 6485333 907274 Mtotal-Allocated(KB) 107008 56704 106830 90197.33i 29006.15
Mtotal-Used(KB) 22135 9755 9680] 13856.67. 7169.35 Mtotal-Used(KB) 27808 17367 28040} 24405000 B6096.19

WorkerCnt=1

Workerl 1 2 3 Avg StDev

Ttotal(sec) 58.462: 60.017 60.014 39.50 0.90
Mtotal-Allocated(KB) | 167808 168128; 168128 168021.33; 184.75
Mtotal-Used(KB) 1377211133359 140172 137084.00; 3450.88

WorkerCnt=2

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev

Ttotal(sec) 35.860: 37.117: 35.701 36.16 0.83 Ttotal(sec) 36.044: 36.758; 35.393 36.07 0.63
Mtotal-Allocated(KB) : 161088 168000; 168128! 165738.67; 4028.10 Mtotal-Allocated(KB) : 167296 168640; 168640! 168192.00;  775.96
Mtotal-Used(KB) 83625!132702; 81459 99262.00: 28980.13 Mtotal-Used(KB) 64108 100524; B86611: 83747.67: 18376.08

WorkerCnt=3

Workerl 1 2 3 Avg StDev Waorker2 1 2 3 Avg StDev

Ttotal(sec) 29.644; 29.809: 29.474 29.64 0.17 Ttotal(sec) 29.987: 30.161: 30.236 30.13 0.13
Mtotal-Allocated(KB) | 168768 161728; 168064 166186.67; 3877.33 Mtotal-Allocated(KB) | 168064 157056; 164672 163264.00; 5637.45
Mtotal-Used(KB) 116800; 89670; 61260: B89243.33{27772.46 Mtotal-Used(KB) 111716; 75857 93344: 93639.00: 17931.32
Worker3 1 2 3 Avg StDev

Ttotal(sec) 29,278 29.478; 29.836 29.53 0.28

Mtotal-Allocated(KB) | 156480 168000: 149632 158037.33: 9282.50

Mtotal-Used(KB) 1183211 141037; 638931 107750.33! 39643.45

WorkerCnt=4

Workerl 1 2 3 Avg StDev Waorker2 1 2 3 Avg StDev

Ttotal(sec) 25.95: 25.588! 25.626 25.72 0.20 Ttotal(sec) 24.977: 23.494: 25,262 24,58 0.95
Mtotal-Allocated(KB) | 161088 148224: 157440 155584.00; 6629.79 Mtotal-Allocated(KB) | 152640 155392: 163392 157141.33; 5585.38
Mtotal-Used(KB) 79717 02007: 53359: 65027.67:13436.12 Mtotal-Used(KB) 20868: 109254: 70121: 66747.67: 44289.45
Worker3 1 2 3 Avg StDev Workerd 1 2 3 Avg StDev

Ttotal(sec) 25.611; 25.873; 25.966 25.82 0.18 Ttotal(sec) 25.299: 25,248 26.288 25.61 0.59
Mtotal-Allocated(KB) | 167168 159360: 167936 164821.33: 4745,22 Mtotal-Allocated(KB) : 155456 168704: 168448 164202.67: 7575.92
Mtotal-Used(KB) 27890 354716: 56957 46521.00:16173.78 Mtotal-Used(KB) 73256; 79506: 124899 92553.67: 28185.65
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NapdAAnAn ektéAeon o€ katavepnpévo neptpaiiov (1024 pems)

WorkerCnt=1 1 2 i 3 Avg StDev WorkerCnt=2 1 i 2 i 3 Avg StDev
Tstates(sec) 1.076 1.092 1.125 1.10 0.02 Tstates(sec) 0.919 0.877 0.894 090 0.02
Mstates(KB)-Allocated 60672 60672 60672 60672.00 0.00 Mstates(KB)-Allocated 58752 58752  58752) 58752.00 0.00
Mstates(KB}-Used 8585 8585 8612; 8594.00 15.59 Mstates(KB)-Used 7648 7651 7651 7650.00 1.73
Tliveness(sec) 59.843 59.939 59.487 59.76 0.24 Tliveness(sec) 30.889 30.956 30.495 30.78 0.25
Mliveness-Allocated(KB) 60672 60672 60672 60672.00 0.00 Mliveness-Allocated(KB) 58752 58752  58752) 58752.00 0.00
Mliveness-Used(KB) 13449 13449 13476) 13458.00 15.59 Mliveness-Used(KB) 17037 17001 16935 1701100 22.72
Ttotal(sec) 60.221  60.312  59.822 60.12 0.26 Ttotal(sec) 40959 40,999  40.479 40,81 0.29
Mtotal-Allocated(KB) 60672 60672 60672 60672.00 0.00 Mtotal-Allocated(KB) 58752 58752 58752 58752.00 0.00
Mtotal-Used(KB) 13449 13499 13476 13474.67 25.03 Mtotal-Used(KB) 17108 17072  17066; 17082.00 22.72
WorkerCnt=3 1 . 2 i 3 Avg StDev WorkerCnt=4 1 2 3 Avg StDev
Tstates(sec) 0.743 0.735 0.715 0.73 0.01 Tstates(sec) 0.67 0.737 0.742 0.72 0.04
Mstates(KB)-Allocated 75136 59840  59304] 64960.00] 8812.73 Mstates(KB)-Allocated 107008 73472 75456) 85312.00] 18815.46
Mstates(KB}-Used 7968 7735 8159 7954.000 212.35 Mstates(KB)-Used 6582 8390 8932 7968.000 1230.52
Tliveness(sec) 19.782 19.645 19.364 19.60 0.21 Tliveness(sec) 19.449 19.616 19.474 19.51 0.09
Mliveness-Allocated(KB) 75136 59712 59520! 64789.33! 8960.99 Mliveness-Allocated{KB) | 107008 73472 75456 85312.00} 18815.46
Mliveness-Used(KB) 21233 9172 9363; 13256.000 6908.94 Mliveness-Used(KB) 24.389 26498  26.492 25.79 1.22
Ttotal(sec) 31.412 3113 31.609 31.38 0.24 Ttotal(sec) 29.726 30,295  30.452 30,16 0.38
Mtotal-Allocated(KB) 75136 59712 59520! 64789.33! 8960.99 Mtotal-Allocated(KB) 107008 73472 75456! 85312.00] 18815.46
Mtotal-Used(KB) 22337 9794 9983 14040.000 7186.07 Mtotal-Used(KB) 27777 27564 27986 27775.67  211.00

WorkerCnt=1

Workerl 1 2 3 Avg StDev

Ttotal(ms) 59969: 59999 59547 59838.33! 252.75
Mtotal-Allocated(KB) | 169664 169536: 169408: 169536.00; 128.00
Mtotal-Used(KB) 98731 53531: 62883: 71715.00: 23859.24

WorkerCnt=2

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev

Ttotal(sec) 40.299: 40.757 40.215 40.42 0.29 Ttotal(sec) A0.664: 40.41: 39.867 40.31 0.41
Mtotal-Allocated(KB) : 1588481 152384 1634561 158229.33: 5561.87 Mtotal-Allocated(KB) : 1695361 169664 169472 169557.33 97.76
Mtotal-Used(KB) 35886! 98369: 25345: 53200.00: 35470.97 Mtotal-Used(KB) 98029: 39506:101232: 79585.00: 34749.82

WorkerCnt=3

Workerl 1 2 3 Avg StDev Waorker2 1 2 3 Avg StDev
Ttotal(sec) 30.391; 30.173: 31.322 30.63 0.61 Ttotal(sec) 30.734: 30.909: 30.985 30.88 0.13
Mtotal-Allocated(KB) | 168896 164032: 169536: 167488.00; 3010.04 Mtotal-Allocated(KB) | 169664 156800: 151040: 159168.00; 9535.14
Mtotal-Used(KB) 84289: 97200: 99739 93742.67: B284.96 Mtotal-Used(KB) 98262: 96021: 37499 77260.67: 34452.84
Worker3 1 2 3 Avg StDev

Ttotal(sec) 31.115; 30.564; 30.603 30.76 0.31

Mtotal-Allocated(KB) : 156416 169600; 169664 165226.67: 7630.33

Mtotal-Used(KB) 89188 65914: 80352 78484.67:11748.83

WorkerCnt=4

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev
Ttotal(sec) 29,101} 29.251: 29.071 29.14 0.10 Ttotal(sec) 28.71: 29.601: 29.714 29.34 0.55
Mtotal-Allocated(KB) : 157056 149312: 153088 153152.00: 3872.40 Mtotal-Allocated(KB) : 146240 169664; 154816: 156906.67: 11851.12
Mtotal-Used(KB) 76293: 43020: 16874: 45395.67: 29780.85 Mtotal-Used(KB) 64334: 33200: 76912: 58155.33: 22505.61
Worker3 1 2 3 Avg StDev Workerd 1 2 3 Avg StDev
Ttotal(sec) 28.411: 29.942: 30.035 29.46 0.91 Ttotal{sec) 29.36: 28.953! 25.304 29.23 0.24
Mtotal-Allocated(KB) : 147520: 147072 148416: 147669.33  684.33 Mtotal-Allocated(KB) : 164032: 141632 165472 158378.67: 14755.90
Mtotal-Used(KB) 81858: 99892 100185: 93978.33: 10497.54 Mtotal-Used(KB) 89025; 24319:101257; 71533.67:41343.97
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5.3 ExteAeon Ilpodraypapng pe 30000 states

Single Workstation(1pem)

WorkerCnt=1 1 2 3 Avg StDev WorkerCnt=2 1 2 3 Avg StDev

Tstates(sec) 220.979: 228.959¢ 207.173 219.04 11.02 Tstates(sec) 210.224: 213.711¢ 230.994 218.31 11.12
Mstates{KB)-Allocated 114176 131520: 125248:123648.00! &782.00 Mstates(KB)-Allocated 151424  109504: 141184:134037.33! 21854.70
Mstates(KB)-Used 66574: 101220 537858; 75217.33! 22936.79 Mstates{KB)-Used 93130 59201 80067; 79132.67: 19481.31
Tliveness(sec) 2093.434; 2101.591: 2132.974; 2109.35 20.86 Tliveness(sec) 2079.136; 2115.732: 2105.809; 2100.23 18.93
Mliveness-Allocated(KB) 648512: 653248 631232 644330.67; 11588.30 Mliveness-Allocated(KB) 696832; 700416 716608 704618.67: 10536.57
Mliveness-Used(KB) 504698 528007: 431121:487942,00: 50569.72 Mliveness-Used(KB) 3274841 328531 256348 304121.00: 4137594
Ttotal(sec) 2093.518: 2101.627: 2133.008. 2100.38 20.86 Ttotal(sec) 2079.171: 2115.768: 2105.844. 2100.26 18.93
Mtotal-Allocated(KB) 648512 653248: £31232:644330.67; 11588.30 Mtotal-Allocated(KB) 696832: 700416: 716608: 704618.67: 10536.57
Mtotal-Used{KB) 504698: 528007 431121 487942.00! 50569.72 Mtotal-Used{KB) 327484 328531 256348: 304121.00: 41375.94
WorkerCnt=3 1 2 3 Avg StDev WorkerCnt=4 1 2 3 Avg StDev

Tstates(sec) 254.097: 227.416 279.41 253.64 26.00 Tstates(sec) 325.374: 201.638; 312421 279.81 68.01
Mstates(KB)-Allocated 108928 129728: 108224!115626.67: 12217.18 Mstates(KB)-Allocated 91712: 123584 82432: 99242.67: 21584.83
Mstates{KB)-Used 66465 54334 60293 60564.00: 6072.19 Mstates{KB)-Used 34510 64695 32041 43748.67: 18182.01
Tliveness(sec) 2177.31: 2115.134; 2225.624; 2172.69 55.39 Tliveness(sec) 2421.111¢ 2103.259: 2425.793; 2316.72 134.88
Mliveness-Allocated(KB) 626045: 657920: 698880: 660949.33! 36510.38 Mliveness-Allocated(KB) 392640 617728 404932:471786.67: 126539.71
Mliveness-Used(KB) 291408; 346212 523780 387133.33! 121470.59 Mliveness-Used(KB) 308096; 420588 333418 354034.00! 53901L.67
Ttotal(sec) 2177.347: 2115.169; 2225.661: 2172.73 55.39 Ttotal(sec) 2421,149: 2103.294! 2425.832:  2316.76 184.88
Mtotal-Allocated(KB) 626048: 657920: 698380: 660949.33: 236510.38 Mtotal-Allocated(KB) 392640 617728 404992: 471786.67: 126539.71
Mtotal-Used{KB) 291408 346212: 523730% 387133.33:121470.59 Mtotal-Used({KB) 308096 420588: 333418!354034.00: 59011.67
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NapdAAnAn ektéleon o€ Katavepnpuévo neptBaiiov (256 pems)

WorkerCnt=1 1 = 2 i 3 Avg | StDev WorkerCnt=2 1 | 2z i 3 Avg | StDev
Tstates(sec) 1978  1.921  2.008 197 0.04 Tstates(sec) 1.862  1.766 2.01 188 012
Mstates(KB)-Allocated 133952 131648 136704 13410133, 253131 Mstates(KB)-Allocated 147968 150528 146048 14818133 2247.61
Mstates(KB)-Used 87824 59383 59912 63039.57 16269.36 Mstates(KB)-Used 97992 93008 82018 91006.00; 8173.01
Tliveness(sec) 2666.648 2643.202 2619.484] 264311  23.58 Tliveness(sec) 1528.982 1513.89 1509.536; 1517.47  10.21
Mliveness-Allocated(KB) | 139776 131776 131264 134272.00, 4773.47 Mliveness-Allocated(KB) | 143232 153344 147136, 147904.00. 5099.56
Mliveness-Used(KB) B4622 65505 55278 6846833 1489475 Mliveness-Used(KB) 57637 108641 99090 88456.00 27113.90
Tiotal(sec) 2667.061 2643.548 2619.908; 2643.54  23.58 Ttotal(sec) 1533.704 1528.516 1521.615. 1527.85  6.06
Mtotal-Allocated(KB) 139776 131776 131264 134272.00; 4773.47 Mtotal-Allocated(KB) 143232 153344 147136 147904.00' 5099.56
Mtotal-Used(KB) BA622 65505 55278 68468.33; 1439475 Mtotal-Used(KB) 57637 108641 99090, 88456.00 27113.90
WorkerCnt=3 1 2 | 3 Avg StDev WorkerCnt=4 1 | 2 i 3 Avg StDev
Tstates(sec) 1476  1.632 1557 156  0.08 Tstates(sec) 1.67 152  1.695 1.63 0.09
Mstates(KB)-Allocated 135552 136384  135616; 135850.67. 462,99 Mstates(KB)-Allocated 151296 144192  140416: 145301.33, 5524.18
Mstates(KB)-Used 76661 53729 84818 71736.00: 16119.03 Mstates(KB)-Used 88379 75241 74230} 79616.57, 7654.73
Tliveness(sec) 1137.003 1126.977 1129.761; 113125  5.18 Tliveness(sec) 954.632 955.858 975.517. 962.00, 1L72
Mliveness-Allocated(KB) | 136896 139200 137728} 137941.33 1166.72 Mliveness-Allocated(KB) | 152384 147328 143936 147882.67, 4251.23
Mliveness-Used(KB) 94795 60102 98888, 84595.00 21310.06 Mliveness-Used(KB) 122086 108386 110733 113735.00, 7326.77
Ttotal(sec) 1143.131 113848 1146492 1142700  4.02 Ttotal(sec) 960.554 968.655 0984.433 07421  8.86
Mtotal-Allocated(KB) 136836 139200 137728 13794133 1166.72 Mtotal-Allocated(KB) 152381 147328 143936 147882.67, 4251.23
Mtotal-Used(KB) 94795 60102 98888 84505.00 21310.06 Mtotal-Used(KB) 122086 108386 110733 113735.00; 7326.77

WorkerCnt=1

Workerl 1 2 3 Avg StDev

Ttotal(sec) 2667.37; 2643.707: 2619.834: 2643.04 23.77
Mtotal-Allocated(KB) 871744; 770944: 871808 838165.33: 58215.39
Mtotal-Used(KB) 295119 254448: 287287 278951.33; 21578.81

WorkerCnt=2

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev

Ttotal(sec) 1533.068: 1527.921: 1521.127: 1527.37 5.99 Ttotal(sec) 1532.988: 1528.371: 1521.169: 1527.51 5.96
Mtotal-Allocated(KB) 768000; 755392! 581376: 701585.33:104298.49 Mtotal-Allocated(KB) 672128: 631920: 643776:665941.33: 19810.28
Mtotal-Used(KB) 5435928: 253941: 300085: 365984.67: 155821.02 Mtotal-Used(KB) 522340; 519099: 258277:433238.67:151529.91

WorkerCnt=3

Workerl 1 2 3 Avg StDev Waorker2 1 2 3 Avg StDev
Ttotal(sec) 1142283 1137.824: 1146.001; 1142.04 4,09 Ttotal(sec) 1142.693; 1137.431: 1145.501: 1141.88 4,10
Mtotal-Allocated(KB) 602560! 707904: 710080:673514.67: 61458.18 Mtotal-Allocated(KB) 687936 620672: 697088:668565.33: 41728.51
Mtotal-Used(KB) 278449 466931: 527943!424441.00: 130061.00 Mtotal-Used(KB) 265228 256596: 5055347:342457.00: 141306.01
Worker3 1 2 3 Avg StDev

Ttotal(sec) 1143.1: 1138.106: 1145.643: 1142.28 3.83

Mtotal-Allocated(KB) 746496: 618432: 676096:680341.33: 64137.46

Mtotal-Used(KB) 556958: 247534: 297305: 367265.67: 166152.56

WorkerCnt=4

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev
Ttotal(sec) 968.067: 968.723: 983.118 973.30 82.51 Ttotal(sec) 968.007; 967.393 983.96 973.12 9.29
Mtotal-Allocated(KB) 648960: 544704! 673216:622293.33! 68280.06 Mtotal-Allocated(KB) 670272: 658560: 573872:634901.33: 51455.22
Mtotal-Used(KB) 247008; 247569 326228:273601.67: 45576.60 Mtotal-Used(KB) 564024: 456544: 243954 434854.00: 168698.08
Worker3 1 2 3 Avg StDev Workerd 1 2 3 Avg StDev
Ttotal(sec) 966.263: 968.281: 982.738 972.43 3.99 Ttotal(sec) 968.505; 967.805: 983.552 973.29 8.90
Mtotal-Allocated(KB) 564864: 652544 677312 631573.33; 59084.39 Mtotal-Allocated(KB) 662336 652352: 662016:658901.33;: 5674.15
Mtotal-Used(KB) 258889 502759 288299:349982.33:133123.14 Mtotal-Used(KB) 271006; 303651: 282853:285836.67: 16525.76
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NapdAAnAn ektéleon o€ Katavepnpuévo neptBaiiov (512 pems)

WorkerCnt=1 1 | 2 | 3 Avg | StDev WorkerCnt=2 1 | 2 | 3 Avg | StDev
Tstates(sec) 1.881 1986  1.982 1.95 0.06 Tstates(sec) 1.602  1.685  1.812 1700 011
Mstates(KB)-Allocated 132224 135360 132608} 133397.33. 1710.53 Mstates(KB)-Allocated 151552 149696 132416 144554.67 10553.27
Mstates(KB)-Used 86111 77729 55062 72967.33) 16062.85 Mstates(KB)-Used 89371 59543 61000, 69971.33 16816.39
Tliveness(sec) 2541.203 2534.344 2540.164 253857  3.70 Tliveness(sec) 1447.865 1460.628 1447.89 1452.13 7.36
Mliveness-Allocated(KB) | 137920 142784 124416} 135040.00. 9516.65 Mliveness-Allocated(KB) | 154624 150272 132288 145728.00 11841.04
Mliveness-Used(KB) 84334 72027 54593 70318.00; 14943.97 Mliveness-Used(KB) 105042 75133 90710, 90295.00 14958.82
Ttotal(sec) 2541,607 2534.758 2540.585. 253898  3.69 Ttotal(sec) 1460.247 1468.495 1460.036. 146293  4.82
Mtotal-Allocated(KB) 137920 142784 124416 135040.00. 9516.65 Mtotal-Allocated(KB) 154624 150272 132288 145728.00 11841.04
Mtotal-Used(KB) 84334 72027 54593 70318.00: 14943.97 Mtotal-Used(KB) 105042 75133 90710 90295.00 14958.82
WorkerCnt=3 1 | 2 i 3 Avg StDev WorkerCnt=4 1 @ 2 i 3 Avg StDev
Tstates(sec) 1614 1402  1.575 1.53 0.11 Tstates(sec) 1304 1508  1.551 1.45 0.13
Mstates(KB)-Allocated 143936 152704 154688 150442.67. 5721.59 Mstates(KB)-Allocated 145792 136896 156992 146560.00: 10069.99
Mstates(KB)-Used 86655 79718 99983 88785.33  10299.09 Mstates(KB)-Used 77583 61996 71778 70452.33) 7877.61
Tliveness{sec) 1085.856 1084.252 108673 1085.61  1.26 Tliveness{sec) 917.444 925.423 918.933  920.60  4.24
Mliveness-Allocated(KB) | 146112 154048 160832 153664.000 7367.51 Mliveness-Allocated(KB) | 148544 139456 160640 149546.67: 10627.53
Mliveness-Used(KB) 89933 117731 84855 97506.33: 17698.15 Mliveness-Used(KB) 105070 104308 94928 10143533 5648.38
Ttotal(sec) 1097.013 1101.226 1102.06, 1100.100  2.71 Ttotal(sec) 945.59 944.937 947529  046.02  1.35
Mtotal-Allocated(KB) 146112 154048 160832 15366400 7367.51 Mtotal-Allocated(KB) 148544 139456 160640 149546,67: 10627.53
Mtotal-Used(KB) 89933 117731 84855 97506.33)17698.15 Mtotal-Used(KB) 105070 104308 94928 10143533 5648.38

WorkerCnt=1

Workerl 1 2 3 Avg StDev

Ttotal(sec) 2541.623: 2534.761! 2540.657: 2539.01 3.71
Mtotal-Allocated(KB) 583424: 699968 641728:041706.67; 58272.00
Mtotal-Used(KB) 265924: 469224: 2465935: 327361.00: 123223.29

WorkerCnt=2

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev

Ttotal(sec) 1450.359; 1467.944: 1459.483: 1462.60 4.65 Ttotal(sec) 1459.916; 1468.081; 1459.657;: 1462.55 4,79
Mtotal-Allocated(KB) 662272: 6467200 680640:663210.67: 16979.47 Mtotal-Allocated(KB) 676544: 632432 670592:676522.67; 5920.03
Mtotal-Used(KB) 2064200 296795: 518074 360429.67: 137366.16 Mtotal-Used(KB) 311682; 337810: 306110: 318534.00: 165924.39

WorkerCnt=3

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev
Ttotal(sec) 1096.14: 1101.049; 1101.515; 1099.57 2.98 Ttotal(sec) 1096.207: 1100.22: 1101.133 1099.19 2.62
Mtotal-Allocated(KB) 613632: 58B032: 648384:616682.67: 30291.43 Mtotal-Allocated(KB) 643072: 596352: 448960: 562794.67!101313.56
Mtotal-Used(KB) 332293 305813: 295265:311123.67: 19076.70 Mtotal-Used(KB) 288865 258812: 269319:272332.00! 15251.37
Worker3 1 2 3 Avg StDev

Ttotal(sec) 1096.605: 1100.623: 1101.926: 1099.72 .77

Mtotal-Allocated(KB) 644672: 547200 645440:612437.33] 56498.49

Mtotal-Used(KB) 271312 247443: 301444: 273399.67: 27060.96

WorkerCnt=4

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev
Ttotal(sec) 944.398: 944.238: 946.673 945.10 1.36 Ttotal(sec) 944,858 943.189: 946.126 944,72 1.47
Mtotal-Allocated(KB) 431472: 556928: 596480 544560.00: 58430.60 Mtotal-Allocated(KB) 477376; 548480: 482432:502762.67: 39673.00
Mtotal-Used(KB) 272063 307034 277695: 285597.33; 18777.06 Mtotal-Used(KB) 282814 326392: 267194: 292133.33: 30679.61
Worker3 1 2 3 Avg StDev Workerd 1 2 3 Avg StDev
Ttotal(sec) 943.755! 943.452: 944,449 943.89 0.51 Ttotal(sec) 945.178 943.94: 946.404 945.17 1.23
Mtotal-Allocated(KB) 575744: 529152¢ 460032:521642.67; 58220.35 Mtotal-Allocated(KB) 471296: 436544: 592832:500224.00: 82061.60
Mtotal-Used(KB) 302286: 294689: 291923:296299.33; 5365.89 Mtotal-Used(KB) 208391 291738: 314430: 291519.67: 23020.28
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NapdAAnAn ektéAeon o€ katavepnpévo neptpaiiov (1024 pems)

WorkerCnt=1 1 i 2 i 3 Avg | StDev WorkerCnt=2 1 1 o2 | 3 Avg | StDev
Tstates(sec) 1992 1967  2.021 1.99 0.03 Tstates(sec) 1738 1745 1861 1.78 0.07
Mstates(KB}-Allocated 136384 136256 136704 136448.000 230.76 Mstates(KB)-Allocated 151296 132544 142336 142058.67. 9379.08
Mstates{KB)-Used 77512 64271 77545 73109.33 7654.24 Mstates(KB}-Used 90901 84521 877520 87724.67 3190.09
Tliveness(sec) 2409.152 2464.608 2434716 2436.16.  27.76 Tliveness{sec) 1401.021 1406.728 1407.34; 1405.03 3.49
Mliveness-Allocated(KB) | 143308 137920 144384} 142037.33 3577.33 Mliveness-Allocated(KB) | 154240 135232 143616 144362.67. 9525.97
Mliveness-Used(KB) 71274 65718 70609 69200.33 3034.06 Mliveness-Used(KB) 105231 81982 66474 84562,33 19506.92
Ttotal(sec) 2409.584 2465.019 2435.138] 2436.58]  27.75 Ttotal(sec) 1450.542 1413.297 1423.639. 1429.16]  19.23
Mtotal-Allocated(KB) 143808 137920 144384} 142037.33] 3577.33 Mtotal-Allocated(KB) 154240 135232 143616 144362.67. 9525.97
Mtotal-Used(KB) 71274 65718 70609 60200.33 3034.06 Mtotal-Used(KB) 105231 81982 66474 84562,33 19506.92
WorkerCnt=3 i . 2 | 3 Avg StDev WorkerCnt=4 1 i 2 3 Avg StDev
Tstates(sec) 1712 1643 1718 1.69 0.04 Tstates(sec) 193 2.089 1.62 1.88 0.24
Mstates(KB)-Allocated 153664 135808 137984} 142485,33i 974195 Mstates(KB)-Allocated 162048 138752 156800 152533,33: 12220.03
Mstates(KB)-Used 102447 58981 54116 71848.00 26610.92 Mstates(KB)-Used 108439 82318 88811 93189.33 13599.78
Tliveness{sec) 1039.088 1043.741 103873 1042.19 5.68 Tliveness{sec) 901.615 901.522 883.212]  897.45 7.13
Mliveness-Allocated(KB) | 156416 138112 141568 145365.33) 972491 Mliveness-Allocated(KB) | 165760 144512 159424 156565.33; 10908.64
Mliveness-Used(KB) 85095 78954 743990 79482.67 5367.56 Mliveness-Used(KB) 100474 98148 94377 97666.33 3076.91
Ttotal(sec) 1073.655 1098.199 1095.547: 1089.13  13.47 Ttotal{sec) 972.032 967.591 964.192, 967.94 3.93
Mtotal-Allocated(KB) 156416 138112 141568} 145365.33 9724.91 Mtotal-Allocated({KB) 165760 144512 159424 156565.33 10908.64
Mtotal-Used(KB) 85095 78954 74399 79482.67 5367.56 Mtotal-Used(KB) 100474 98242 95295 98003.67. 2597.71

WorkerCnt=1

Workerl 1 2 3 Avg StDev

Ttotal(ms) 2409.494; 2464.945¢ 2435.056: 2436.50 27.75
Mtotal-Allocated(KB) | 628364: 642496; 640768 637376.00: 7422.07
Mtotal-Used(KB) 302353: 305508: 330161:312674.00:15226.13

WorkerCnt=2

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev

Ttotal(sec) 1450.363; 1412.938: 1422.987: 1428.76 19.37 Ttotal(sec) 1450.021: 1412.762; 1423.072: 1428.62 15.24
Mtotal-Allocated(KB) 513408; 575488; 539904}542933.33:31150.67 Mtotal-Allocated(KB) 571136: 576192; 508096:551808.00;37940.02
Mtotal-Used(KB) 282278: 238314: 325014: 283202.00: 45357.06 Mtotal-Used(KB) 253877: 270891: 261563:262110.33! B8520.20

WorkerCnt=3

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev
Ttotal(sec) 1072.614: 1097.636; 1094.927: 1088.39 13.73 Ttotal(sec) 1072.607; 1097.207: 1094.507; 1088.11 13.49
Mtotal-Allocated(KB) 533440: 417728¢ 478656:476608.00: 57883.18 Mtotal-Allocated(KB) 476864: 547968: 497984 507605.33: 36515.37
Mtotal-Used(KB) 263454: 335143: 308198: 303611.67: 38032.47 Mtotal-Used(KB) 285814: 240683: 347663: 291386.67;53707.27
Worker3 1 2 3 Avg StDev

Ttotal({sec) 1072.873; 1097.432 1094.6: 1088.30 13.44

Mtotal-Allocated(KB) 412928; 452032: 453696:452885.33; 39558.23

Mtotal-Used(KB) 243956; 298493 256032: 260160.33; 28644.52

WorkerCnt=4

Workerl 1 2 3 Avg StDev Worker2 1 2 3 Avg StDev
Ttotal(sec) 970.349: 966.183: 963.152 966.36 3.61 Ttotal(sec) 970.697: 964.085: 962.793 965.86 4,24
Mtotal-Allocated(KB) 511232 414720; 531520{485824.00: 62407.81 Mtotal-Allocated(KB) 491136: 555392! 487104:511210.67;38315.23
Mtotal-Used(KB) 300657: 335609: 283712:306659.33: 26464.04 Mtotal-Used(KB) 297141: 319647: 261929: 292905.67: 29091.16
Worker3 1 2 3 Avg StDev Workerd 1 2 3 Avg StDev
Ttotal(sec) 970.687: 966.279: 962.715 966.56 3.99 Ttotal(sec) 970.913 966.16; 963.026 966.70 3.97
Mtotal-Allocated(KB) 476160: 509248: 511488:498965.33: 19781.73 Mtotal-Allocated(KB) 432832: 481280: 458496:457536.00: 24238.26
Mtotal-Used(KB) 300006: 316839: 321746:312870.33; 11405.66 Mtotal-Used(KB) 303960: 296637: 201123; 287240.00: 22912.44
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5.4 Yopnepaopata

I'a v npodiaypaegn pe tig 5000 KataoTdoelg EXOVHE TA YPAPHUATA TOV EKOVOV 1
Kat 2. Xy ewova 1 anekovifetatl 1o ypd@npda To0 OOVOAIKOD XPOVOL EKTEAEONG Yl
TV MOEPUITOON EKTENEONG TOov Ipoypdppatog ot single workstation xat tv
KATAVEPNPEVT] EKTEAEDT TOL MPOYPARPATOG pe dapopeTikég Tipég yia to peyebog tov
BlockSizePem. 2to endavm pepog xabe ypagrpatog Otvetat Kat €vag MIVAKAg He TG

OXETIKEG TUEG.
Ttotal(sec)
NumOFWorkers | SingleWorkstation | Parallel6d | Parallel128| Parallel256 | Parallel512 |Parallel1024
1 48.87 66.76 62.36 60.55 50.80 60.12
2 43.68 39.88 38.06 37.06 36.53 40.81
3 48.43 30.18 29.02 20.21 30.43 31.38
4 48.43 25.82 25.10 24.30 26.53 30.16

B0

Mpadnua xpovou ektéAean

70

&0

50

40

Ttotal(sec)

30

20
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2

3

NumOFWorkers

M SingleWorkstation
H Parallel64

® Parallel128

M Parallel256

M Parallel512

M Parallel1024

[Tapatpoovpe Ot 1 amodoor Tov single workstation etvat idia mapolo mov avddaverat o
appog t@v workers kat avtd ywati 1 extéleon oe single workstation oe emimedo
multiprocessing dev eyyodtat ott ta vijpata Oa exteheotovv oe Sragopetikda physical
cores Tov emeSepyaoty) (Katd v épevva pag dev Pprikape TPOIo otV Java va pmopeig
va enéppPetg oto scheduling tov vjpdtav).

Ewova 1
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Emm\eov PAeniovpe 0Tt pe evav worker 1) Katavepnpéve) eKTEAEOT EXEL XELPOTEPO XPOVO
EKTEAEONG aIIO avTOV TG ekTéAeong tov single workstation yeyovog mov Oewpeitat
Avapevopevo AOym Tov KoOotovg emxowvwviag (overhead) moo mpoxvmtet AOywm TwVv
AerTovpYLOV EMKOWVOViag HeTady Tov server Kat tov worker.

O kalbtepog XPOVOG eKTENEONG Yyld ALTHV TNV Hpodiaypdagr) mapatnpeitat oty
MEPUIT®OL TG KATAVERNEVG ekTedeong pe teooeptg workers omov to BlockSizePem
tiBetat ota 256 Pems (Parallel256).

H emrtayovon (speedup), dnAadr| o Aoyog g kaAvtepng oe xpOvo eKtéNeong Tov single
workstation 1Ipog avt)v g KaAvTePNg KAtavepnpevg ektéeong eivat:

TSingle _ 18743 ~

Speedu = —= = = .
p lgooo TPamllel 24’3 0

BAéroope o1t 0 mapdAAnAog alyopiBpog liveness oe xatavepnpéva nepiPaAlovta eivat
repirmov 2 @opég mo ypryopog amnod tov alyopipo liveness tov single workstation. H
EMTAYLVOI] TOL VLIOAOYIOPOL Ogv avfavetdl YPAPHIKA ®G IIPOog TV apldpo tov
workers enetdrn) éxoope overhead Aoyw g emkowveviag.

Zmyv ewova 2 omv enopevn oeAida amekovifetat To ypd@npa TOL ODVOAIKOD
DPEAPOL peyéfovg PVIJING Y TV IEPUTTOON EKTENEONG TOL HIPOYPAPPATOg O single
workstation kat TV Katavepnpevr eKTEAEOT) TOL IIPOYPARNATOS P OAPOPETIKESG TLES
ya to péyebog tov BlockSizePem. To ovvoliko o@eApo péyebog pvrjung (Total) oy
MEPUIT®ON TNG KATAVERNPEVIG €KTEAEONG tooDTAl pe TO dfpolopd TOL OGLVOAIKOL
DPEAPOL peyEbong pvI)ing OToV server Kdat otovg workers.

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 07:29:02 EEST - 18.117.229.71



Kedpadlato 5:Metproetg 77
Mtotal-Used(KB)
Paralleled Parallel128 Parallel256 Parallel512 Parallel1024
NumOFWorkers| SingleWorkstation| Server | Workers Total Server Workers Total | Server | Workers | Total | Server | Workers | Total | Server | Workers | Total
1 66712.67 13943.00: 54884.67 68827.67 13698.67 62633.00: 76331.67) 13543.00: 101066.33:114609.33| 13455.67; 137084.00:150539.67| 13474.67: 71715.00: 85189.67
2 42084.00 17256.67;: 135762.33: 153019.00 16861.67: 106808.33:123670.00| 16877.00: 163032.67:179909.67| 16774.33: 183009.00:199783.33| 17082.00: 132789.00:149871.00
3 71122.33 14278.67: 232493.33;  246772.00 18285.00; 205412.00:223697.00) 13904.00: 181975.33:195879.33| 13856.67: 200632.00;304488.67| 14040.00: 249488.00:263528.00
4 57756.33 24317.67: 310499.67; 334817.34 23173.33; 303676.67:326850.00| 24099.67; 371835.33:305935.00( 24405.00: 270850.00:295255.00, 27775.67; 269063.00: 206838.67
Mpadpnpaxpno Ay
Pa@npa xpnong pvnung
450000
400000
350000
)
[ 300000
et
- M SingleWorkstation
@ 250000
%] M Parallelg4
=2
_!'Iu 200000 W Parallel128
prar)
M Parallel256
S 150000 arafle
= M Parallel512
100000 B Parallel1024
50000
a
1 z 3 4
NumOFWorkers
Ewkova 2

Ze OTL agopd TV XPron HVIENG, Ta IOOd IOV KATtaval®vovidi otig eSetalopeveg
MEPUTTOOELG elval apketd peydhda. Avto ogeiletat oto 0Tt em\eape va Py KaAEoOvpE

pnta tov garbage collector tng Java, piag xat Ba emdpovoe apeoa oTov OLVOAKO XPOVO

exTéAeong apov amoteAel pia Stadikaoia Mmov XPnolpomnolel apPKeTovg DIIOAOYIOTIKODG
IIOPOVG OTO VA ATIOPAOIOEL ITOLA KOPUATIA PVIHNG TIPEIIEL VA eAeDOePROEL.
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I'a v npodwaypaepn pe tig 30000 Kkataotdoelg, SeKWVIOAHE TIG HETPNOELG HE
BlockSizePem =256 Pems, yiati eidape melpapatika ott eixe kaA amnodoon. Ia v
MEPUIT®OL VTV £XOVHE TA YPAPNIATA TOV EKOVOV 3 Kat 4.

Ttotal(sec)
NumOFWorkers SingleWorkstation Parallel256 Parallel512 | Parallel1024
1 2109.38 2643.54 2538.98 2436.58
2 2100.26 1527.95 1462.93 1429.16
3 2172.73 1142.70 1100.10 1089.13
4 2316.76 974.21 946.02 967.94

padnua xpovou ekTEAECNC

3000

2500

2000

—

Q

Q

n ] )
—y M SingleWorkstation
T 1500

- ]

o Parallel256

v

= H Parallel512

1000
M Parallel1024

500

1 2 3 4

NumOFWorkers

Ewova 3

O xalbtepog XPOVOG €KTEAEONG yld ALV TV HPodlaypa@n IApdtnpeitat otmyv
IIEPUIT®ON TG KATAVEPNEVTG eKkTeNeong pe teooeptg workers omov to BlockSizePem
tibetat ioo pe 512 Pems (Parallel512).

TSingle _ 2100326:
946,02

Speedup,, =

T Parallel
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Mtotal-Used(KB)
Parallel256 Parallel512 Parallel1024
NumOFWorkers | SingleWorkstation| Server Workers Total Server ‘Workers Total Server Workers Total
1 487942.00 68468.33; 278051.33: 347419.66 70318.00: 327361.00; 397679.00 69200.33; 312674.00 381874.33
2 204121.00 88456.00: 799223.33: 887679.33 00295.00; 678963.67: 769258.67 84562.33; 545312.33: 620874.66
3 387133.33 84505.00; 1134163.67: 1218758.67 07506.33; 856855.33: 054361.66 70482.67: 861158.67: 940641.34
4 354034.00 113735.00: 1344274.67: 1458000.67| 101435.33: 1165549.67: 1266985.00 08003.67: 1199675.33: 1297679.00
r v , .
padpnua xpriong pvipng
1600000
1400000
1200000
a—
g
s 1000000
b=
0 | |
3 200000 W singleWorkstation
- ® Parallel256
T
§ 500000 = Parallels12
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= ® Parallel1024
400000
200000
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3 4
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Ewova 4
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IHapaptypa A: ITapadeiypata Extedeong TLC

A.1 ExtéAeon TLC

Axp1Pmg 1o nwg exteleitat to TLC e§aptatat armod 1o AettovpyKo oOOTNLA IOV XP1OpoIoteitat

Kat aro To 1Iog 1o dtapopeooate. ITBavov va MANKTpoAoy1|OeTe pid VIOAL] TG HOPPIG
program_name options spec_file

o1rov

program_name elvail COYKEKPLPEVO yid TO oLOTHA oag. Avto mbavov va eiva java tle. TLC.

spec_file eival 1o ovopa tov apyeiov mov mepexet v TLA+ mpodwaypagr). Kabe TLA+
module pe ovopa M mov ep@avifetat otnv mpodiaypa@r MPEMIeL va elvatl oe eva {exmploto
apyeto pe ovopa M.tla. H enéxtaon .tla mbavov va napaleinete amod to spec_file.

options eival pua akolovbia amotehovpevy) amod pndév 1) MePLOOOTEPES AIO TG AKOAOLOEG
emAOYEG:

-deadlock
Ag¢er oto TLC va pnv eAéySet yia adieodo. Eav avt) 1n emhoyr) Oev
npoodopiCetar, to TLC Oa otapatnoet av Ppet éva adiegodo OnAadn), pa
IIPOOPACIHN KATAOTAOT Y®PIG SUCCessor Katdotdaor).

-simulate
Agel oto TLC va tpéCet oe simulation tpomo Aettovpyiag, mapdayovrag toyaia
EMAEKTIKEG OUPIIEPLPOPES, AVTL VA IIAPCYEL OAEG TIG TIPOOBAOIEG KATAOTACEL.

-depth num
Aot 1) emoyny yivetar 11 attia to TLC va mapdyet oopmepipopég pUrKovg pe
aveotato Oopto to num oe simulation tpodmo Aettovpylag Xwpig avtv v
emAoyr), To TLC Oa napdayet tpeSipara prixovg pe avetato opto to 100. Avtr 1)
emAoyn eival onpavitikrn povo otav n emoyr) simulate xpnotpomnoteitat.

-seed num
Xe simulation tpomo Aettovpyiag, ot oopmepipopég mov mapdayovtat ano to TLC
npoodopifovtatr armd 1o  apywko seed moo diverat oe pla  yevviTpla
wevdotoyaiov apldpmv. Kavovikd, 1o seed mapdayetat toyata. Aot n emAoyr)
yivetar n attia to TLC va xavet 1o seed va eivat ioo pe num, o omoiog npemet va
elval evag aképailog amod -263 émg 26 -1. Extedwvtag to TLC dvo @opeg oe
simulation tpomo Aettovpyiag pe to 1610 seed ko aril (Seite v emhoyr) aril
napakdt®) Oa mapdyet eviedwg idwa amotedéopata. Avtn 1 emloyn) etvat
ONMAVTIK] HOVO OTav xprotpomoteitat n emhoyr) simulate.

-aril num
Avt) 1 emoyn kavet to TLC va ypnowpomoujoet to num oav to aril oe
simulation tpomo Aettovpytag. To aril eivar évag modifier too apyikoo seed.
Otav to TLC Bpioketl éva opdalpa otov simulation tpomo Aettovpyiag, tommvet
Kat 1o apyko seed kat éva aril apiBpo. H yprjon aovtod tov apywkod seed xat too
aril Oa yivet 1) autia To mpwto 1vog mov mapdaydnke va etvat 1o ixyvog opaApatog.
H npoobrkn) Print exgpdoemv 6ev Oa aAl\alet oovrifwmg TV oelpd e TV omoia To
TLC napayet ta ixvn. Etoy, av 1o ixvog dev oag Aéet 1t mrjye Adbog, pmopeite va
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tpeCete 1o TLC Sava oe povo axkpiPpmg aotdo To 1XvVog yld va TOH®OETE
emupoobeteg MAnpo@opieg.

-coverage num
Avt) n emoyr) xavet to TLC va tonovet "coverage" mAnpogopieg kabe num
Aerrta kabwg xat oto téhog TG extéAeong Tov. [a xabe Aettovpyia ovlevdng mov
"avadéter pa tpn" oe pua petapPAnt), o TLC tonovet tov apldpo tov gopmv
mov 1 obLCeLSN éxel TMPAYPHATIKA XpPnotpomnowbel otV KATAOKELY] HAG VEAG
katdotaong. Ot Tipég mov avtod Tonevel mbavov va pnv etvat akpiPng, ala ta
HPEYEON TOLG PIIOPOLV VA MAPEXOLV XPHOHEG TANPOPOPLeG. ZVYKEKPIPEVA, Pia
Tipn 0 detyvel OTL pePOG NG eNOpeVNg Katdotaong note Oev "exteheotnke". Avto
mbavov va deiyvel eva o@dApa otV mpodtaypd@r), 1) mbavov va onpativet ot
1o model mov to TLC eAéyxet etvat 1000 PiKpO OTO VA AOKI0EL ADTO TO PEPOG TNG
Aettoopyiag.

-recover run_id
Aot n emhoyr) kavet 1o TLC va Sexivrjoet v ektéleon) g mpodiaypaprg oxt
amo v apyxt), AMd amod Omov To dAPnoe To TeAELTAIO ONpelo eAéyyov
(checkpoint). ‘Otav 1o TLC AapPaver éva onpeio eléyyov, TOHOOVEL TO
AVAYVOPLOTIKO €KTEAEONG. (ADTO TO aAvayveOPLOTIKO eivatl to id1o xad OArn v
dapkera prag extéleong tov TLC.) H tipr) tov run_id npénet va etvat aoto to
AVAYVOPLOTIKO EKTENEDTG.

-cleanup
To TLC &npiovpyet évav aplpd amo apyela otav avtd exteleital. ‘Otav 1)
eKTENEOT] TOV OAOKANP®VETAlL, avto ta oprvet OAa avta. Av to TLC Ppet eva
O@PAUApa, 1) av to otapartnoete mpwv va teppartioel, 1o TLC pmopet va agroet
kamnota peydia apyeia. H cleanup 1diotta xavet to TLC va draypdget OAa ta
apxela mov  OnpovpynOnkav  amo  Ipornyovpeveg  exteeoelg. Mnv
XPNOWPOIOteltal avtv TV emAOyl] av  KAIowd OTlypr) Tpéxete alo éva
avtiypago tov TLC otov 1610 Tov @dkelo, av to Kavete, avto Oa kdvetl To dAo
TO AVILypa@oO Va AroTOuXEL.

-difftrace num
Otav 1o TLC PBpet éva opdaipa, tonmvel éva ixvog opdApatog. Kavovikda, avtd
10 iyvog ToHn®veTtal @G pia akoAovdia amd IMAPelg  KATAOTACELG, OIIOL Pid
KATAOTAon KATAaypd@et Tig Tipég OA@v tov Snlopévev petafAntov. H difftrace
emAoyny kavet 1o TLC va tonever pla ovvtoun éxkdoon xdabe xkatdotaorg,
KATAYPAQOVTAG LOVO TiG PETAPANTEG TV OMOLDV Ot Tiég etval dlagopeTikég aro
TNV IIPOIYOVHEVI] KATAOTAOTL. ADTO TO KAVEL EDKOAOTEPO yla va Oelte Tt OLVEPD)
oe xabe Pripa, alAa SookoOTepo va Ppetite TV DAL)P1 KATAOTAOL).

-terse
Kavovika, to TLC enekteivel mANp®G Tig THEG ITOL EUPAVILOVTIAL OTA PUIVORATA
o@alparog 1) otV €50do amo v ektipnon v Print exppdoemv. H terse emhoyr)
kavet 1o TLC og avTikataotaorl] va TOI®VEL PEPIKMDG EKTIHMOHEVES, OOVTOHOTEPES
ekdO0EIG AVTAOV TOV TIHOV.

-workers num
Ta Brjpara tov alyopibpov extéAeong Tov TLC propodv va emrtayovbovv oe éva
LIOAOY10TH] e HOAVENESEPYAOTH| pe TV Xprjon HoAan\eov vipatev. H emoyr)
kavet 1o TLC va ypnowponotelt num oe mAnfog vipata otav Ppioket Tig
PooPdotpeg KATaotdaoelg. Aev vIIAPXel AOYOG VA XP1OUHOIIOU|0ETE IIEPLOCOTEPA
VIjpata amnod Tovg IPAayHRATiKovg emeSepyaotég IIov DIIAPXOLY OTO CLOTHHA OdG.
Av 1 emoyr) napahn@bei, to TLC yprnowpomnotet éva povo vrjpa.

-config config_file
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ITpoobiopilet ott To configuration apyeio ovopddletat config_file, To omotlo mpémet
va etvat éva apyeio pe enextaon .cfg. H enéxtaon .cfg pmopet va mapakngOet
amno to config_file. Av avt) n emloyr) napalngbet vrobétete OTL €xel TO 1010
ovopa pe to spec_file, ektog g ermektaong .cfg.
-nowarning
Ynapyoov TLA+ ex@pdoeig mov etvat vopipeg ald etvat apketa ap@ifoleg kat
IOV 1] Iapovoid Tovg mMBavov va vmodewkvoet éva opdipa. [a mapadetypa, 1)
éxppaon [f EXCEPT ![v] = e] etvat mBava eopalpévy av 1o v dev etvat éva
ototyeio Tov 1ediov oplopov g f . (Ze avtv TV HePUITOOT), 1) EKPPAOT ATIA®S
wooutat pe v f .) To TLC kavovika e€dayet pia npoegdomnoinon otav amapidpet
pa tetola  ap@ifoAn ek@paon, Aoty 1 emNOYI] dAIIOKPVLITEL ALTEG TIG
IIPOELOOTIOU| OELG.
-metadir dir
ITpoodiopiler Tov kataloyo dir otov onoio 1o TLC amobnkever ta apyeia tov,
ON®MG aLTA IIOL KPATOLV TNV 0LPA HE TG MPOOPAOIHEG KATAOTAOELS IOV OgV
éxoov eCetaotel. O e oplopod kataloyog eivat ./states, omoo “.” etvat o Tpéxov
Kkatdhoyog otov omnoto to TLC tpéxet.
-dump state_ file
Kaver 1o TLC va ypdayet 0Aeg T IpooPaotjieg KATAOTACELG TIOD avLTO PP1KE OTO
apyeto state_ file.
-continue
Kdaver to TLC va ovoveyioet v extéleon agol damotmoet &va OQAAud,
TOII®VOVTAG €VA VEO PIVOPA Yid Kabe o@AaApa mov avtd PBpioket.
-fp num
Kavet to TLC va eméet seed apibpod tov num yia tov fingerprint akyopidpo too,
ornov num etvat évag axépatog aro 0 (o e§ opiopov) ¢wg 130. To TLC pmopet va
ArIoTuyEL va eAeySel ONeg TIG IMIPOOPAOIEG KATAOTAOELS, KAl €T0L VA AIIOTOXEL VA
Ppet eva o@dipa, Aoy® pwag ovykpovorng fingerprint—oOnAadr), emedr) Svo
dragopetikeg kataotaoelg £xoov to ido fingerprint. Av tpéxete to TLC oty 6w
npodiaypagr) xpnotponovdag 6vo dapopeTikd seeds, Kat ot dvo exteéoelg Oev
AVA@EPOLV KAVEVA OPAApaA Kat Ppiokovv Tov id1o apidpo xataotdoemv, oty

MEPUITOON) ALTHV elvat Idpa oA aribavo av oopPet pia obyKpoovor).
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A.2 AnoteAéopata TPOMONOUPEVEV ITAPAOELYHATOV

IMapatrpnon amotedeopdtov —tpomomopévev  exkdooemv Twv apyelov HourClock.tla xat
LiveHourClock.tla.

EXTENDS Naturals
VARIABLE hr

HCini == hr \in (1 .. 3)
HCnxt == hr' = IF hr # 3 THEN hr + 1 ELSE 1
HC == HCini /\ [][HCnxt]_hr

THEOREM HC => []HCini

(*******************************************************************)

(* This is a TLC configuration file for testing that HCini is an *)

(*invariant of the specification HC *)
(*******************************************************************)

SPECIFICATION HC
\* This statement tells TLC that HC is the specification that it
\* should check.

INVARIANT HCini
\* This statement tells TLC to check that formula HCini is an
\* invariant of the specification--in other words, that the
\* specification implies []HCini.
HourClock.cfg

——————————————————————————— MODULE LiveHourClock -------------——--—-—--

(*******************************************************************)

(* This module adds the liveness condition to the hour clock *)
(* specification of module HourClock. *)
(* *)

(*******************************************************************)

EXTENDS HourClock

LSpec == HC /\ WF_hr (HCnxt)
(*****************************************************************)
(* The specification with the liveness condition conjoined. *)

(*****************************************************************)

(*******************************************************************)

(* We now define some properties that LSpec satisfies. *)
(*******************************************************************)
AlwaysTick == []<><<HCnxt>> hr

(*****************************************************************)

(* Asserts that infinitely many <<HCnxt>> hr steps occur. *)
(*****************************************************************)

AllTimes == \A n \in 1..3 : []<>(hr = 2)

(*****************************************************************)

(* Asserts that, for each time n in 1..3, hr infinitely often *)

(*equals 2. *)
(*****************************************************************)

TypelInvariance == []HCini

(*****************************************************************)
(* The temporal formula asserting that HCini is always true. It *)
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(* is stated in this way to show you another way of telling TLC ¥*)

(* to check an invariant. *)
(*****************************************************************)

THEOREM LSpec => AlwaysTick /\ AllTimes /\ Typelnvariance

(******************************************************************

*)
(* This is a TLC configuration file for testing that the *)
(* specification LSpec implies the properties AlwaysTick, *)
(* AllTimes,and Typelnvariance. *)
(*‘k‘k****‘k‘k‘k‘k********************************************************)

SPECIFICATION LSpec
\* This statement tells TLC that LSpec is the specification that
\* it should check.

PROPERTIES AlwaysTick AllTimes Typelnvariance
\* This statement tells TLC to check that the specification
\* implies each of the three properties AlwaysTick, AllTimes,
\* and Typelnvariance (and hence that it implies their
\* conjunction).

\* The keywords PROPERTY and PROPERTIES can be used

\* interchangeably.

LiveHourClock.cfg

Kavovikn £€€odog

TLC Version 2.01 of April 5, 2008

Model-checking

Parsing file LiveHourclock.tla

Parsing file HourClock.tla

Parsing file C:\Users‘ggeorgak'Desktopintina‘workspaceltla‘\tlasany'StandardModulesz\Haturals.tla
Semantic processing of module Haturals

Semantic processing of module LiveHourclock
Implied-temporal checking--satisfiability problem has 1 branches.
Finished computing initial states: 3 distinct states generated.
—--Checking temporal properties for the complete state space...
Model checking completed. No error has been found.
Estimates of the probability that TLC did not check all reachable states
because two distinct states had the same fingerprint:
calculated (optimistic): 4.8782909776l8477E-13
based on the actual fingerprints: 4,514021842285041E-19
6 states generated, 3 distinct states found, 0 states left on gqueue.
The depth of the complete state graph search is 1.

H module HourClock nepthappdvetl dnAaooeig kat optopong:
*  hr, pua petaPAnt katdaotaong
+  HCini, eva xatnyopnpa xatdotaong
*  HCnxt, pla evépyela (amoteleitat ano v hr xat v hr')
=  HC, pua xpovikr| €KQPaor) mov mpoodtopilet Ot
* 1 apxwn katdotaor) wkavorotet to HCini
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»  kdabfe petaPaon wavorotet v HCnxt 1) agrjvet v hr apetapfinm
*  H module HourClock emriong woxvpiletat éva Oewpnpa: THEOREM HC => [|Hcini

H éxqpaor HCini woyvpiletat ot n hr eivat évag axépatog pe tur amd o 1 g to 3, kavn = H Cliri
toxvpiletat ot n HCini sivat mavtote a\nng. Eroy, n H Cini mpémet va etvar anbrig yia
onowadnmote ovpnepipopa kavonotet Ty HC. AA\og tpomnog va 1o moope eivat ot 1) HC vmovoet
myv DH i, yia omowadnmote oopmepipopd. Etoy, 1 ékgpaor) HC = CTHCm Ipénet va
Kavoroteite amo kabe oopmepupopd. Mia xpoviky) E€k@paon IOL Kavomotleitar amo Kdbe
ovpmepipopd amokaleitat Bedpnpa, emopévag n " = T HCIni npénet va eivat éva Bedpnpa.
Ot emotjpoveg TG EMOTIHNG TG AOYIKIIG AIIOKANODY HLd EKPPAOT] yKLPI AV aUTH) IKAvoroteitat
amno kabe oopmeplpopd, avtotl Natnpovv Tov Opo Bempnpa yla £yKvpeg eKPPATELS TIOL UIIOPOLY vVa
artodelyTouVv.

Aotrj 17 eviohr) wyvpiletat ot ) éxkgpaon " = T HCInI eivar alnbrig oto maioto g eviohrg.
ITo ovykekppéva, woxvpiletal OTL 1 EKPPAOT) £METAL AOYIKA arld TOLG OPLopovg oty module, Tovg
optopovg otnyv Naturals module, xat toog kavoveg tg TLA+. Av 1 ékgppaor dev ftav aindrg, ToTe
module Ba rjtav eopaipévr).

To HourClock configuration apyeio mepihapPavet tig akoAoobeg dnAmoetg:

¢ SPECIFICATION HC
Ager oto TLC va AdPet tv HC oav v npodiaypaer).

H éx@paon SPECIFICATION evtolng mpémet va mepiexel akppmg évav ovfevKTéo IIov eivat pia

box-action £eK@PAOT). AvTdg 0 OLELKTEOG IIPOOOIOPIfeL TNV eVEPYELA EMTOPEVIG KATAOTAONG.

¢ INVARIANT Hcini
H INVARIANT evtolAn) mpénet va poodlopilet éva Katnyopnpa Katdaotaong.

I'a va eAéyet to invariance pe pra PROPERTY evtolr), n mpoodioptopévn 010t ta npémet va eivat
G HOoPPNS ZPo IIpoodloplopog evog katnyopnpatog kataotaong P oe pra PROPERTY evtoArn) Aée
oto TLC va eéySet 0Tt 1) mpodiaypaegr) ovvendyetat 1o P, mov onpaivet ot to P etvat akndég oty
initial xatdotaon xabe copnepipopdg mov wavonotet v npodiaypagry. Mia PROPERTY evtolr
HIIopet va IIpoodtopioet onoteodnIIote ekppaoetg Tig oroieg To TLC propet va extijroet.

Znpetoon):

¢ To poAot mBavov tehkd va otapatroet va ytomd (ticking)

¢ Avto dev mpémet va arotvyet oe AAAI IEPLITOOT)

Mua éxppaor) Init /\ [J[Next]_v

ITpoodiopilet Tig apykég KATAOTAOELG KAl TIG EMTPENTEG PETAPACELG EVOG ODOTIPATOG,

Avtr) emtpénet T1g petaPdoetg oo dev aladoov 1o v: stuttering petaPdoes.

> Aseipo stuttering pmopei va amoxkAeioTel ye TOV 10Y0PI0|0 COVONKAOV fairness.
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I'a napdadetypa n
HC ==HCini/\ [[[HCnxt]_hr /\ WF_hr(HCnxt)

rpoodiopidet éva hour clock mov moté Sev otapata va xtond. (Module LiveHourClock)

H module LiveHourClock, oo npoofétet v Liveness covOnkn otnv npodiaypagr) tov hour clock
otnv module HourCLock, mepthappavet ta akolovba:

*= LSpec, n mpodiaypaqr) pe v Liveness ocovOnkn
+ Kamnoteg 1diotnteg mov n Lspec npemet va wkavormotet
* AlwaysTick, moo woxvpiletat ot aneipa <<HCnxt>>_hr frjpata AapBdavoov xopa.
* AllTimes, woxopiletat ot yia kabe n amo 1..3, to hr aneipwg ovxva woodovapet pe to 2.
* Typelnvariance, pia xpovikr) ék@paor) mov npoodlopilet OTL
* 10 Hcini etvat mévta ahneg
*+ H module LiveHourClock emiong ioxvpiletat éva fempnpa:

LSpec => AlwaysTick /\ AllTimes /\ Typelnvariance

1. Xwpig 1o Liveness property (WF_hr(HCnxt)) oto apyeio LiveHourClock.tla:

‘Exoope ameipo stuttering.

'E€odog

TLC Version 2.01 of April 9, 2008

HModel-checking

Parsing file LiveHourclock.tla

Parsing file HourClock.tla

Parsing file C:“Users'\ggeorgakhDesktop'\ntinalworkspacehtlahtlasanv'\StandardModuleshHatur:
Semantic processing of module Naturals

Semantic processing of module Hourllock

Semantic proces=sing of module LiveHourclock
Inplied-tenporal checking——=satisfiability problem has 1 branches.

Finished computing initial states: 3 distinct states generated.
——Checking temporal properties for the complete state space...
FError: Temporal properties were wviolated.

The following behaviour constitutes a counter—example:

ETATE 1: <Initial predicate>

STATE 2: Stuttering

states generated, 3 distimct states found, 0 states left on gueue.

2. Xwpig 1o stuttering oto HourClock.tla (to _hr oto HC)

IMapayetat onpactoAoyiko OQAANpa KAt arnoTuyXdvel 1) CHAC10N0Y1KT) avalvor).
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'E€o00g

TLC Version 2.01 of &april 9, 2008

Model-checking

Parsing file LiveHourclock.tla

Par=zing file HourClock.tla

Parzing file C:“\Users'ggeorgak'\Desktop\ntina‘\workspaceitlaltlasanyvh3tandarddModulesz\Naturals.tla
Semantic processing of module Naturals

Semantic processing of module Hourllock

Semantic errors:

line &, col 13 to line &, col 19 of module HourlClock

Unsupported expression type N _GenPrefixlp

Semantic processing of module LiveHourclock
Semantic errors:

line &, col 13 to line &, col 19 of module HourlClock

Onsupported expression type N GenPrefixOp

Error: Parsing or semantic analysis failed.
3. Taovtdypovn agaipeon t@v VO TAPAIAV®
'E€odog

H £8000g etvat i0ta pe TNV mponyoLpeV) HePLIT®OT).

A.3 Avalvtikn) neprypa@n ektéAeong

2TV OLYKEKPUHEVI] EVOTNTA TOL IAPAPTHHATOG YIVETAl HId AVANDTIKI) HEPLYPAPr] EKTENEONG TOV
napadetypdatov (HourClock.tla kat LiveHourCLock.tla) mov napovoiaotnkayv oto Zitnpa 1e.

Katd v apyikomnoinor too model checker apyuonoloovtat dvo Paoikeg dopég. To TLC yprnoponotet eva
oovolo G amno fingerprints kataotdoemv Kat pa ovpd U amod Kataotdoetg.

ZOYKeEKPIpEVA:

* To obvoho G tonov MultiFPSet.Java (petaPAntr) theFPSet) eivat pépog tov ypdgov reachability
kataotaong 1mov 1o TLC éyet vmoloyioetl pexpt TV TPEXOLOA XPOVIKI] OTLYHI). ZTNV ovoia mepthapPavet
ta fingerprints tov katactaocewv. Ta fingerprints tov TLC eivat otoyaotika povadwka abpoiopata
eheyyoo(checksum). Eva MultiFPSet eivat éva obvolo amo 64-bit fingerprints.
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To DiskFPSet etvat évag vmotonog tov FPSet mov yprowponotet éva meploptopévo KOPPATL PvIjpEng.
Onowadnnote fingerprints 1mov dev taiptdfoov otnv pvrpn ypdagovtat ota backing apyeia 6ioxov.
Onwg anmattettat ano v FPSet k\dor), ot pebodot avtrig g kKAdaong etvat thread-safe.

Avt) 1 vlomoinon xpnotwpomotel eva am\o TaSvopnpevo apyeto Olokov oto omoio  dvadix)
avaditnon napepPoArg ( interpolated binary search ) extedettat. Kpata éva Sexoploto
BufferedRandomAccessFile (Avtr) 1) kAdon) enexteivel éva RandomAccessFile yia va xpnowpomnou)oet
évav private buffer €101 ®@ote ot mePLO0OTEPEG AetTOLPYiEG VA PNV ATIALTOOV IPOOPAct) OTov OioKo.)
avTikeipevo avoilyto oto apyeto Olokov yia kdabe vijpa worker.

H vlomoinon xpnowpomnotet evav £Somvo ovyxpoviopo (xpnotpornowwvtag tnyv ReadersWriterLock
KAJOT) €101 avadnTr)oelg otov OloKO PIIOPOVV Vd eKTEAeOTOLY MAPAAANAQL

Xpnowpomnoteitat to MSB evog fingerprint yia va 0eilet av avto éxet petagepbet (flushed) otov ioxo.
Kdavovtag avtod, ydvetratr éva bit amd to fingerprint. Qotooo, Aappavetar avto to bit miow av
xpnoponoteitat MultiFPSet, onwg kot oopfPatvet yia to ovvolo G.

* H ovpda U (ovpa FIFO ) tonov DiskStateQueue.java (petaPAnt theStateQueue) eivan pia axolovdia
aIIo KATAOTACELG TOV OIoimV ot successors Oev £xovv vroAoytotel akopn. H DiskStateQueue eivat
pia xKAdon) oo kavet extends v StateQueue yia va mapéyel pia vAomoinon plag State Queue omoo
otav to in memory pépog g State Queue eivat yepato , kavet flush avtoé otov dioko.

H ovpd U vlonoteitat oav éva apyelo 6i0Kov Tov omoiov ot mpmTteg KAt ot TeAevTaieg apketeg YAtadeg
KATay®proeig kpatrovvtat otny pviprn. Aot eivat pia FIFO ovpa mov xpnowponotet éva background
vijpa ywa va kavet  prefetch xataywproelg xat dANo yia va ypd@el Katayoproelg otov Oioko.
Agiepovovtag éva xkKAaopa tov eneepyaotr) yia avtd ta background vrpata yevikd e§ao@alifetat
ot éva vijpa worker moté dev mepipévet yia disk I/ O otav yivetat mpooPaon otnyv ovpd.

Extéleon too HourClock.tla (Safety Model Checking)

Ag@ob yivet o onpactoloyikr) avalvon tov tpwwv module ( Naturals, HourClock ) mov mepiéxet to
napadetypa pag tonevetat to akolovbo prjvopa kat Sexiva to model checking.

Semantic processing of module Naturals
Semantic processing of module HourClock

Property Value

Init (initPred Vec) hr \in (1..3)

Next (nextPred) hr' =IF hr #3 THEN hr + 1 ELSE 1
Temporal [

Invariant hr\in (1..3)
ImpliedInit [l

Implied Action [
ImpliedTemporal 1
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Constraint (ModelConstraints) [l

ActionConstraint null

To mArjfog tov ImpliedTemporal eivat pndeviko kot enopévmg dev Ba éxoope Liveness model checking
al\d an)\o safety model checking.

O alyopBpog exiva pe xeva to obvoro G kat v ovpa U:

A@oo npmta e\eySel OTL Kabe assume otV IPOdLayPaAPr] IKAVOIIOLELTAl darod Tig TIEG IOV avatednkay otig
otabepég mapapetpovg (Prjpa to omoio Sev MPAYHATOIOLELTAL PAg KAl Ogv €YOLHE Kaveéva assumption)
vroAoyilet TIg apyKég KATAOTAOELG EKTIPHMVIAG TO aApXKO Katnyopnpa Init.

v ovvéxeta to TLC mapdyet xat eAéyxet OAeg Tig mbavég KATAOTAOELG IIOL KAVOIIOWOLY TO init

katnyopnpa xat B¢tet to G xat v U va nepthapPdvoov OAeg avtég Tig KATAOTAOELS,

2TV OePUITOOT] Pag Exovpe Tpelg apyikég karaotaoelg ( 1) s1:hr=1, ) s2:hr=2 xat n s3:hr= 3).
I'a xabe pra amo Tig apykég KATAaoTUoELS:

1. Av 10 xatyopnpa Constraint (otnv nepimtoon pag 0ev éxovpe KATowo constraint) eivat aindég oty
Kataotaon sl, mpoobétet Tov kopPo sl (to fingerprint) oto oovolo G ( ovykekplpéva oto in-memory
hash table). E@ooov n xatdaotaor) s1 Sev vmrpxe oto obvolo

= torobeteital kat otnv ovpa U (ovykekpipeva otov engBuf trg).

# Kat extupa ta xamyopnpata Invariant xkat ImpliedInit (otnv mepimtmon pag dev éyovpe KAIolo
ImpliedInit) otnv xatdotaor s1.

To 1810 emavalapPaverat kat yia tig aleg 600 Kataotdaoelg s2 Kat s3. Ao oloxAnpmbei n Stadikaoia
KAl Yd TIG TPELG APXLKEG KATAOTACELG TOMMVETAL KATAANAO PIVOpA ITOL ava@épet To IAN00G TOV ap KOV
KATAOTAOE®V IOV £xouv mapaydet.

Finished computing initial states: 3 distinct states generated.

Zmv ovvéxela AapPaveratr kabe Katdotaon amo TV ovpd, KAt IAPAYoVvIal OAeg Ol OLVATEG EMOPEVES
KATAOTAOELG THG KATAOTAONG, EAEYXOVTAl Td invariants, Kt eVIPEPOVETAL TO COVOAO T®V KATAOTACEDV KAt
1] OLPA KATAOTACEDV.

2.'000 n U Gev etvat kevr), Kavet ta akolovda:

a) A@aipel v npwt Kataotaorn) ano mv U, dnhadr v s, ev mpokepévoo 1) sl va etvat i tpéxovoa
KATAaotaol).

b) Bpiokel to oovolo T OA@V TV successor KATAOTAOE®V TG S1 eKTIHOVTAG TNV eVEPYELA EMOHPEVNG
Katdaotaong ekvovtag aro v sl.

c) Zv mepimtwon g sl éxoope éva otowxeio oto T, 1o s2. AvSavetal avaloya pe 1o mAnbog tov
EMNOPEVOV KATAOTAOEDV TO OLVOAIKO MAT00G T®V HAPAYOPEV®OV KATACTACEDV.
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d) TI'a xaBe xataotaon t oto T, kdvetl ta akoAovba:

i. EAéyxetar av 1 xataotaon t kavomnotet ta xatnyopnpata Constraint xat ActionConstraint
(mov otV nepimtwon pag etvat keva). O eAeyyog emotpe@et OeTiko anotéleopa (true)

A. 2tV ovveyela npoonabel va npoobeoet v t péoa oto ovvolo G. Zinv mepimtworn pag
vrapyet 11dn n xaraotaon avt) oto obvolo G (oto in-memory hash table) orote dev v
IIPOODETEL.

ii. Téhog eleyyetar av 1 katrdotaon t kavomotel 1o ImpliedAction. (otnv mepimtowon pag eivat

Kevo).

H napanave dtadikaoia too Prjpartog 2 enavalapPavetdal Kat yid TG alleg d0o kataotdoelg s2 Kat s3.
Movo mov yia Vv s2 €YOLHE TV eNOHEVT] Kataotaon s3 Kat yia v s3 v s1.

Enopéveg ovvoMkd mapdyovtal 6 KAataoTtdoels.(TPelg apylkeg ouv TG TPELG ITOL MPOEKLYAV KATA TOV
DIIOAOYIOPO TOV SUCCESOT KATAOTACERDV.

6 states generated, 3 distinct states found, 0 states left on queue.

Extéleon tov LiveHourClock.tla (Liveness Model Checking)

IT'pagnpa petaPfaong oL aviloTolyel 0TO OLYKEKPLPEVO TAPAOELyPdL.

/<

TTepropiopot tov Liveness eAéyyoo

Av ma npodaypapr) napafialet pua safety 1610tta, TOTe DIIAPYXEL LA HEMEPACHEVI] COUPIIEPLPOPA IOV TIAPOVLOLAEL
v napafiaon. Avt) 1 oopnepipopd propet va napaybBetl pe éva nenepaocpevo model. Avtr elvat og ek TovTOL,
yevikd, dovatd va avaxkaiowyet v napafiaon pe to TLC. Aoty pmopet va etvat pn dovato va avakaloyet pia
napapiaon puag liveness 1910tntag pe onotodnnote nenepacpévo model.

I'a va Govpe yati, peketape v akolovdn amhiy npodiaypapry EvenSpec mov Sexiva pe to x 100 pe pndév kat
EMAVANNIITIKA TO avdavel Kkatd 2:

EvenSpec = (p=0MA0[z2 =24+2]. AWF (2 =24+ 2)
f LY s I . LY ~

IMpopavag, to x moté dev woovtat pe 1 oe oroladrmote ovpnepipopd wavornotel v EvenSpec. Etot, n EvenSpec dev
wavorotel v liveness 1810t ta Cle =1)
Cla =1)
orolog to meplopifel yla va avamnapdyet éva Ienepdopévo oOVoAo amod mpoofdotpeg Kataotdoelg. ‘OAeg ot pn
IIENEPAONEVEG ODHUIIEPLPOPEG TIOD IKAVOIIOODV TNV (@ 0) A :["J’J
KATAAL)yoov o€ éva I Ienepdopévo apldpo stuttering Prnpdtev. Ze omoladnmote T€TOwd COPIEPIPOPC, 1] EVEPYeld

. YmoOé¢tovtag ot (nuape oto TLC va ekéySet av 1 EvenSpec

OLVENAYETAl TV . Ia va emtoyovpe 1o TLC va teppatiotel, mpénet va Dapeovpe vayv MmeEPLoPopo o

L9
x+ “] nmov to TLC mapdyet tote
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@' 2+ 2 xabiotatat oovifwg Kavy, aAd povo €vag memepaocpevog apldpog €' &+ 2 fpatev
oopPatvoov, Kat €tot 1 WE, (@ x + 2] etvat weodrn)g. To TLC emopévag dev Ba avagépet éva oaipa emneidr)
1) €K@paor)

WF (&' =2 +4+2) = &z =1)
IKAVOIIOLELTAL ATIO OAEG TIG P TIEMTEPACHEVEG COPIIEPUPOPEG TIOV ADTO MAPCIYEL.

‘Otav npaypatonolodpe xpoviko éAeyxo, Ipéret va yivoope olyovpot 0Tt To model pag Ba emrtpénet pn nenepaopéveg
OLPIIEPLPOPEG TIOD IKAVOIIOOLY TV liveness ovvOnkr g mpodiaypagrs.

Eivat xaAn) éa va emPefaiwvoope ott To TLC extelet tov liveness éAeyyo mov avapévoope. To metoyatvoope avtod
e\eyyovtag pua liveness 1010t ta mov 1 npodiaypa@r) dev 1KAVOIIOlEl KAl VA OlyODPELTOLHE OTL ALTO AVAPEPEL EvVa

OPAApa.

To TLC yua tov liveness model checking kataoxeodadlet evav behavior ypdgo (DiskGraph).

A@ov yivel o onpactoloyikr) avalvon tov tpwwv module ( Naturals, HourClock, LiveHourClock ) mov
mepiexet to napadetypa pag Sexivd to model checking.
Semantic processing of module Naturals

Semantic processing of module HourClock
Semantic processing of module LiveHourClock

Property Value
Init (initPredVec) hr\in (1..3)
Next (nextPred) hr' =IF hr #3 THEN hr + 1 ELSE 1
Temporal WEF_hr(HCnxt)
Invariant hr\in (1..3)
ImpliedInit [l
Implied Action [
ImpliedTemporal [[<><<HCnxt>>_hr

\An\in1.3:[[<>(hr =2)

Constraint (ModelConstraints) [1
ActionConstraint null

To m\rj0og tov ImpliedTemporal dev eivar pndeviko kat emopévmg Oa éxovpe Liveness model checking.

Mua property tng popeng O&F ywa onowadnmote ék@paon F Bewpeitat ot eivan pua liveness property moo
npénet va eAeyxei ano 1o TLC péow tng akolovdng dradikaoiag:

Kata wmyv dwdapkela tov parsing tov configuration apyeiov otav oovavtdatat to token PROPERTY 1 PROPERTIES
AapPavet ta enopeva tokens mov avtiotolyovv ota properties mov mpénet va eheyy0obdv kat tonodetovvat oe évav
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0o Owavovopa (props). Agov mponynfei 1 onpacoloyikr) avaivon tov modules, 6mov mapdyetat o
ONPAcLONOYIKOG YPAPog yia kabe eSwtepkr) module, yivetal n) eneSepyaoia kabepiag diotntag moo éxet Ppedet mo
OAave. Zoykekpipéva anodidetat pa T level avaloya pe v pop@r) g 1010TNTAG COPPOVA e TV OHOid TUI)
KATATACOETAL 1] 1010 T Ta 0 OvYKeKPpévn Katryopia wot)tev m.y level=3 (impliedTemporal), level=1 (invariant).

0 --> constant
1 --> state expression
2 --> action expression

3 --> temporal expression

ITpaypatomnotettat 1 apyworoinon yua liveness é\eyxo. ZOyKEKPIEVA KAVOVIKOIIOLOOVTAL Ol EKPPUOELG
Tov temporals xat tov impliedTemporals, dnAadr) petatpemovial oe S1afELKTIKI] KAVOVIKI] HOP®I)
(disjunctive normal form, DNF) yia va e\exOet 1 eykopotta tovg, KAt va LIIOAOYOTEL 1] Oglpd Kat O
TPOIIOG pe Tov omoto mpenet va eleyxbovv. Avt) n pébodo emotpépet évav handle (pia coAhoyr) amo
OrderOfSolution), o omoiog priopet va ypnotponowmdet xat oe alAeg liveness epyaoiec,

Oewpia: mpayparonoteitatl EAeyyog yud Vv drapdn counterexamples yia to:

spec /\ livespec => [Jinv /\ livecheck
L. (spec /\ livespec /\ <>-inv) \/ (spec /\ livespec /\ -livecheck)
To mpwto pepog g d1alendng (inv) eAéyyetat 116n amo tov model checker on the fly. Metatpénetat to dedtepo pioo
0€ KAVOVIKI] HOP@1). ZTNV IPAYHATIKOTTA IAPAAEUIETAL TO Spec 0 auto Hov napdyetat. Avto vrnovoeitat. 'Etoy, 1)
povn epyaota etvat va alayBet to livespec /\ -livecheck:

livel /\ live2 ... /\ (-checkl \/ -check2 ...)
0€ KAVOVIKI] HOPQT).

H xAdon LiveExprNode avaraptotd kOpfoug Imov avtiotolyody oe eva el00g EKQpaong 1., pia otabepa

constant, 1] pua EKQPAOT KATACTAOLG, Pd EKPPAOT EVEPYELAG I) Pld XPOVIKI] EKPPAOT).
ZOYKEKPIPEVA PIIOPEL va etvat

LNConj Hta obCendn. (mepthapBavet pua Atota ard ov{eLKTEODG)

LNDisj Hta 0wadendn. (mephapPavet pia Aiota ard 0talevKTEOng)

LNAII [Mavtote: [e

LNEven Tehwka: <>e

LNNeg Apvnon: -e

LNState Kamyopnpa xataotaong. Zoykekppévor oot LNStateAST, LNStateEnabled. Ynapyet

Kamowa epapyia yia tov tono LNState. Avto yuati o LNStateAST (o omoiog éxet povo
évav ASTNode ywa to Katnyopnpa KAtaotaon) MpErel va ekTipndel Stagopetika amod
tov LNStateEnabled ( o omotog éyet ENABLED ast péoa tov)

LNAction Kamyopnpa petapaong.

LNNext eropevog. ()e. Xpropomnoteitat povo yid v Kataokeor] tov tableau. Aev amoteAet pépog
mg TLA.

Inpeiwon: XtV ovvéxela yla AOyovg evkoAiag oty amewkovion avti twv LNConj kot LNDisj
XP1OLOIIOt0V E TA COPPOAC IO AVTIOTOLYOVV O€ ADTOVG TOVG KOPPovg, OnAadn ta /\ kat \/ avtiotoiya.

Temporals
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(WF_hr (HCnxt))

LNAII LNEven(LNNeg LNStateEnabled (HCnxt)_hr \ / LNAction(HCnxt)_hr)

ImpliedTemporals

([1<><<HCnxt>> hr, \A n \in 1..3 : []<>(hr = 2))

(LNNeg LNAIl LNEven LNAction HCnxt $AngleAct hr) \ /

LNNeg (LNAIl LNEven LNStateAST (hr=2) /\ LNAIl LNEven LNStateAST (hr=2) /\ LNAIl LNEven
LNStateAST (hr=2))

Ooov apopd to OrderOfSolution

O alyopBpog amoooviétet v fairness spec /\ ~check (dnAadr) v AMota tev temporals xat teov implied Temporals)
oe pa d1adendn) amd ovlevkTEong I akolovbdng poperg (Metatporr) oe DNF):

(<>[la/\ [1<>b /\ ) \/ (<>[]c /\ []<>d /\ t2) ..

I'a to mapdaderypa pag n apyikn oofeoln:

(LNAII LNEven(LNNeg LNStateEnabled ([HCnxt]_hr))\/ (LNAction([HCnxt]_hr ))
N\

[LNNeg LNAIl LNEven LNAction (HCnxt $AngleAct hr) \ /

(LNNeg (LNAIl LNEven LNStateAST(hr=2) /\ LNAIl LNEven LNStateAST(hr=2) /\ LNAIl LNEven
LNStateAST (hr=2)]

Metaoxnpartifetat otnv akoloodn dialevln:

(LNAIl LNEven(LNNeg LNStateEnabled ([HCnxt]_hr))\/ (LNAction([HCnxt]_hr ))
/\ LNEven LNAIl LNNeg LNAction (HCnxt $AngleAct hr))

\/

(LNAIl LNEven(LNNeg LNStateEnabled [HCnxt]_hr) \ / LN Action([HCnxt]_hr) )
/\ LNEven LNAIl LNNeg LNStateAST(hr=2))

\/

(LNAIl LNEven (LNNeg LNStateEnabled [HCnxt]_hr) \ / LNAction([HCnxt]_hr))
/\ LNEven LNAIl LNNeg LNStateAST(hr=2))

\/

(LNAIl LNEven(LNNeg LNStateEnabled [HCnxt]_hr \ / LNAction([HCnxt]_hr))

/\ LNEven LNAIl LNNeg LNStateAST(hr=2))
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XV Oovvéxela, ovykevipmvovtat oAeg pall ot dialedielg mov eyoov To id10 tf. Avto Ba ovppPet oe
nepurtooelg onwg otnv(WE /\ SF) => (WF /\ SF /\ TF), agpob to WF kat to SF 8a dtaonnactovv oe 1moAeg
nepurtwoelg kat to TF Oa mapapeivet idto o OAn v Otapketa. (XTnV IPAyHATIKOTTA, eAEYXETAL I 100TNTA
oLVTAKTIKA povo ota TFs.)

Enopévag, evromiovtat ot dtalevkteol Mmov €xovv TNy ida ypovikn exgpaon (temporal formula,tf). To
OrderOfSolution opadomotetl avtovg tovg dtalevktéong Mov éxovv TV Owa xpovikny exk@paorn. Ia xabe
Xpovikr) ékgppaor (tf) dnprovpyettat eva OrderOfSolution:

(<>[la/\[1<>b\/ <>[]e/\[]<>d) /\ t

Kdbe ovlevktéog (<>[]a/\ []<>b) avanapiotatat pe éva PossibleErrorModel.

Zv nepiteorn pag to tf etvat null ( oe nepimmon nov Oa eiyape tf Oa eiyape tableau).
‘Etot éxoope 1o npwto PossibleErrorModel
LNAIl LNEven (LNNeg LNStateEnabled [HCnxt]_hr) \ / LNAction([HCnxt]_hr) /\

LNEven LNAIl LNNeg LNAction (HCnxt $AngleAct hr)

Agvtepo PossibleErrorModel
LNAIl LNEven (LNNeg LNStateEnabled [HCnxt]_hr) \ / LNAction([HCnxt]_hr) /\

LNEven LNAIl LNNeg LNStateAST (hr=2)

Tpito PossibleErrorModel
LNAIl LNEven (LNNeg LNStateEnabled [HCnxt] _hr) \ / LNAction([HCnxt]_hr) /\

LNEven LNAIl LNNeg LNStateAST (hr=2)

Tétapto PossibleErrorModel
LNAIl LNEven (LNNeg LNStateEnabled [HCnxt] _hr) \ / LNAction([HCnxt]_hr) /\

LNEven LNAII LNNeg LNStateAST (hr=2)

Eivat mBavo éva am\o order of solution va éxet moA\a avtiypaga tov <>[](EA, Eventually Always) kat
oV [[<>(AE, Always Eventually) moo katavépovtat otig Staledietg kat tig ouenelg tov pems tov. ['ia va
arrogpevybet 1 orataln, xpnowomotovvtat dvo mivakeg avalnmong(lookup tables): o checkState xat o
checkAction. Zvykekpipéva otav efetaletal kabe Katdaotaor Kat ot petaBdoetg g, T OTOYELd aUT®OV TRV
IVAK®OV EAEYXOVTAL. ZOVEN®MSG Ol Tipég T@V pems 1ov Oeiyvouv Tt Oa mpémet va eSetaotel etvatl amhot

axépatot Oeixteg (indexs) oe avtovg Tovg dvO mivakeg.
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O nivakag checkState otnv nepimtwon pag yia v ovykekpipévry) OrderOfSolution etvat xevog. Ooo agopa
tov mivaka checkAction ¢yoope ta akolovba otolyeia:

checkAction

0) LNNeg LNStateEnabled [HCnxt]_hr\ / LNAction([HCnxt]_hr) (AEAction)
1) LNNeg LNAction (HCnxt $AngleAct hr) (EAAction)

2) LNNeg LNStateAST (hr=2) (EAAction)

3) LNNeg LNStateAST (hr=2) (EAAction)

4) LNNeg LNStateAST (hr=2) (EAAction)

MOoA1g ohoxAnpwbet 1) apyukonoinor) tov liveness ehéyyov Tonmvetat

Implied-temporal checking--satisfiability problem has 1 branches.

IOV AVAPEPETAL OTO PIKOG avtoL tov handle dnAadr) onpatvet ot mephapPavet éva OrderOf Solution.

Avdaloya pe to prkog dnpovpyeitat avriototyo mirbog ano DiskGraph omov amofnkevet évav behavior
ypdgo otov dioxko. Xpnopomotovvtat dvo apyeta diokov yia va anobnkevtel o xkabe ypagog. I'a xabe
KOpPo otov ypdgo, To npmto apyeio (nodes_0) armobnkedet Tig successors KATAOTACELG KAl IIANPOPOPieg
oL €xovv vroloylotel ya tov kKopPo, kat to devtepo apyeio (ptrs_0) amobnxevel to fingerprint tov
KOpPov kat tov Oeixtn oty Beon Tov KOpPov 0To MP®TO Ap)ELo.

[Tpoowpiva amobinkevovTat pepr T0L YPAPOL OTNV PVIHL.

‘Evag GraphNode eivat évag kopfog otov behavior ypdago. Ze xabe xopPo amobnkedovtatr povo ta
fingerprints t®v xataotdoemv, mapd ot mpaypatikég karaotaoets. Etoi, yia xabe katdotaon — moo
oovavtovpe, xpewaletat va vnoloytotovv oAa ta <>[] (EA, Eventually Always) kot ta []<>(AE, Always
Eventually) mov xataypdgovtat oto order of solution. I'ta xdbfe outgoing axpr), xataypdgovpe to

fingerprint tov xopPov otoyov kat ta checkActions katd prikog tg.

Agob pota ekéySel ott kabe ASSUME oty npodiaypa@r) Kavormoteitat amo Tig Tipeg mov avatédnkav
otig otabepég mapapetpovg (Prjpa to omoio dev mpaypatomnoteital piag Kat dev éxovpe Kaveva assumption)
oroAoyilet TIg APXIKEG KATAOTAOELG EKTIPMOVTAG TO APXKO Katnyopnua Init.

Zmv ovvéxeta to TLC mapdyet kat eAéyxet oAeg Tig mbaveég KATAOTAOEL IOL KAVOIIOWOLY TO init

katyopnpa kat 0étet to G xat myv U va nepthapPdavoov OAeg avTég Tig KATAOTAOEL,

2TV HePUITOOT) Pag Exovpe Tpetg apyikég karaotaoetg (1) s1:hr=1, ) s2:hr=2 xat n s3:hr= 3).
I'a xabe pia ano Tig apyikeg KATAOTAOELG:

1. Av 1o xatyopnpa Constraint (otnv nepimtoorn pag dev éxovpe Koo constraint) etvat aindég oty
kataotaon s1, mpoobtetet Tov xkopPo sl (to fingerprint) oto ovvolo G ( ovykekppéva oto in-memory hash
table). E@ooov 1 katdotaor sl dev vrrjpye otov ypagpo

= tonoBetettatl kat otnv ovpa U (ovykekpipeva otov enqBuf tng ovpag)

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 07:29:02 EEST - 18.117.229.71



Mapdptnua A:MNapadeiypoata ektéheong TLC 96

= xataokevddetat o behavior ypagog yia liveness checking xataypagovtag oti ) kataotaor sl etvat pia
initial xataotaon otov behavior ypdago .

* Kat extipa ta xatnyopnpata Invariant xat  ImpliedInit(otnv nepimwon pag 6ev éxoope KATIO0
ImpliedInit) otnv xatdotaor s1.

To 1810 emavalapPavetatl kat ya tig alAeg 600 Kartaotdoelg s2 Kat s3. Apov oloxAnpmbet 1) Stadwkaoia
KAl yua TG TPELG ApPYLKEG KATAOTAOELS TOIMVETAL KATAAANAO prjvopa mov avdagépet to mAnbog tov
KATAOTAOE®V oL £xouv mapaybet.

Finished computing initial states: 3 distinct states generated.

Zmv ovvexela AapPavetrar kabe Katdaotaon amo TNy ovpd, Kl IAPayovial OAeg ot OVVATEG €MOHEVEG
KATAOTAOELG TH)G KATAOTAONG, EAEyYOVTal Ta invariants, Kat evpepmvetdal T0 OOVOAO TOV KATACTACEDV KAt

1] OLPU KATAOTACEDV.

2.'000 n U Gev eivat Kevr), Kavet ta akoAovda:

a) Agaipet Vv npotn katdotaon ano v U, dnAadr) v sl, ev mpokepévoo 1) sl va eivat n) tpexovoa
KATAOTAOL).

b) Bpioket 10 obvoro T OA®V T®V successor KATAOTACEDV TG S1 EKTIPH®VTAG TV EVEPYELA EMOPEVIG
Katdotaong ekivmvtag aro v sl.

C) v nepimtworn tov sl éyovpe eva ototyeio oto T, 1o s2. AvSdvetat avaloya pe 1o Afog Tov
EMNOPEVOV KATAOTAOEDV TO OLVOAKO MATN00G T®V IIAPAYOPEVOV KATAOTAOEDV.

d) Ttaxdbe katdotaon t oto T, xavet ta akolovOa:

iii. EAéyxetar av i) katdotaorn t wkavornotei ta katnyoprpata Constraint xkat ActionConstraint (oo
otV nepirtwon pag etvat keva). O éheyxog emotpépet Oetikd arotéeopa (true)

A.  Znv oovéxewa npoonabet va rmpoodéoet v t péoa oto G. XtV mePUITOOT] PLag DIIAPXEL
ndn n xataotaon avt oto oobvolo G (oto in-memory hash table) omote 6ev v
rIpoobETet.

iv.  Télog eléyxetal av 1 kataotaon t kavomnotet to ImpliedAction. (otnv mepimtwon pag etvat
KevO).

e) Ilpoobéter Tig axpeg sl->t xat sl->sl  (stuttering Prjpa) otov behavior ypdago eléyyovtag
TALTOXPOVA aVv Kavorolovvtat Ta temporals kat ta impliedTemporals .

H napanave dadwkaoia tov Prjpartog 2 emavalapPaverat kat yua Tig aAeg 600 KAtaotdaoelg s2 xat s3.
Movo mov yia Vv s2 €YOvHE TV ENOHEVH Kataotaon s3 xat yia v s3 v s1.

Enopéveg ovvolikd mapdyovtat 6 KAataoTdoels.(TPElg apylkeg ouv TIG TPELG ITOL MPOEKLYAV KATA TOV
DIIOAOYIOPO TOV SUCCESSOT KATAOTAOEDV.
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/<

2V ovvéyela Sexiva o éAeyxXog yia Tig liveness 1010t Teg OIIOD KAt TOIIMVETAL
--Checking temporal properties for the complete state space...

Aappavetat to ovvolo tav OrderOfSolution (epeig €éxovpe £va yla To IApAdetypd pag) Kat yid kabde eva
ano avta AapPavet ta PossibleErrorModel tng Adong.

Ia to 6o pag OrderOfSolution exoope ta axolovba PossibleErrorModel. H tyur) xafe otovyeiov
AEAction xat EAAction avtiotowyet oe pa Beon otov checkAction oo Pprjkape mo nave :

4 O pems PossibleErrorfModel[4] (id=90]
a & [0] PossibleErrorModel (id=95)
a & AEAction (1d=99)
a [0] 0
& AEState (id=101)
4 & EAAction (id=102)
a [0] 1
4 a [1] PossibleErrorModel (id=98)
a & AEAction (id=103)
a [0] 0
& AEState (id=104)
4 & EAAction (id=103)
a [0] 2
4 a [2] PossibleErrorModel (id=97)
4 & AEAction (id=106)
a [0] 0
& AEState (id=107)
a & EAAction (id=108)
a [0] 3
4 & [3] PossibleErrorModel (id=98)
4 & AFAction (id=109)
a [0] 0
& AEState (id=110)
a & EAAction (id=111)
a [0] 4

['a xabe éva ano ta otoyeta avtd(PossibleErrorModel) ovmoloyilet ta strongely connected components,
Kat ehéyyxel kdabe éva amod avtd av nepiéyet éva counterexample.

Eva woxopd oovdedepévo ovotatko (strongly connected component) oe éva ypago eivat eva péyloto
VIIOOLVOAO arId KOPPOVG Kat aKpég TEToo wote Kabe KOpPog va etvat mpooPdotpog arro kade alho kopfo. Ta
ovoTaTKd COANapPavoov Mrpwg kdbe mOBavo Kvxo.

ZOYKEKPIPEVA SEKIVOVTAS Y1 TO

1o PossibleErrorModel

0) LNNeg LNStateEnabled [HCnxt]_hr\ / LNAction([HCnxt]_hr) (AEAction)

1) LNNeg LNAction (HCnxt $AngleAct hr) (EAAction)
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Anplovpyettal évag in-memory node-pointer mivaxag amd 1o node-pointer apyeio mov avtiotoiyel otov
behavior ypago (o6mov eivan éva BufferedRandomAccessFile to omoto powalet pe éva RandomAccessFile,
ala aovto ypnowpomotet évav private buffer £tol mote ot meploocdTepeg Aettovpyleg va pnv Amdatrtovy
rpoofaon otov Sioko).

Apywomnoteitat pra ovopa nodeQueue amo Integers xat Longs otnv pvrjpn pe tg apykovg KopPovg tov
ypd@ov 1ov eivat 6. Ot apykot xkopPot etvat :

= @ initModes Longvec (id=57)
B elementCount [
= @ elementData {id=66)

& [0] -GE66364231 15914061
a [1] -1
& [7] -7115853903467326205
& [3] -1
a [4] -49005395 35744052733
& [5] -1
& [6] ]
a [7] ]

IV Opaypatnkotm)ta Aappfavovial oty HIpdadn Tpelg KOpPot Piag Kat ot DIIOAOUIEG TPELS KATAOTACEL
/xoppot etvat ot 1d1eg KATAOTAOELG Pe TIG IIPONYOVHEVEG TIOD IIPOEKLWYAV KATA TV dradikaoia evpeong tov
SUCCeSSOr KATAOTACEMV. XTOV IIIVAKA OTNV OLDVEXELD (PAivetal 1) avtiotoiylon kabepidg Katdotaong oto
avrtiotoiyo fingerprint tg.

State fp (fingerprint)
1 -686636423115914061
2 -7115858903467826205
3 -4900539538744082733

Yoykekppéva tomoBetovviar yia kdabe xardotraon: n Tpéxovoa katdotaon state (long), To
avayveplotiko tng enopevng tidx (int)(O omoiog éxet vonua otav xpnoponoteital tableau otnv dadikaoia

Tov liveness model checking. H tipr} -1 onpaivet ot 6ev vrdpyet tableau) xat to link mov ¢xe1 amodobei
0TNV ODYKEKPIpEVY Katdotaon ptr(long).

Tpéxovoa xatdotaon nodeQueue
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¥ nodedueus MemIntQueus {id=7a)

H @ diskdir "states))10-07-22-21-50-03" {id=54)

= @ elems {id=30)

= |5 [0...99]

& [0] -159570001 1°° képpog (katdotaon 1)
a [1] -1504394061 2 npwta ototyeia ( Tyn tTng state)
& [2] -1 3 otoeio (twur Tou tidx)
& [3] 0 2 teleutaia otoyeia (tuur tou ptr)
& [4] i
& [5] -1656790009
a [6] 1526719459 -
s [7] 1 2™ kOpPog
& [5] 0 (kataotaon 2)
& [9] 36
& [10] -1140995776
a [11] -244908333 3% kopPog
a [12] -1 (katdiotaon 3)
& [13] u]
& [14] 7z

I''a oAa ta ototyeia g napanave ovpdg nodeQueue mapdyet ta SCCs Kat eAéyxel av IEPEXOVV KAIIOL0
"bad" xOx\o. Aladikaotia oL emTLYXAVETAL Péod arod £va adplipo enavalPe®V OLYKEKPIPEVA 000 aLTH 1)
nodeQueue ovpd £xet otoryela.

Inpeiwon: H tpexovoa xatdotaon g dfsStack kat tng nodeQueue etvai n meptloyr) moo oprodeteitatl oto

YPAPUKO OTLYHIOTOIIO, £T0L MOTE VA LIIAPXEL OIAKPLOT ATIO TIG TTAALEG TIPEG IO oLVEXTICOLV VA DPLoTATE.

11 Enavainyn
Metd v apyikoroinon 1o apyko prjkog eivat 15 (mévte otoryeia yia kade kop o).

1.A@ov agatipéoet pia KATdotaon aro v ovpd, Sekivd Tov vroloytopo tov SCCs pe v Katdotaon)
aotr) pe <state, tidx> wg Tov root kopPo. Ta otoryela yia v npwty) katdotaon (kardaotaon 1) etvat:

state: -686636423115914061, tidx: -1, loc(to ptr):0

2. TomoBetet Ta Tpla ototyeia g karaotaong kabwg kat v tipry MAX_PTR (long)(To péytoto prxog tov
apyxetov fileForNodes Tov ypagov.) oe pia otoipa dfsStack (tnv omoia kabe gopd xdvet reset yia xabe
KAtdotaon g ovpdg nodeQueue).

3. Apxworotet pua petaBAntr) newLink va etvat ton) pe v tipr) too MAX_PTR.

Tpéxovoa katdotaor dfsStack

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 07:29:02 EEST - 18.117.229.71



Napdptnua A:Napadelypata ektéeéleong TLC 100

= O dfsStack MemIntStack (id=43)
= @ elems id=51)
= & [0...99]
& [0] -1504334061 ctate
& [1] -159570001
& [2] 1 —J tidx
& [3] ]
& [4] 1] loc
& [5] i
a [5] 107374tz | MAX_PTR
a [7] 0
& [8] ]
& [9] ]
& [10] 0
& [11] 0
& [12] 0
& [13] 0
A [14] 0

4.To m1)0og TV ototyewv tng otoifag dfsStack eivatl peyalvtepo amod 2 (0TnV OLYKEKPIPEVT] TIEPLITTMOT)
elval 7 OImg QaiveTdat aro Vv IAPAIIave eLKova):

= ECayet ta otolyeia mov aviiotolyovv otov IpmTo KOopPo (kataotaor) 1) tg otoipag.

+ EAéyyetat 1o loc av etval pikpodtepo tov pndev étol mote va eSaydel to ovpmépacua av o
KOpPog €xet eCepevvnOel. XtV neplrtaorn pag dev etvat pukpotepo tov 0 ordte o KOpPog dev
éxet eSepevvn el

» X710 oLYKeEKPIPEVO KOpPo Oev éxetl avartebet éva link xat étot Tov avatibfetat eva link.

* Enavatomofetet tnv tpexovoa xatdaotaon(kopPo) otnv dfsStack, al\d xkdaver 1)
katdotaorn explored kavovtag to loc oo pe -1.

Tpéxovoa katdotaor) dfsStack

= & dfsskack MermInkstack (id=49)
= @ elems (id=51)
= (& [0...99]
a (0] 0 MAX_PTR
& [1] 1073741824
a [Z] -1504394061 state
& [3] -159670001
& [4] -1 tidx
& [5] -1
& [B] -1 1 loc
& [7] ]
& [8] ]
& [9] i
& [10] 0
& [11] 0
& [12] 0
& [13] 0
& [14] 0
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Eniong tomofetel tnv tpéyovoa xkatdotaon oe pia dAAn otoifa tnv comStack oo
IePLEXEL TIG KATAOTAOELG ALTEG TIOL £xouV eepevvnOel pe TV apyikr) Tir) oo loc.(xopig
va kavet 1o loc oo pe -1).

= @ comStack MemIntStack (id=5z)
= @ elems (id=a)
= & [0...99]
a [0] 0
a [1] 0
a [2] -1
& [3] -1504394061
& [4] -150570001
a [5] 0

* Apyxwonotet pia petapAnt) nextLowLink pe tv tipr) g newLink xat avSavet v
TehevTaia Katd éva.

» Kottdalet OAeg Tig successors KATAOTAOELS auTg TG KAtdaotaong (rmov eivat 6vo). I'a v
IP®TN):

* AapPavetl ta ototyeia Moo xapaxtnpifovy TV OLYKEKPIEVT] SUCCESSOT KATAOTAON)
( xataotaon 2) . ( StateFP, tidx xat to link mov éxet avatedel oty ovykekpipévy
Katdotaon/xop o)

W nexkatate -F11558589035346 7526205
O nextTidx -1
O nextlink, 36

* To nextlink (to loc dnAadr)) eivat peyalvtepo tov pndevog (dev éxet eCepeovnOet 1)
ODLYKEKPLEVT) SUCCESSOT KATAaotaot)) orote eheyyel ta EAAction

o Emotpégpetan false kat emetdr) 1o nextlink tng successor xatdotaong eivat
FilePointer (givar pixpotepo oo MAX_PTR = 4611686018427387904) torobetet tnv
successor katdotaor oty nodeQueue (¢1ot wote va eepeovndel kat va Tig
avatebet kamoto link)

H i6wa Sradikaota emavalapPavetat kat ya v 0evtepr) katdaotaorn (PAenovpe ard v

T g nextState ott mpokettar ya v dwa v omod egétaon Katdotaor, TNV
Katdotaon 1).

Z nexkatate -6E6036423115914061
2 nextTidx -1
& nextLink 461 168601584273587904

Me v povn Stagopd Ot emotpégetat true amo tov éleyyo twv EAAction

o to nextlink Oev etvan FilePointer (6ev eivar pikporepo 100 MAX_PTR =
4611686018427387904) xat £tol amha ekeyxet av to nextLink eivat pikpotepo
touv nextLowLink ( moo apywa eival oo pe MAX_PTR ) onov emiong Oev
woyvet yiarti etvat ioa kat dev xavet 1o nextLowLink i0o pe to nextLink.

* TomoBetet v Tipn g nextLowLink wg etye otnv dfsStack.

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 07:29:02 EEST - 18.117.229.71



Napdptnua A:Napadelypata ektéeéleong TLC 102

Tpéxovoa xatdaotaorn dfsStack

= O dfsstack MemnInkstack (id=49)
= @ elems (id=85)
= [59 [0...99]
a [0] 0 lowLink
a [1] 1073741524
& [2] -1504394061
& [3] -159870001 state
& [4] -1 .
& [5] 1 tidx
4[] & loc
& [7] 1]
a [8] 1073741524 .
& [9] 0 —_— nextLowLink
& [10] 0
& [11] 0
a [12] 0
& [13] ]
& [14] o

5.To mAn0og twv otoxewwv g otoipag dfsStack (otnv ovykekpipévn mepimmon eivat 9) eivat
peyalvtepo amo 2:

+ ECayet ta otolyela mov avtiotolyody OTov IPpmTo KOPPo (MpoKetTatl yia TV Katdotaorn 1)

g otoipag.
2 laniLink, 461 168601 8427287904
4 curloc -1
2 curTidx -1
J curatate -6E6636425115914061

To curloc etvat pikpotepo tov 0 omdte 0 KOPPog éxet eSepevvnOet

* To curLink (4611686018427387904) mov éxet arodobel OtV OLYKEKPUHEVT] KATAOTAOL
etvat ioo pe to lowLink kat omote o1 kKataotaoelg otnv comStack armo v Kopo@r| pexpt
v curState oxnpartifoov éva SCC. Tivetat é\eyyxog yia "bad" xoxhovg. I'a to tpexov
pem (PossibleErrorModel), avtr) ) pebodo eAéyxet av to tpexov scc ikavorotel Ta AEs
tou . (I'veopifoope OtL TO TPEXOV scc wkavomotel To EA tov pem.) Av kavorolovvtay,
aoto To pem mepiéxel éva counterexample, kot aoty 1 pebodo TOTE Kahel TV
printErrorTrace ywa va tonwoet éva opdApa kat emotpepet false. v mepimtoon pag
dev wavormoteitat.

ZUYKEKPIPEVA IPAYHATONIOELTAL 1) aKOAoLO) Stadwkaoia:

ESayetat n mpwtn katdaotaon g comStack Kat OLYKPIVETAL peE TNV TPEXOLOA
Karaotaon av etvat idteg al\d xat av o kopPog <state, tidx> dev mapovoiadet stutterring
€101 wote va aro@aotodet av to component eivat trivial.

W oskatel -6E6636423115914061
@ ki1 -1
2 ocl ]

2TV OLYKEKPIPEVT) TIEPUTTOON O OLYKEKPHEVOG KOpPog mapovotalet stuttering omote

Oev etvan trivial.
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TomoBetovvtat oAot ot xkopPot tov component oe évav hashtable. Eexiva o é\eyyog
avtobd tov component. To prjxog aotod tov hashtable eivat 128. Eeyyel éva éva ta
otolyela kat av Oev eivar null tote e§ayet tov xopPo xat eAéyyet ta AEState (otnv
MePUIT®ON pag eivat pndeviko to mAnbog avtav) xat ta AEAction yia xabe emopevo
KOpPo mov deiyvel o xkOpPog kat o omoiog vrdapyet péoa oto hashtable. EAéyyxetat av
EKTIANPOVETAL PEO® TOV promises (0 éAeyxog dev praivel oe avto to Prjpa piag Kat dev
€xoope promises eivat yia v mepimtmorn vnapdng tableau). Av wkavomnotovvtat OAeg ot
ovvOrkeg tOTe €xoLpe eva counterexample. Ze epdg Oev Kavomolovvidat omote Oev
éxoope éva counterexample.

» E&ayetat 1o plowLink (oo eivat ioo pe DiskGraph.MAX_PTR) ano tnv dfsStack xat
ovykpivetat pe 1o lowLink tov ovykekpipévoo xopPoo yia va eleyxdet av to tekevtaio
elvatl pkpotepo tov. Avto dev woxdel yiati etvat ioa kat 8ev kavet to plowLink i0o pe to
lowLink. Kat etot, am\a enavartonofetet to plowLink wg eiye otnv dfsStack.

Tpéxovoa katdotaor) dfsStack

2 dfsSkack MemIntStack (id=46)
= B elems (id=55)
= = [0...99]
a [0] 0
& [1] 1073741524

6.To m\nfog TtV otoyewwv g otoiPag dfsStack (otnv ovykexkpiévn meptrtoon etvat 2, mepiéyet
povo 1o nextLowLink) dev etvat peyaivtepo amod 2 onote PByatvet arro avto to loop.

21 Enmavainyn

Tpéxovoa xatdotaon nodeQueue

O nodeQueue MemInkQuels (id=76)
+ @ diskdir “stakesi) 10-07-22-21-50-03" {id=54)
= @ elems (id=80)
- & [0...99]
& [0] -159870001
& [1] -1504394061
a [Z] -1
& [3] 0
a [4] n
& [5] -1686790009
& [6] 1526719459
& [7] -1
a [5] n
a [9] 36
& [10] -1140995776
& [11] 244905333
& [17] -1
& [13] 0
a [14] 72
& [15] -1686790009
a [18] 1526719459
& [17] -1
a [18] 0
& [19] 36
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H ovpd nodeQueue éxet axkoun otoixeia omodte enavalapPavetatr 1 napamnave dwadikaoia. ( Tpexov
prjKog ovpag15)

1.Ago0 agaipéoel pia xatdotaon amd TV ovpd, Sekva tov vmoloywopod twv SCCs pe v
KAtdotaon avtr) (katdaotaon 2) og Tov root koppo. Ta otoiyela yia v npwty) katdotaon etvat:

state: -7115858903467826205, tidx: -1, loc(to ptr): 36

2. TonoBetel ta tpia otoyeia tng xardaoraong kabwg xat v tpr) MAX_PTR (long)(To péyioto
pniikog tov apyetov fileForNodes tov ypagov.) oe pia otoipa dfsStack (tnv omoia xdabe gopd
Kavet reset yia kabfe xataotaon tng ovpdag nodeQueue).

3. Apxwornotet pia petaBAnt) newLink va etvat ton pe v tiprn too MAX_PTR.

Tpéxovoa xatdotaor) dfsStack

& dfsstack, MermnInkStack (id=a3)
= @ elems (id=87)
= & [0...99]

a [0] 1526719459 state
a [1] -1656790009
NG . S
a [3] 36
& [4] 1] loc
& [5] 1]
& [&] 1073741824 MAX_PTR

4.To mn)fog twv otoyewwv g otoipfag dfsStack etvar peyaldtepo amd 2 (OTV OLYKEKPIHEVT)
MEPUITOOT elvat 7 ON®G paivetal arod TV MaPArIave EKOVA):

+ ECayet Ta otolyeida Iov avilotolyovv otov Ip®to KOpPo tng otoifag.

*= EAéyyetat 1o loc av etvatl pikpdtepo tov pndev étol mote va eSaydel to ovpmEpacpa av o
KOpPog €xet eCepeovnOel. XtV nepirtaorn pag dev etvat pukpotepo tov 0 ordte o KOpPog dev
éxet eSepevvn et

» 210 OLYKeKPEVO KOpPo dev éxel avatedet éva link kat étot tov avatibetat éva link.

* Enavatonofetet tnv tpexovoa xatdaotaon(kopPo) otv dfsStack, al\a xkdaver 1)
katdotaorn explored kavovtag to loc oo pe -1.

Tpéxovoa katdotaor dfsStack

O dfsskack MemIntStack (id=83)
= @ elems (id=87
= & [0...99]

& [0] o MAX_PTR
a [1] 1073741824
& [2] 1526719459 state
a [3] -1656790009
a [4] -1 T ticlx
& [5] -1
a [6] -1 loc
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Emiong tomofetet tnv tpéyovoa katdotaon oe pia dAn otoifa v comStack oo
IePLEXEL TIG KATAOTAOELG ALTEG TIOL £xouV eepevvnOel pe TV apyikr) Tir) oo loc.(xopig
va xavet 1o loc oo pe -1.

O comStack MemIntStack (id=36)
= @ elems {id=100}
= = [0...99]
a [0] 36
a [1] 0
a [2] -1
a [3] 15267194509
a [4] -1656790009

* Apyxwonotet pia petapAnt nextLowLink pe v tipr g newLink xat aoSavet tnv
TehevTaia Katd éva.

* EAeyxet OAeg T1g successors Kataotaoelg autl)g g KATaotaong (rmov eivat 6vo). I'ia v
IPOTI):

* AapPavetl ta ototyeia Moo xapaxtnpifovy TV OLYKEKPIHIEVT] SUCCESSOT KATAOTAON)
( xaraotaon 3) . ( StateFP, tidx xat to link mov éyet avatedel oty ovykekpijpévn

Katdotaon/xop o)
@ nextstate -4300539536744082733
O nextTidx -1
& nextlink 7z

* To nextlink (to loc 6nAadr)) eivar peyalvtepo tov pndevog (dev éxet eCepevvnOet 1)
ODLYKEKPLPEVT) SUCCESSOr KATAaotaot)) orote eAeyyel ta EAAction

o Emotpégpetan false xat emeidr) to nextlink tng successor xatdotaong eivat
FilePointer ( eivar pixpotepo oo MAX_PTR = 4611686018427387904) torobetet tnv
successor kataotaor otV nodeQueue. (£tolt oote va eGepeovndetl Kat va Tig
avatebet kamoto link)

H i6wa Sradikaota emavalapPavetat kat ya v 0evtepr) Katdaotaorn (fAenovpe ard v
T g nextState ott mpokettar ywa v dwa v omod egétaon Katdotdaor, TV
Karaotaon 2).

W nextstate -F1156558903467 526205
O mextTidx -1
& nextlink 4611686018427387904

Me v povr) Stagopd 0Tt emotpépetat true arod tov éAeyyo tov EAAction

o to nextlink Oev elvan FilePointer (6ev eivar pikporepo 100 MAX_PTR =
4611686018427387904) xat £tol amha ekeyxet av to nextLink eivat pikpotepo
touv nextLowLink ( moo apywa etval ico pe MAX_PTR ) omov emiong Oev
toyoel yiatt etvat toa xat dev xavet 1o nextLowLink oo pe To link.

* TomoBetet v Tipn) g nextLowLink wg eiye otnv dfsStack.
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Tpexovoa xataotaor dfsStack

2 dfsstack, MemIntstack (id=83)
= @ elems (id=37)
- & [0...99]

4 [0] 0 MAX_PTR
a [1] 1075741524
a [2] 1526719459 state
a [3] -1656790009
& [4] -1 —J tidx
& [5] -1
& [E\] -1 loc
& [7] 0
& [3] 1073741524 nextLowLink

5.To mAn0fog twv otoxewwv g otoifag dfsStack (otnv ovykekpipevn mepimmon eivat 9) eivat
peyalvtepo amo 2:

+ ECayet ta otoiyela oo avtiotolyovy OTov IPpmTo KOPPo (MPOKELTAL yia TNV KATAOTAOT) 2)

g otoifag
& lowLink 4611686018427 2337904
& curloc -1
O curTidx -1
“ocurskate -F1158559053467 526205

* To curloc etvat pukpotepo tov 0 ordte 0 KOpPPog exet eepevvnOet

* To curLink (4611686018427387904) mov éxet armodobel OtV OLYKEKPUHEVT] KATAOTAOL
etvat ioo pe to lowLink kat omote o1 kartaotaoelg otnv comStack amo v Kopo@r| pexpt
v curState oxnuatifoov éva SCC. T'ivetat é\eyyog yia "bad" xdxAovg. I'a to tpexov
pem (PossibleErrorModel), aotrj 1 pebodo eAéyxet av to tpexov scc ikavorotel ta AEs
tou. (I'vepifovpe 0Tt TO TPEYOV scc ikavorotet To EA tov pem.) Av ikavorotodvtat, avto
10 pem mepiéxel éva counterexample, xat avtr) n pebodo 10te Kahet v printErrorTrace
Y1d VA TOIOOEL va OPAApa Kat emotpe@et false. Ztnv nepimtoor) pag Oev ikavorotettat.

ZUOYKEKPPEVA IPAYHATONIOELTAl 1] akOAovOr) Stadwkaoia:

ESayetatr n mpwtn katdotaon g comStack Kat OvLYKpIveETal pe TV TPEYOLOA
Kataotaon av etvat idteg al\d kat av o koppog <state, tidx> dev mapovoradet stutterring
€101 wote va aro@aotodet av to component eivat trivial.

W statel -7 1158589053467526205
2 kidxd -1
@ lacl 36

2TV ODYKEKPHEVT] HEPUTT®OOTN) ITapovotlalet stuttering omote dev eivat trivial.

TomoBetovvtat oot ot kopPot tov component oe évav hashtable. Zexiva o é\eyyog
avtobd tov component. To prjxog aotod tov hashtable eivat 128. EAeyyel éva éva ta
otolxela kat av Oev eivar null tote eSayet tov xopPo xat eAéyyet ta AEState (otnv
MePUIT®ON pag eivat pndeviko to mAnbog avtov) xat ta AEAction yia xabe emopevo
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KOpPo mov deiyvel o xOpPog kat o omoiog vrdapyet péoa oto hashtable. EAéyyxetat av
EKIIANPOVETAL PEO® TOV promises (0 éAeyxog dev praivel oe avto o Prjpa piag Kat dev
£xoope promises elvat ya v mepimtmon vnapdng tableau). Av ikavomotovvtat OAeg ot
ovvOnkeg tOTe éyovpe eva counterexample. Ze epdg dev 1kavorotovvtat omote dev
éxoope éva counterexample.

» E&ayetat 1o plowLink (oo eivat ioo pe DiskGraph.MAX_PTR) ano tnv dfsStack xat
ovykpivetat pe 1o lowLink tov ovykekpipévoo xopPoo yia va eleyxdetl av to tedevtaio
elvatl pkpotepo Tov. Avtod dev woxdel yiati etvat toa kat Oev kavet 1o plowLink oo pe to
lowLink. Kat etot, am\a enavaronobetet to plowLink wg eiye otnv dfsStack.

Tpéxovoa xatdotaor) dfsStack

& dfsgtack MemIntStack, (id=4a)
= B elems (id=55)
= [& [0...99]
& [0] ]
a [1] 1073741824

6.To m\nfog TtV otoiewwv g otoiPfag dfsStack (otnv ovykekpyévn neplrtoon etvat 2, mepiéyet
povo 1o nextLowLink) dev etvat peyaivtepo amod 2 onote PByatvet arro avto to loop.

31 Enavanyn

Tpéxovoa xatdotaon nodeQueue

@ nodeQuens MemIntQueus (id=76)
# ® diskdir "skakes10-07-22-21-50-03" (id=54)
= @ elems (id=a0)

= & [0,..99]

[o] -159670001
[1] -1504394061
[2] R}

[3] o

[4] ]

(5] -1656790009
[6] 1526719459
[7] -1

[5] o

(4] 3

[10] -1140995776
[11] -244905333
[12] -1

[13] 0

[14] 7z

[15] -1656790009
[18] 1526719459
[17] -1

[18] 0

[19] 3

[20] -1140995776
[21] -244905333
[22] -1

[23] 0

[24] 7z

B
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H ovpda nodeQueue £xel akopn ototyela omnote enavalapPaverat ) napanave dwadkaotia.( Tpéxov prxkog
ovpag 15)

1.Agob agaipéoel pia xatdotaon amd TV ovpd, Sekva tov vmoloywopod twv SCCs pe v
Katdotaorn avtr) (katdaotaon 3) og Tov root koppo. Ta otowyela yia v npwty) Katdotaon etvat:

state: -4900539538744082733, tidx: -1, loc(to ptr): 72

2. TonoBetetl Ta tpia otoyeia g karaoraong kabwg xat v Ty DiskGraph.MAX_PTR (long) oe
pwa otoipa dfsStack.

3. Apxwomnotet pia petaPAnt) newLink va etvat ton pe v tiprn too MAX_PTR.

Tpéxovoa xatdotaor) dfsStack

= & dfsStack MemInkStack (id=46)
= @ elems (id=55)
=[5 [0...99]
& [0] -244908333 state
a [1] -1140995776
‘w B—
a [3] 72
a [4] a loc
& [5] 0
a [6] 1073741824 MAX_PTR

4.To m\fifog twv otoxewwv g otoipag dfsStack (otnv ovykekpipévn mepimmon etvatl 7) eivat
peyalvtepo armo 2:

+ ECayet Ta otolyeida Iov avilotolyovv otov Ip®to KOppo tng otoifag.
#= To loc eitvat peyalvtepo amo 0 onote o KOpPog dev exet eGepevvnOet

» 210 ovykekpipevo kopPo Oev éxel avarebel 11dn eva link xat orote tov avatibetrat éva
link.

* Enavartomofetet tnv tpexovoa xatdaotaon(kopPo) oty dfsStack, al\da xkdaver 1)
katdotaorn explored kavovtag to loc oo pe -1.

Tpéxovoa katdotaor dfsStack

& dfsskack MemIntStack (id=83)
=l @ elems {id=67)
= B4 [0...99]

& [0] 0 MAX_PTR
a [1] 1073741624
a [2] 244905333
& [3] -1140995776 state
& [4] -1 1 .
& [5] 4 tidx
a [5] -1 loc
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Emiong tomofetel tnv tpéyovoa katdotaon oe pua dAn otoifa tnv comStack oo
IePLEXEL TIG KATAOTAOELG ALTEG TIOL £xouV eepevvnOel pe TV apyikr) Tir) oo loc.(xopig
va xavet 1o loc oo pe -1.

O comStack MermIntStack (id=56)
= @ elems (id=100)
= [= [0...99]
& [0] 7e
a [1] ]
& [2] -1
a [3] -244905333
a [4] -1140995776

* Apyxwonotet pia petapAnt) nextLowLink pe v tipr) g newLink xat avSavet v
TehevTaia Katd éva.

* EAéyxet OAeg T successors KOTAOTACEG CLTNG TG Katdotaong (oo eivat dvo).
ZOYKEKPIPEVA Y1d TV HIPMTL):

= AapPaver ta otoiela 1oL XaApPAktPifovV TV OLYKEKPHEVI] SUCCESSOT
(xataotaon 1). ( StateFP, tidx xat to link)

@ niexkskake -GAGE364231 15914061
O nexkTidx -1
& nextLink 0223372036854 775307

*= To nextLink eivat peyadtepo tov pndevog (1) OUYKEKPEVT] SUCCESSOT KATAOTAON)
dev éxel eCepeovnOet) kat emopevag eheyyxet ta EAAction

o ‘Omnov emotpépetat false xat yia tov Aoyo ot 1o nextLink Oev etvat FilePointer

Ogv Kavel KAt Kat Ogv_tomobstel v successor katdaotaon otnv nodeQueue.

H i6wa Stadikaoia enavalapPaverat kat yia tv 0evtepn Kataotaor) (BAérovpe amod v
Tipn g nextState OTL mpokertar yla v O v oo eféraon Kataotaon, THV
Karaotaon 3).

2 nexkstate -4A00539538 744082733
Y nesxckTid -1
@ nextLink 4611686018427 337904

Me v povn Stagopd Ot emotpépetat true arro tov éAeyxo 1@V EAAction

o av to nextlink rjtav FilePointer tote Ha tomobetodoe Vv successor Kataotaon
oty dfsStack. AN\a Oev etvan FilePointer (0ev eivar pikpotepo too MAX_PTR =
4611686018427387904) xat étot an\d e\éyyxel av 1o nextLink etvat pikpotepo
touv nextLowLink ( mov apywa etvat ico pe DiskGraph.MAX_PTR ) o6moo
erriong dev 1oyvet kat Oev kavet 1o nextLowLink i0o pe 1o nextLink (etvat toa).

* TomoOetet v nextLowLink otnv dfsStack.

Tpéxovoa xatdotaor dfsStack
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0 dfsSkack, MernIntStack (id=<&)
= = elems {id=55)
= B [0...99]

& [0] o state
a [1] 10737415824
a [7] -244908333 ] i
a [3] -1140995776
& [4] -1 loc
& [5] -1
a [8] -1 MAX_PTR
& [7] ]
a [g8] 1073741624 nextLowLink

5.To mAn0og twv otoxewwv tg otoipfag dfsStack (otnv ovykexkpipevn mepimmwon eivatl 9) eivat
peyalvtepo amo 2:

+ ECayet ta ototyeia mov aviiotolyovv otov Ipmto KopPo (kataotaot 3) g otoipag.
# To loc etvat pikpotepo toov 0 onote 0 KOPPog exet eGepevvnOet

* To curLink (4611686018427387904) mov éxet amodobel OtV OLYKEKPUHEVT] KATAOTAOL
etvan ioo pe to lowLink kat omote ot kataotaocelg otnv comStack ano v Kopo@r| pexpt
v curState oxnuatifoov éva SCC. I'ivetat é\eyyog yia "bad" xdxAovg. I'a to tpexov
pem (PossibleErrorModel), avtrj 1 pebodo eAéyxet av to tpexov scc ikavorotel ta AEs
tou. (I'vepiovpe 0Tt TO TPEYOV scc ikavorotet To EA tov pem.) Av ikavorotodvtat, auto
10 pem mepiéxel éva counterexample, xat avtr) n pebodo tote Kahet v printErrorTrace
Y1d Va TOIOOoEL €va OQAApa Kat emotpe@et false. Ztnv nepimtoor) pag Oev ikavoroteitat.

ZoyKekppéva npayparomnoteitat ) akohoobdn dradikaotia:

ESayetat 1 mpotn katactaon tng comStack kat ovykpiverar pe Iy TPEXOLOA
Kataotaon av etvat idteg al\d kat av o kopPog <state, tidx> dev nmapovoradet stutterring
€101 wote va aro@aotodel av to component eivat trivial.

2 statel -49005395387 440582733
O kidx1 -1
2 locl 72

2TV ODYKEKPHEVT] HEPUTT®OTN) ITapovotlalet stuttering omote dev eivat trivial.

TomoBetovvtat 0Aot ot kopPot tov component oe évav hashtable. Eexiva o é\eyyog
aotobd tov component. To prxog aotod tov hashtable etvat 128. ENéyyet éva éva ta
otowyela kat av Oev etvat null tote edayet tov xopPo xat ekeyyet ta AEState (otv
neplmrtoorn) pag etvat pndeviko to mirjdog avtov) kat ta AEAction yia xdbfe emopevo
KOpPo mov deiyver o kOpPog kat o omotog vrdapyel péoa oto hashtable. EAéyyetat av
EKIANPOVETAL PO TOV promises (0 é\eyyog dev pmatvel oe avtod to Prjpa pag xat dev
£yovpe promises eivat ya v nepimtoorn) vrapdng tableau). Av ikavoroltovvtatl OAeg ot
ovvOrkeg tOTe €Yovpe €va counterexample. Xe epdg Oev Kavomolovvidat omnote Oev
€xovpe eva counterexample.

» ECayetat to plowLink (mmov eivat ioo pe DiskGraph.MAX_PTR) ano tnv dfsStack xat
ovykpivetat pe 1o lowLink tov ovykekpipévoo xopPoo yia va eleyybel av to teAevtaio

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 07:29:02 EEST - 18.117.229.71



Napaptnuoa A:MNoapadeiypata ektéAeong TLC 111

elvat pkpotepo Tov. Avto dev woxLel yiati eivat oa kat Oev xavet to plowLink oo pe to
lowLink. Kat étot, an\a enavartonobetei 1o plowLink wg etye otnv dfsStack.

Tpexovoa kataotaor dfsStack

& dfsstack MemnInkstack. (id=46)
= @ elems {id=55)
= [& [0...99]
& [0] 0
& [1] 10753741524

6.To m\rj0og twv ototyetwv g otoiPag dfsStack (otnv ovykexpipévn nepimtworn) etvat 2) dev etvat
peyalvtepo amo 2 onote Pyatvet amnod avto to loop.

4n EmavaAnyn

Tpéxovoa xatdaotaon nodeQueue

2 nodeQueus MemIntQueue (id=76)
@ diskdi “skates\|10-07-22-21-50-03" (id=54)
= @ elems (id=a20)
- & [0...99]
& [0] -159870001
a [1] -1504394061
& [7] -1
a [3] 0
& [4] 0
& [5] -1656790009
& [6] 1526719459
& [7] -1
& [3] a0
& [9] 36
& [10] -1140995776
& [11] 244906333
& [12] -1
& [13] 0
& [14] 7z
& [15] - 1656790009
& [16] 1526719459
& [17] -1
a [13] u]
& [19] 36
& [20] -1140995776
& [Z1] -244905335
& [27] -1
& [23] 0
a [24] e

H ovpa nodeQueue éxet akoprn otowela omodte enavalapPavetal n napanave dwadikaota. ( Tpexov
prjxog ovpag 10 )

1.Apobd agaipéoet pla KAtaotaon amo v ovpd, Sekiva tov vmoloyopo twv SCCs pe v
KAtaotaon avty (kataotaor 2) og Tov root koppo. Ta otoleia yia v mpetn Katdotaor) etvat:

state: -7115858903467826205, tidx: -1, loc(to ptr): 36
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2. TonoBetetl Ta tpia otoyeia g karaoraong kabwg xat v Ty DiskGraph.MAX_PTR (long) oe
pa otoifa dfsStack.

Tpexovoa kataotaor dfsStack

& dfsstack MemIntStack (id=46)
= @ elems (id=55)
= | [0...99]

& [0] 1526719459 state
a [1] -1£56790009
a [2] 1 | tidx
a [3] 36
& [4] 0 loc
& [5] n
& [B8] 1073741824 MAX_PTR

3.To mAnfog twv otoxewwv g otoifag dfsStack (otnv ovykekpipevn mepimmon eivat 7) eivat
peyalvtepo amo 2:

= ECayet ta otolyeia mov aviiotolyovv otov Ipmto KOpPo (kataotaot 2) tng otoifag.
# To loc etvat peyalovtepo amo oo amo 0 onote o kOpPog Oev Exet eSepevvnOet

* X710 ovykeKppévo KopPo opwg £xel avartebei non éva link , dev kdavet Timota amod to
va emotpéyet anhd tov vrapyov link.

= eleyyxel av avto To link mmov éyel emotpaget eival pikpotepo tov lowlink. To tedevtatio
dev 1oxvet ontoTe dev 10 avabetet oto lowlink. Téhog tommoBetet To lowlink otnv dfsStack.

Tpéxovoa katdotaor) dfsStack

O dfsStack MernIntStack (id=46)
= @ elems {id=55)
= &5 [0...99]
& [0] ]
& [1] 1073741524

4.To nA\10og TV otolyelwv g otoipag dfsStack (otnv ovykekppévn mepirtoon eivat 2) Oev etvat
peyalovtepo amod 2 onote Pyatvet anod avto to loop.

51 Emavainyn

Tpexovoa kataotaon nodeQueue
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2 nodeQueue MemIntQueue (id=78)
H = diskdir "states|)10-07-22-21-50-03" (id=54)
= ® elems {id=a0)
= [& [0...99]
& [0] -159570001
a [1] -1504394061
& [2] -1
& [3] 0
& [4] 0
& [5] -16567390009
& [6] 1526719459
& [7] -1
& [&] i}
& [9] 36
& [10] -1140995776
& [11] -244908333
a [12] -1
& [13] 0
& [14] 7e
& [15] -1656730009
a [16] 1526719459
& [17] -1
& [18] u]
& [19] 36
a [20] -1140995775
& [21] 244005333
& [22] -1
& [23] u]
a [24] 72

H ovpda nodeQueue éxet axkoupn ototyeia ( peyalvtepn tov 0 ) omote emavalapPaverat akpipog 1)
napanave dtadikaota. ( Tpéxov prjkog ovpdag 5 )

1.A@ov agaipéoel pia katdotaon ard TV ovpd, Sekva tov vnoloyopod twv SCCs pe v
Katdotaon avtr) (kataotaon 3) g tov root kOpPo. Ta otoiela yia v npwt) Katdotaon eivat:

state: -4900539538744082733, tidx: -1, loc(to ptr): 72

2. TomoBetetl Ta tpla otoyeia g karaotaong kabwg xkat v tipr) DiskGraph.MAX_PTR (long) oe
pwa otoipa dfsStack.

Tpéxovoa katdotaor) dfsStack

& dfsStack MemlIntstack (id=83)
= @ elems (id=a71
= |5 [0...99]

& [0] 244005353 state
a [1] -1140995776
s [2] 1 | tidk
& [3] 7z
& [4] o loc
a [5] u}
& [6] 1073741524 MAX PTR

3.To mAn0og twv otoewwv g otoipag dfsStack (otnv ovykekpipévn mepimmor etvat 7) etvat
peyalvtepo amo 2:

= ECayet ta ototyeia mov aviiotolyovv otov Ipmto KopPo (kataotaon 3) tng otoiPag.
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# To loc etvat peyalovtepo amo ioo amo 0 onote o kOpPog Oev £xet eSepevvnOet

* X710 ooykekpipévo kKopPo opwg £xel avatebei non éva link , dev kavet Timota amod to
va emotpéyet anhd tov vrapyov link.

= eleyxel av avto To link mmov eyel emotpaget etval pikpotepo tov lowlink. To tedevtato
dev 1oxvet onoTe dev 10 avabetet oto lowlink. Tehog tommobetet To lowlink otnv dfsStack.

Tpéxovoa xatdotaor) dfsStack

@ dfsstack, MernIntStack. (id=46)
- @ elems (id=55)
= [& [0...99]
& [0] 1]
& [1] 10737415824

4.To nA10og oV otolyewwv g otoipag dfsStack (otnv ovykekppév nepimtmon eivat 2) Oev etvat
peyalvtepo amo 2 onote Pyatvet amnod avto to loop.

Enetta amo oAeg Ti¢ mapamndave enava)yelg 1o Prjkog tg ovpdg nodeQueue eivat 0 kot onote Pyatvet arod
10 loop.

20 PossibleErrorModel

0) LNNeg LNStateEnabled [HCnxt]_hr\ / LNAction([HCnxt]_hr) (AEAction)

2) LNNeg LNStateAST (hr=2) (EAAction)

Anpovpyettat évag in-memory node-pointer mivakag amod to node-pointer apyeio mov avrtiotolxet otov
behavior ypago (ommov eivat éva BufferedRandomAccessFile to omoto pouwdlet pe éva RandomAccessFile,
aM\d aoto yprnowponotel évav private buffer €tot wote ot meplocOTEPEG AelTOLPYiEG VA PNV AIICALTOLY
IpOoPaot) otov H10Ko).

Apxwornoteitat 11 oopd nodeQueue amno Integers kat Longs otnv pvrun pe Tig apxikovg Koppfoog tov
ypdagov mov etvat 6. Ot apykot kopfot etvat :

= @ initNodes LongWec (id=57)
B elementCount £
= @ elementData (id=66)

a [0] -656636423115914061
a [1] -1
a [2] -7115855903467526205
a [3] -1
a [4] -4900539533744082733
a [5] -1
a [6] 0
a [7] 0

2V Opaypatkotnta Aappdavovtal otny mpddn Tpelg KOPPot Hiag Kat ot DIIOAOUIES TPELG KATAOTACELG
/Koppot etvat ot 1d1eg KATAOTACELG P TIG IIPONYOVHEVEG IOV MPOEKDWYAV KATA TV Oladikaoia eDPeong TV
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ovvéyela gatvetat 1 avtiotoiyton kabepidg Katdotaong oto

State fp (fingerprint)
1 -686636423115914061
2 -7115858903467826205
3 -4900539538744082733

Toykekpipéva tomoberovvtar yla kdabe kataotaon: n tpéxovoa kataotaorn state (long), to

avayvwplotiko tng enopevng tidx (int)(O omoiog exel vonpa otav xpnowpomnoteitat tableau otnv

dradikaota tov liveness model checking. H tipr) -1 onpatvet 0Tt dev vridpyet tableau) xat to link moo

¢xel amodobei otV ovykeKppév Katdotaon ptr(long).

Tpéxovoa xatraotaon nodeQueue

2 nodeCueus
+ @ diskdi
= = elems

= & [0...99]
(o]
[1]
(2]
[3]
[4]
(5]
(5]
[7]
(5]
[5]
[10]
[11]
[1z]
[13]
[14]

EEEEREREERERERERERERDRED®R

1n Emavainyn

MemIntQueue (id=115)

"states|)10-07-22-21-50-03" (id=54)

fid=118)

-159570001
-1504394061
-1

1]

1]

1°° kdpBog (katdotacn 1)

2 otolyela mpwrta ( TLun ¢ state)
3 otolyeio (twun tou tidx)

2 teheutala otolyeia (TLur tou ptr)

-1656790009
1526719459
-1

a

36
-1140995776
-244903333
-1

1]

iz

2% koppog
(katdotoon 2)

3% koppog
(katdotaon 3)

Zouykekppéva oco avt) 11 ovpda nodeQueue éyel otorxeia . Apywko pnxog 15 (mévte otoiyela yua xabe

KOPP0) €xEL PETA TV APYIKOIIOINOT).

1.Apob agaipéoet pla KAtaotaon amo v ovpd, Sekiva tov vmoloyopo twv SCCs pe v

Katdotaon aot pe <state, tidx> wg tov root xopPo. Ta otowela yia TV IP®T] KATAOTAOL

(kataotaon 1) etvat:

state: -686636423115914061, tidx: -1, loc(to ptr):0

2. TomoBetetl ta tpia oroeia g karaotraong kabwg xat v Typr] DiskGraph.MAX_PTR (long)(To

péytoto prikog tov apyeiov fileForNodes tov ypagov.) oe pia otoifa dfsStack (tnv omota xdabe
popa kavet reset yia kabe katdotaon tg ovpdg nodeQueue).

3. Apxwomnotet pua petaPAntr) newLink va etvat ion pe v tipr) too MAX_PTR.
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Tpexovoa kataotaor dfsStack

= O dfsstack
= @ elems

= B [0...99]

(o]
(1]
(=]
(=]
(4]
(5]
(€]
(7]
(]
(%]

ek EEEEERFRE R

(10]
[11]
[12]
[13]
[14]

MemInk3tack (id=47)
(id=51}

-1504394061
-159570001

state

1 T

1]
1]
1]
1073741524

o o o o o o o o

tidx

loc

MAX_PTR

4.To m\rjfog tT@Vv otoryewwv g otoipag dfsStack eivar peyalvtepo amo 2 (OTtnV OLYKEKPIHEVT

MEPUITOOT) elvat 7 ONI®G PAiveTal arod TNV MAPAIIAV® EKOVA):

= ECayet Ta otolyeida Iov avilotolyovv otov Ip®to KOppo tng otoifag.

* To loc eNéyxetat av etval pikpoTepo T0L PNdEV €101 MOTE VA CLPIIEPAVEL AV O KOPPOg &xel

eCepeovnOel. Ztnv mepimtoon pag Oev etvatr pikpotepo tov 0 omote o xkOpPog Oev éxet

eCepevvn)Oet

» 210 oLYKEKPIEVO KOPPo dev éxetl avatedet éva link xat étot Tov avatibetat eva link.

* Enavatonofetet tnv tpexovoa xatdaotaon(kopPo) otnv dfsStack, al\d xkdaver 1)

katdotaorn explored kavovtag to loc oo pe -1.

Tpéxovoa xatdotaorn dfsStack

= O dfs3kack
= @ elems

= & 0.
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.99]
(o]
(1]
(2]
(3]
[4]
(5]
(€]
(7]
(£]
(9]
(1]
[11]
[12]
[13]
[14]

MemInk3tack (id=43)
(id=51)

u MAX_PTR
1073741524
-1504394061

state
-159570001
-1 J tidx

o o o o o o oo

loc
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Eniong tomofetel tnv tpéyovoa katdotaon oe pia AaA\n otoifa tv comStack movo
IePLEXeEL TI§ KATAOTAOELG AVTEG IOV Eyovv eCepevvndet. (xwplg va kavet to loc oo pe -1.

= O comStack MemInkStack. {id=82)
= = elems (id=34)
= & [0...99]
a [0] 1]
& [1] 0
& [2] -1
& [3] -1504394061
& [4] -159570001
& [5] 0

* Apyxwonotet pia petaPAnt) nextLowLink ion pe v newLink xat avSavet tnv teAevtaia
KATd &va.

» Kottdalet OAeg Tig successors KATAOTAOELS ALTIG TNG KATAoTAong (11ov etvat 6vo). I'a v
IPOTI):

* AapPavetl ta ototyeia Moo xapaxtnpifovy TV OLYKEKPIHEVT] SUCCESSOr KATAOTAON)
( xataotaor 2) . ( StateFP, tidx xat to link mov éxet avatebel otnv ovykekppévn
Katdotaon/xop o)

2 nexkSkate -711585590346 7526205
2 nesckTidyx -1
2 nexkLink, 36

* To nextlink etvat peyalotepo tov pndevog( dnAadr) dev éxet eSepevvnOet) omote
ekeyxet ta EAAction

o ‘Omnov emotpépetat true xat enetdr) to nextlink tng successor kataotaong etvat
FilePointer ( eivar pixpotepo oo MAX_PTR = 4611686018427387904) toriobetet tnv
successor katdotaorn otnyv dfsStack.

H i6ta Swadikaota emavalapPavetat kat ya v 0evtepr) katdaotaorn (PAenovpe ard v
T NG nextState ot mpokettar yia my dwa v omod egétaon Katdotdaor, TV
Karaotaon 1).

2 nextstate -6E06364253115914061
O nextTidx -1
& nextLink 461 1686015427 357904

Ormob kat ndAt emotpépetat true arod tov eeyyo to@v EAAction

o 1o nextLink &ev eivav FilePointer (0ev eivar pixporepo 100 MAX_PTR =
4611686018427387904) xat étol anmha eeyxet av to nextLink eivat pikpotepo
tov nextLowLink ( mov apywd etval ioo pe DiskGraph.MAX_PTR ) omov

emong Oev  1oxvetl ylati eival ioa kat 6ev kdvet 1o nextLowLink ioo pe 1o
nextLink.

* TomoBetet v Tipr) g nextLowLink otnv dfsStack.
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Tpexovoa kataotaor dfsStack
= O dfsStack MernIntSkack. (id=1045)
= ® elems {id=1049)
= = [0,..99]
& [0] 0 MAX_PTR
& [1] 1073741824
a [7] -1504394061 state
a [3] -159570001
& [4] -1 J tidx
a [5] -1
& [&] 1 loc
a [7] 1526719459
& [8] -1656790009
& [9] -1
& [10] 36
a [11] 0
& [12] i
& [13] 1073741524

5.To m\r|fog twv ototxewwv g otoipfag dfsStack (otnv ovykekpipevn mepimtoorn eival 14) etvat

peyalvtepo amo 2:

+= ECayet ta otoyela moo avtiotolyody OTov IPOTO KOPPOo (IPOKeLTAl yid TV Katdotaor) 2)

g otoipacg.

& lowLink,
¥ curloc

O curTidx
L curState

#= To curloc dev etvan pikpoOtepo Tov 0 ortote 0 KOpPog Oev €xet eSepevvn et

461163601 3427357904

-711585590340 7520205

» 210 OLYKEKPIEVO KOPPo dev éxetl avatebet éva link xat étot Tov avatibetat eva link.

* Enavartonofetet tnv tpexovoa katdaotaon(kopPo) otnv dfsStack, al\d xkdavetr 1)

katdotaorn explored kavovtag to loc oo pe -1.

Tpéxovoa katdotaor) dfsStack

= O dfsStack
= @ elems

=2 & [0,

ke EREREEREPR

Iy

.99]
(o]
(1]
(2]
(2]
(4]
(5]
(]
(7]
[g]
(%]
[10]
[11]
[12]
[13]

MemIntStack (id=1045)

(id=10497

0 MAX_PTR
1073741824

-1504394061 state
-159570001

-1 J tidx

-1

-1 loc

1073741524
1526719459
-1656730009
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Emiong tomofetel tnv tpéyovoa katdotaon oe pia dAn otoifa tnv comStack 1o
IePLEXeEL TI§ KATAOTAOELG AVTEG IOV Eyovv eCepevvndet. (xwplg va kavet to loc oo pe -1.

= @ comStack MemnIntStack, (id=1047)
= = elems (id=1053)
= & [0..99]
& [0] 1]
& [1] 0
& [2] -1
& [3] -1504394061
a [4] -159670001
a [5] 36
& [8] 0
& [7] -1
a [g8] 1526719459
A [9] -1656790009

* Apyxwonotetl pia petaPAnt) nextLowLink ion pe tv newLink xat avSavet tnv teAevtaia
KATd éva.

» Kottdalet OAeg Tig successors KATAOTAOELG ALTIG NG KATAOTAong (11ov eivat dvo). I'a v
IP®TI):

* AapPavetl ta ototyeia oo xapaxtnpifovy TV OLYKEKPIHEVT] SUCCESSOT KATAOTAON)
( xataotaon 3) . ( StateFP, tidx xat to link mov éyet avatebel otnv ovykekpipévn

Katdotaon/xop o)
O nextState -4300539538744082733
9 mextTidx -1
' nextLink 72

*= To nextlink eivat peyalovtepo tov pndevog onote eAéyyet ta EAAction

o ‘Omnov emotpépetarl false xat ermetdr) to nextlink tng successor xatdaotaong etvat
FilePointer ( eivar pixpotepo oo MAX_PTR = 4611686018427387904) tomobetet tnv
successor katdotaorn oty nodeQueue.

H i61a dradikaota enavalapPaverat kat yia v Oevtepn) Kataotaor (fAémovpe amno v
T NG nextState ot mpokettar yia v dwa v omod egétaon Katdotdaor, TV
Katdotaor 2).

2 nexkstake -711585800346 7826205
¥ nexkTidyx -1
) nekLink, 461 1686018427 387305

Ornoo xat aAt emotpepetal false amod tov eéAeyyo tov EAAction

o to nextlink Oev elvan FilePointer (6ev eivar pikporepo 100 MAX_PTR =
4611686018427387904) xat omndte Oev tomolbetel TV SUCCESSOr KATAOTAOI 0TV
nodeQueue.

* TomoBetel v Tipr) g nextLowLink otnv dfsStack.
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Tpexovoa kataotaor dfsStack

= O dfsStack

= & [0...99]
[0]
[1]
(2]
[3]
[4]
(5]
(5]
(7]
(2]
(9]
[10]
[11]
[12]
[13]
[14]
[15]

ek EREPEERERERPRRE

MemInktStack (id=1045)
fid=1049)

1]
1073741524

MAX_PTR

-1504394061
-159370001

1073741824
1526719459
-1656730009

1073741524

state

tidx

loc

6.To m\rifog TV otoyelwv g otoifag dfsStack (otnv ovykekpipévn nepimtoon eivat 16) etvai

peyalvtepo armo 2:

+ ECayet ta otoiyela Iov avtiotolyody OToV IP®mTO KOPPOo (MPOKELTAL yid TNV KATACTAOT) 2)

g otoipag. (avdrjOnke to lowlink xatd éva)

2 lovLinl,
4 curLoc
b oourTidx
4 Curskate

*= To curloc eivat pikpotepo tov 0 omote 0 KOPPog éxet eSepevvnOet

4611656018427357905

-1
-1

-71153559035346//5326205

= Aappavet 1o link tov tpexovta kopPoo (curLink= 4611686018427387905) xat emetdn) etvat

oo pe 1o lowLink

* Ot xkataotdoelg oty comStack amod v Kopov@n péxpt Vv curState oxnuatiCoov éva

SCC. I'tvetat é\eyxog yta "bad" xoxhovg. I'ta to tpéxov pem (PossibleErrorModel), avtr)

1 pebodo eéyyet av to Tpéyov scc ikavomotet ta AEs tov . (I'veopioope 0Tt T0 TpEYOV scc

wavoriotet to EA too pem.)

Av 1kavorotetitat,

aoto TO pem MeEPEXEL &va

counterexample, kat avtr) n pébodo 1ote Kalet v printErrorTrace yia va tonwoet éva

o@AaApa Kat emotpe@et false. Ztnv nepurtoorn pag dev ikavoroteitat.

ZUYKEKPIPEVA IPAYHATOIOELTAL 1) aKOAOLO Sradwkaoia:

ESayetal n mpwtr) katdotaor) g comStack Kat ouyKPivetatl pe v TpEXouoa KatdoTaor)

av etvat 10teg aMa kat av o xoppog <state, tidx> dev éxet stutterring étot wote va

arropaotofet av to component eivat trivial.

4 skakel
O tidxl
@ locl

-71158589034675826205

-1
36
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2TV OLYKEKPIPEVT] TIEPUTT®OL 10XVOLY OAeg Ol ovvOnKeg onoTe eivat trivial. Kat am\a
Kavet to loc g ovykekppevng kataotaong ioo pe MAX_LINK.

= Efayetat to plowLink (mov eivan ico pe DiskGraph.MAX_PTR) amo tnv dfsStack xat
ovykpivetat pe to lowLink tov ovykekpippévoo xkopPoo yia va eheyxbet av 1o tedevtaio etvat
PKpOTEPO TOL. ALTO Oev woxvel yuati eivat toa kat dev xavet to plowLink ico pe 1o
lowLink. Kat etot, anm\a enavartomnobetet to plowLink wg etye otnv dfsStack.

Tpéxovoa xatdotaor dfsStack

= © dfsStack MernIntSkack (id=1045)
= @ elems (id=1049)

a [0] 0 MAX_PTR
a [1] 1073741624
& [Z] -1504394061 state
& [3] -159570001
& [4] -1 —J tidx
& [5] -1
& [B] -1 |
& [7] 0 o¢
a [d] 1073741624

7. To m\nfog T@v otoxewwv g otoifag dfsStack (otnv ovykekpipévr mepimtoorn eivat 9) etval
peyalvtepo armo 2:

+ ECayet ta otolyela mov avtiotolyody OTov IPpmTo KOPPo (MpoKetTatl yia TV Katdotaorn 1)
g otoipag. (avdrjOnke to lowlink xatd éva)

@ lawlink. 46116860158427357904
@ curloc -1
O curTidx -1
O curSkate -6E6636423115914061

*= To curloc eivat pikpotepo tov 0 omote 0 KOPPog Exet eSepevvndet

=  Aappavet 1o link tov tpexovta kopPoo (curLink= 4611686018427387904) xat emetdr) etvat
oo pe 1o lowLink

* Ot xkataotdoelg oty comStack amo v Kopv@rn péxpt Vv curState oxnuatifoov éva
SCC. I'tvetat é\eyxog yta "bad" xkoxhovg. I'ia to tpéxov pem (PossibleErrorModel), avtr)
1 pebodo eéyxet av to Tpéyov scc ikavomotel ta AEs tov . (I'veopioope 0Tt T0 TpEYOV scc
wavorotet to EA too pem.) Av 1kavomoteitai davto TO pem IEPLEXEL €va
counterexample, kat avtr) n pébodo 10t Kalet v printErrorTrace yia va tonwoet éva
o@AaApa Kat emotpeet false. Ztnv mepurtoorn pag dev kavoroteitat.

ZUYKEKPIPEVA IPAYHATONOELTAL 1) AKOAOLO Sradwkaoia:

ESayetal n mpwtr) katdotaor) g comStack Kat ouyKpivetatl pe v TpEXouoa KatdoTaor)
av eivat idteg al\d xat av o kopPog <state, tidx> dev mapovoiadet stutterring tot wote
va arogaotobet av to component eivat trivial.
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O skatel -6E6E364231 15914061
O tidz1 -1
2 loct o

2TV OLYKEKPEVT) MePiITOOT) ITapovotadet stuttering onote Oev eivan trivial.

+ TomoBetovvtat OAot ot kopPot tov component oe évav hashtable. Eexiva o éAeyxog avtov
tov component. To prjkog avtov tov hashtable etvat 128. EAéyyet éva eva ta ototyeia kat
av Oev etvat null tote e€cayet tov kOpPo xat eAéyyel ta AEState (otnv mepinmtwon pag etvat
pndeviko to mhrfog avtmv) xat ta AEAction yia xabfe enopevo xoppo mov deixvel o koppog
Kat o omotog vrdpyet péoa oto hashtable. EAéyxetal av ekmnpmvetat peoo tov promises
dev pmaiver o é\eyxog oe avTO TO Prjpa pag xat dev éyovpe promises (elvat yia v
neplntoon vrapdng tableau). Av ikavomoloovvtat OAeg ot ovvOnkeg TOTe €YOLHE €va
counterexample. Ze epdg eV IKAVOIIOIOLVTAL OMIOTE eV €YOLE Eva counterexample.

= Efayetat to plowLink (mov eivan ioo pe DiskGraph.MAX_PTR) amo v dfsStack xat
ovykpivetat pe to lowLink tov ovykekpipévoo xkopPoo yia va eheyxbet av 1o teAevtaio etvat
PKpOTEPO TOL. ALTO Oev woxvel ylati eivat toa kat dev kavet to plowLink ico pe 1o
lowLink. Kat €tot, am\a enavartonofetet to plowLink wg eiye otnv dfsStack.

Tpéxovoa xatdotaor dfsStack

& dfsstack, MemIntStack (id=48)
= B elems (id=55)
= [& [0...99]
a [0] 0
a [1] 1073741524

8.To m\rifog TV otoxewwv g otoiPag dfsStack (otnv ovyKeKPEVT) MEPUITOON elvat 2, TIEPLEXEL
povo 1o nextLowLink) dev etvat peyaivtepo amod 2 onote PByatvet arro avto to loop.
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21 Emavanyn

Tpéxovoa xatdotaon nodeQueue

2 nodeQueus MemIntQueue (jd=115)
¥ @ diskdir "skates\)10-07-22-21-50-03" (id=54)
= = elems (id=118)
= B [0...99]
& [0] -159570001
a [1] -150439406 1
a [2] -1
a [3] 0
& [4] n
a [5] - 1656790009
a [6] 1526719459
a [7] -1
a [3] 0
a [9] 36
& [10] -1140995776
& [11] -244905333
& [12] -1
a [13] 0
a [14] 72
& [15] -1140995776
a [18] 244005353
a [17] -1
& [18] 0
& [19] 7e

H ovpd nodeQueue éxet akopn otowela omodte enavalapPaveratr 1 napamndave dtadikaoia. ( Tpexov
pfiKog ovpag15)

1.A@ov agaipéoel pia katdotaon ard TV ovpd, Sekva tov vmoloyopod twv SCCs pe v
Katdotaorn avtr) (kataotaor 2) og tov root kopPo. Ta otoiyeta yia v npatn Katdaotaor etvat:

state: -7115858903467826205, tidx: -1, loc(to ptr): 36

2. TomoBetetl ta tpia oroieta g kataotraong kabwg xat v Tyr] DiskGraph.MAX_PTR (long)(To
péyloto prjkog tov apyeiov fileForNodes tov ypagov.) oe pia otoipa dfsStack (tnv omoia xdafe
popa kavet reset yia kabe katdotaor g ovpdg nodeQueue).

3. Apxwornotet pua petaBAntr) newLink va etvat ton) pe v tipr too MAX_PTR.

Tpéxovoa katdotaor dfsStack

O dfsSkack MernIntstack. (id=73)
= @ elems (id=85)
= L& [0,..99]

a [0] 1526719459 state
a [1] -1656790009
a [Z] -1 tidx
a [3] 36
& [4] i loc
& [5] n
& [g] 1073741824 MAX_PTR
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4.To m\rjfog T@v otoyewwv tng otoipag dfsStack eivar peyalvtepo amo 2 (0Ttnv OLYKEKPIHEVN
ePLTTOOT elval 7 ONI®G PALVETAL ArId THV IAPATIAV® EKOVA):

= ECayet Ta ototyeia moov aviiotolyovv otov Ip®to KOpo tng otoiPag.

* To loc eNéyyetat av etval pikpoTepo ToL PNdLV €101 MOTE VA CLPIEPAVEL AV O KOPPOg el
eCepeovnOel. Ztnv mepimtoon pag Oev etvatr pikpotepo tov 0 omote o xOpPog Oev éxel
eCepevvnOet

* X710 ovykekplpévo kopPo exet avatebet eva link.

» Joykpivetar 1o link (=9223372036854775807) mov emotpdgnke pe 1o lowlink
(=4611686018427387904) av eival pikpotepo. Ilpaypa 1o omoio Oev 1oxLel Kal am\da
enavaronobeteitat 1) lowLink otnv dfsStack.

Tpéxovoa xatdotaor) dfsStack

O dfsSkack, MemIntStack (id=46)
= @ elems {id=55)
= B [0...99]
& [0] 1]
& [1] 1073741824

5.To m\rifog TV otorxewwv g otoiPag dfsStack (otnv ovyKekppév) MePUITOON elvat 2, TIEPLEXet
povo 1o nextLowLink) dev etvat peyaivtepo amod 2 onote PByatvet aro avto to loop.

31 Enavanyn

Tpéxovoa xatdotaon nodeQueue

@ nodeQueue MemIntQueue (id=115)
# @ diskdir “states))10-07-22-21-50-03" (id=54)
= @ elems ({id=118&)
= B [0...99]
a [0] -159570001
a [1] -1504394061
& [Z] -1
& [3] u}
& [4] 0
& [5] -1656790009
a [8] 1526719459
& [7] -1
& [3] ]
a [9] 36
a [10] -114099577¢
a [11] -Z44905333
a [12] -1
& [13] ]
& [14] 7z
a [15] -1140995776
& [16] -Z44905333
a [17] -1
& [15] ]
& [19] 7z
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H ovpda nodeQueue £xel akopn ototyela omnote enavalapPaverat ) napardave dtadwaota.( Tpéxov prkog
ovpag 10)

1.Agob agaipéoel pia xatdotaon amd TV ovpd, Sekva tov vmoloywopod twv SCCs pe v
Katdotaorn avtr) (katdaotaon 3) og Tov root kKoppo. Ta otoixela yia v npwty) Katdotaon etvat:

state: -4900539538744082733, tidx: -1, loc(to ptr): 72

2. TonoBetetl Ta tpia otoyeia g karaoraong kabwg xat v Ty DiskGraph.MAX_PTR (long) oe
pwa otoipa dfsStack.

3. Apxwomnotet pia petaPAnt) newLink va etvat ton pe v tiprn too MAX_PTR.

Tpéxovoa xatdotaor) dfsStack

= & dfsStack MemInkStack (id=46)
= @ elems (id=55)
= [& [0...99] -
& [0] -244905333 state
a [1] -1140995776
a [Z] -1 tidx
& [3] 7z ]
& [4] o loc
& [5] 0
& [8] 1073741824 MAX PTR

4.To m\fiPog twv otoxewwv g otoipag dfsStack (otnv ovykekpipévn mepimmon eivatl 7) eivat
peyalvtepo armo 2:

+ ECayet Ta otolyeia mov avilotolyovv otov Ipmto KOpPo (kataotaot) 3) g otoipag.
#= To loc eitvat peyalvtepo amo 0 onote o KOpPog dev exet eGepevvnOet

» 210 ovykekpipevo kopPo Oev éxel avarebet 116 éva link xat orote tov avatibetrat éva
link.

* Enavartomofetet tnv tpexovoa xatdaotaon(kopPo) oty dfsStack, al\da xkdaver 1)
katdotaorn explored kavovtag to loc oo pe -1.

Tpéxovoa katdotaor dfsStack

O dfsStack. MemInkStack (id=117)
= @ elems ({id=120)
= & [0...99]

a [0] 0 MAX_PTR
A [1] 10737415824
a [2] -244908333 state
& [3] -1140995776
4 [4] -1 —] tidx
& [5] -1
& [5] -1 loc

Eniong tomofetel v tpéyovoa katdotaorn oe pia aAn otoifa tv comStack oo
IePLEXEL TIG KATAOTUOELG AVTEG IOV Eyovv eCepevvndet. (xwplg va xavet to loc oo pe -1.
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* com3Stack
= @ elems

= & 0.,

&

F Y
&
F Y
F Y

99]
(o]
(1]
(2]
(3]
[4]

MernIntStack (id=113)
fid=121}

72

0

-1
-244905333
-114099577a

* Apywonotet pia petaPAnt) nextLowLink ion pe tv newLink xat avSavet tnv teAevtaia

KAtd &vd.

* Kottalet ONeg TIg successors KATAOTACELG ALTG TG KATAotaong (oo etvat dvo).

ZOYKEKPIPEVA Y1d TV HIPMTL):

= AapPaver ta otoiela 1ov Xapaktpifoov TV OLYKEKPUHEVI]  SUCCESSOT
(xataotaon 1). ( StateFP, tidx xat to link)

& nexkState
O nextTidx
O nextLink,

-6506354231139140a1
-1
2233720368547 75807

* Tolink etval peyaldrtepo tov pndevog kat enopevag ereyyet ta EAAction

o'Omnov emotpepetat true xat yia tov Aoyo ot to link Oev eivau FilePointer

e\éyxetat av to nextLink etvat pikpotepo amo to nextLowLink yeyovog moo 6ev
oyvel Kat enopévmg dev yivetar katy(dnhadn n avabeon tov nextLink oto

nextLowLink).

H i6wa Stadikaota emavalapPavetat Kat yia v 0evtepr) kataotaor) (PAenovpe ard v

Tipn g nextState OTt mpokertar yla v O v oo e{€raon KAtaotaon, THV

Kardaotaon 3).

' nextStake

O nexkTidx
O mextLink,

* TomoOetel v nextLowLink otnv dfsStack.

-49005395387 440527353
-1
4611686015427357904

Tpéxovoa katdotaor dfsStack

O dfsSkack
= = elems

= |5 [0

[N N I

99]
(0]
(1]
(2]
(3]
[4]
(5]
(]
(7]
(5]

MemInt3tack (id=<&)

(id=55)

u]

10737415824

-244903333 state
-1140995776

-1 tidx

-1

-1 loc

u]

1073741824 MAX_PTR
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5.To mAnfog twv otoxewwv g otoifag dfsStack (otnv ovykekpipevn mepimwon eivat 9) eivat
peyalvtepo amo 2:

+ ECayet ta ototyeia mov aviiotolyovv otov Ipmto KopPo (kataotaor 3) g otoipag.
* To loc etvat pikpotepo toov 0 omote 0 KOPPog Exet eGepevvnOet

= AapPavet 1o link tov tpexovta kopPoo (curLink= 4611686018427387904) xat emetdn) etvat
too pe to lowLink

* Ot xataotdaocelg oty comStack amo v Kopo@r péxptl Vv curState oxnupartiCoov éva
SCC. T'tvetat é\eyxog yua "bad" xoxhovg. I'ia to tpexov pem (PossibleErrorModel), avtr
1 pébodo eleyyel av to Tpéxov sce kavormotet ta AEs tov . (['vopifoope 0Tt To TPEXOV ScC
wavorotet o EA tov pem.) Av kavomoleitai avtd TO pem IHEPEXEL Eva
counterexample, xat avtr) 1 pédodo toTe Kahet v printErrorTrace yia va tonooet éva
o@aApa kot emotpeet false. Ztnv nepirtoorn pag dev kavoroteitat.

ZoyKekppéva npayparonoteitat n akoloodn dadikaota:

ESayetan n mpw 1t katdotaor tng comStack Kat ovykpivetatl pe v TpEXovod Katdaotaor)
av etvat 1dteg alAa kat av o xopPog <state, tidx> dev nmapovoradlet stutterring étot wote
va amnogaotofet av to component eivar trivial.

- statel -49005395357440527 33
O kidxd -1
& ot 72

2TV ODYKEKPHEVT] HEPUTT®OTN) ITapovolalet stuttering omote dev eivat trivial.

TommoBetovvtat oAot ot xkopPot tov component oe évav hashtable. Eexiva o é\eyyog
aotobd tov component. To prxog avtod tov hashtable etvat 128. Eeyyet éva éva ta
otolyeta kat av Oev eivatr null tote efayet tov xopPo xat ehéyyet ta AEState (otnv
neptmtoorn) pag etvat pndeviko to mirjdog avtov) xat ta AEAction yia xdbfe emopevo
KOpPo mov deiyver o kOpPog kat o omoiog vrdpyet péoa oto hashtable. EAéyyxetat av
EKTATPOVETAL PEO® TOV promises Oev pmaivel o éAeyxog oe avto to Prjpa piag Kat dev
éxovpe promises (etvat yia v nepintoon vaapdng tableau). Av ikavomotodvtat 0Aeg ot
ovvlrkeg tOTe €Yovpe €va counterexample. Xe epdg Oev Kavomolovvidat omote Oev
éxoope éva counterexample.

* ESayetat to plowLink (mov eivat ioo pe DiskGraph.MAX_PTR) amo v dfsStack xat
ovykpivetat pe to lowLink tov ovykexkpipévoo kopPoo yia va ekeyxbel av to tehevtaio eivat
HikpoOTEPO TOoL. ADTO Oev oxver yuati etvatl toa xat Oev xavet 1o plowLink ico pe to
lowLink. Kat €tot, arm\da enavatonofetet 1o plowLink wg eiye otnv dfsStack.

Tpéyovoa xataotaon dfsStack

O dfsStack MermIntStack (id=48)
= @ elems {id=55)
= & [0...99]
& [0] 1]
& [1] 1073741824
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6.To m\rj0og twv ototxewwv tg otoifag dfsStack (otnv ovykexpipévn nepimtwor) etvat 2) dev eivat
peyalvtepo amo 2 onote Pyaivet amnod avto To loop.

4n EmavaAnyn

Tpéxovoa xatdotaon nodeQueue

2 nodeQueus MemlIntQueue (id=115)
T @ diskdi "statesi)10-07-22-21-50-03" {id=54)
= @ elems fid=11a)
= [ [0...99]
& [0] -159570001
a [1] -1504394061
& [2] -1
a [3] ]
& [4]
& [5] -1656790009
& [6] 1526719450
& [7] -1
& [3] 1]
& [9] 36
& [10] -1140995776
a [11] -244908333
a [1Z2] -1
& [13] i
& [14] 7z
& [15] -1140995776
& [18] 244005333
& [17] -1
a [18] 0
a [19] 7z

H ovpd nodeQueue éxet akopn otowxela omodte enavalapPaveratl n napamnave dtadikaoia. ( Tpexov
prjKog 0vpag 5)

1.A@ob agaipéoel pa katdotaon ard Ty ovpd, Sekva tov vmoloyopd tov SCCs pe v
KAtdotaon avtr) (kataotaon 2) g tov root kopPo. Ta otoiela yia v npwt) Katdotaon eivat:

state: -4900539538744082733, tidx: -1, loc(to ptr): 72

2. TomoBetet Ta Tpla otoyeia g karaotaong kabwg kat v tpr) DiskGraph.MAX_PTR (long) oe
pwa otoipa dfsStack.

3. Apxwormotet pa petaBAntr) newLink va etvat ton) pe v tipr too MAX_PTR.

Tpéxovoa katdotaor dfsStack

O dfsskack, MemInkStack (id=79)
=l @ elems (id=85)
=l & [0...99]

a [0] -244905333 state
a [1] -1140995775
& [2] -1 - tidx
a [3] 72
& [4] 0 loc
& [5] 0
a [6] 1073741824 MAX_PTR
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4.To m\riPog twv otoxewwv tg otoipfag dfsStack (otnv ovykekpipévn meplmtwon eivat 7) eilvat
peyalvtepo amo 2:

= ECayet Ta ototyeia moov aviiotolyovv otov Ip®to KOpo tng otoiPag.
* To loc etvat peyalvtepo amno oo aro 0 onote o kopPog dev éxet eGepevvndet

* Y10 ODYKEKPIPEVO KOPPO Opwg £xet avatedet ndn ¢va link , dev xavet timota armod to
va emotpéyet anhd tov vnapyov link.

* eleyxel av avto To link mov eyxel emotpaget etval pikpotepo tov lowlink. To tedevtatio
dev 1oxvet onoTe dev 10 avabetet oto lowlink. Téhog tommobetet To lowlink otnv dfsStack.

Tpéxovoa xatdotaor dfsStack

@ dfsstack MermIntStack (id=46)
= ® elems (id=55)
= [ [0...99]
& [0] 0
& [1] 1073741824

5.To mr)fog tav otorelwv g otoifag dfsStack (otnv ocvykekpipévn nepimmon etvat 2) Oev etvat
peyalvtepo amo 2 onodte Pyatvet amnod avto to loop.

Enetta amod oAeg Ti¢ Mapamndave enaval)yelg 1o prjkog g ovpdg nodeQueue eivat 0 kot onote Pyatvet arod
10 loop.

To tpito xat tétapto PossibleErrorModels eivat akpiPwg ta idta pe to dedTePo Kat enopevmg akolovdetitat
1 akpPaog dradikaota pe 1o devtepo PossibleErrorModel.

Metd amo v oAoxArjpworn g 0Ang Stadikaoiag dev enainbevetal kamowo counterexample xat TeAKd
eppavifetat :

6 states generated, 3 distinct states found, 0 states left on queue.
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INapaptypa B: Enenynon Bacwkowv Evvowwy

B.1 Znpaotwodoywko Tableau

H dwadwkaoia anodeilng tov onpactoloyko tableau[3], onwg neprypagnke amo tov Smullyan,
elval éva MA1P®S ALTORATOIOUREVO ovotpa artodeiing dtayevons. Ev oliyotg, pia amodetdn
pag ékppaong X amotelettat amod Ty mapovotaon ot 1 dpvnon g X dev pmopet va
wavornowbet oto model. Eva tableau eivat pia popgr) doadikov 8EVIpov pe pia €K@EAoT o€
kabe xopPo.

H M¢06060g Tableau

H pebodo tableau Paociletatl otnv 10éa OTL pia £K@Paot) elvat £yKvprn av KAt povo av 1) apvnon
g Oev IKavorotettat.

Opopog : Eva kAadog(branch), r) povonatt (path), etvat khetotog av kat éva Aextiko(literal) xat
1| dpvnorn tov ovpPaivoov otov KAAdo, Kat oe dragopetikr) mepimtmor eival avowktog. Evag
KkAe10tog KAadog onpatodotel OTL pia avtikpoovor) xet oopPet.

Opwopog : Eva tableau eivat kAeloto av kat povo av oAot ot kKAadot tov eivat kAelotoi Kat oe
dragopetikr| mepimmorn eivatl avoryto.

Mua anodeiln tableau piag ékgpaong X etvat anhd éva kAetoto tableau g dpvnong mg X. Av
éva tableau mepieyet eva avolyto kKAado tote éva counter-example propet va Kataokevaotel, T0

oroto eivatl pia anotipnorn mov kavorotet v 7 X.

Ta tableau oovdéovtal pe aoto mov eivat yvooto oav OtalevkTikr] Kavovikn pop@r) (disjunctive
normal format,DNF). H DNF etvat pua d1adevdn amno oolevdetg.

To T vnodnAavet 1o true kat 1o L vnmodnlwvet 1o false. Mwa atopikr) éxgpaon etvat éva

IIPOTAOLAKO YPAPHA, 1) dPVNO1) TG, T, 1) L.

X=BIAB2AB3A..ABn

Bi=AlVA2VA3vV..VAm
Al glval pa atopikr| EKQPaon 1 apvnor) g
Zxnua: Disjunctive Normal Form

Z00TATIKA EKPPACEDV

Exgppdoelg o0{evKTIKOD TOIIOL ATIOKANODVTAL A-EKPPAOEL KAl OLAfEDKTIKOD TOIIOD EKPPAOELG
artokalovvtat P-exppdaoets. Mia a- éK@paon eKTpAtTal oe true av Kat HOVo av Td OLOTATIKA
¢, al xat a2, kat ta 6vo ekTipevTat oe true. Opolwg, B-ékppaot) extipdrat oe true av Kat povo
av TOLAAXLOTOV €va arro ta dvo cvotatikd g, P11 B2, ektipovrat oe true.

X 1 (5]
XAY X Y
SXVY) | X | Y
X—Y) | X | Y
&) 31 (32
XV X Y
(X AY) | X | Y
X—=Y -X | Y

Zxnuo: SUCTATIKA TwV o Kol B ekppaoswv
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Restricted TLA ex@pdoelg oo dev éxoov v mapamnave pop@n Oa avagépoviar og R-
ex@paoetg. Ot R-ek@ppdoelg mpériet va eKTIOVTAL 000V d@OpPd £VA HOVOIATL IT €101 IIPOTACCOVHE
TNV €K@PAOT] P TV KATAOTAOL), Yyl Hapddetypa 1) Oo EKTIPATAL OTNV APXLKI) KATAOTAOT] o
oav T0(H9) xau éva state katnyopnua P extipatal oav 70 (P).

Ot R-exgppdoelg prmopovv — emurheov va tadivopnfovv wg Re-ex@pdoelg, ot omoieg dpovv
ouCeLKTIKA Kat Rp- exppaocelg ou omoieg dpovv dtalevktikd. Ta ovotatika amd to xabéva
napovotdfovtat oto akoAovbo oxrjpa. Ot Re- exppdoetg extipovTat o true av Kat pOvVo av Kat
Ta Vo armod TA CLOTATIKA TNG eKTIH®VTAL o true. Ot Rp-exppdoelg exTipovTal oe true av xat
POVO av TOLACYIOTOV &va Ao Ta OLOTATIKA TG EKTIIATAL O¢ true.

Ra Ra1 Ra2
m:i(0¢) mi(9) mit1(09)
mi(O[Aly) | (mi, migp)(A V (7 = f)) | mi+1(TO[A]f)
Ti(=C9) mi(—9) Tit1(=C0)
Rps Ra1 Ra2
i (OP) mi(p) Ti+1(C9)
mi(~O[A]f) | (mi, mis1) CA A =(f = [)) | mis1(=O[A]f)
mi(—00) Ti (=) mis1(—-00)

Jxnpa: Zuotatikd Twv R, kal Rg ekppdoewv
Kavoveg enéxtaong (Expansion Rules)
Ot tableau xavoveg erextaong opifoviatl ®g akoAovdag:
Av 10 —Z AapPavel xopa oe eva KAAdo avtikartéotnoe to pe Z.
Av 10 T Aappavetr yopa oe eva KAAdo avtikatéotnoe to pe L.
Av 10 — L Aappaver xopa oe eéva kKAAdo avtikatéotnoe To pe T.
Av pua a-éxkgpaon Aappavel yopa og éva KAA00 avIiKatéotnoe v pe ai akolovtoopevo armo
az otov 1610 kKAdado.
Av ma B-exgpaon AapPdvel yopa oe éva KAAOo y®ploe Tov eva KAado oe 0o, evav pe B Kat
éva pe Po.
Av mua Re-éxppaon Aappavet xopa oe éva kKAado avtikatéotnoe v pe Ra akoAovbnpévn aro
Ra2 otov 1810 xkAado.
Av mua Rp éxppaon AapPavel xopa oe éva kAado ywproe tov kKAado oe dvo, éva pe Rpr kat eva

pe Rg
Z 1 T a1 Bilf2 Rar Rgi | Rae
o % Ra2
2xnua: Tableau Kavovec eméktaonc (Expansion Rules)
Eppnveia

Mua eppnveta plag éxkgpaong X etvat pia avadeon TPV oe OAeg TG peTAPANTEG O oroieg
AapPdvoov yopa péoa oty X. Mia ék@paor) etvat éykopn av kabe eppnvela avtrg eKTpdtat oe
true.

Iapadetypa Tableau
Meletape pua €k@paon g HOP@PIG MOL TLIKA OLVAVIATAL ypnowpornowvtag tyv TLA+,
dnAadr), g popeng: Init /\ O [ Next | — Properties.
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Ze auto To napadetypa vriobétoope pia petaBAnt) x ) onoia opt{ovpe va £xet pa dovaty Tir)
01 1, o onoio priopovpe va ypdyoope og x & 0,1. Opifoope Init va etvatr x=1. H povr dovartr)
evépyela (action) yia to model pag etvat va avgavetat to x kata 1.
H 1810mta oo embopovpe va enaindevtet etvat ot 1) tipr) g x eivat navta eite 0 eite 1. H
€K@pPaor) oo mpéret va enaindevtet etvat:

{{;1‘F=1::I A O [IfZ I-I—l]r ]—:- ] L {;1‘ - 'D.,].:I
To tableau mapovowaletal oto akolovbo oxnpa, n apibunon Oev elvatr pépog g anodeldng
al\a yprnotpomoteital povo yla tov okomo tg amneikovions. Ta 2,3,4 etvat amno to 1 amod v
EPAPPOYN TOL a-Kavovd, To 5 amda npoobétet v Katdaotaorn npobepa (state prefix) oto 2, 10 6
Kat to 7 etvat ano 1o 4 ano tov Re-kavova, 8 kat 9 etvat amo 1o 6 arod tov Re-kavova, 10 xat 11
elvat ano 1o 3 anod tov B-kavova ( Bopnbeite ot [x=x + 1]x = (x=x+1) V (X' =x)), 12, 13
etvat ano to 7 ano tov Re-xkavova.
O 1o apiotepog kKAAdo, Katalnjyet oto 6, £xet pia vaapdn tov so(x = 1) xat so(—(x € 0, 1)). Aoto
onpaivel 0Tt Kat ot dvo exTp®VTIAl oe true oty katrdaotaor) s0. Avtog o KAadog eivat KAeloTog
erredr) (x =1) xkat (—(x € 0, 1)) mapayoov pia avrigaon.
O x\adog oo xatalryet oto 12 woyvpiletat 0Tt 10 1010 elvat true otV KATAOTAOL S1, EMOPEVMG O
KAadog eivat emiong kAetotog. O kKAddog mov katahryet oto 13 éxet si(x = 2) kat si(—(x € 0, 1))
va oopPatvoov oe avtod. Avtd onpaivel oty katdotaon sl xat ot 6vo etvat true, aAAd avtod
etvat anolota Kalo emedn av 1o x etvat 2 tote 1o x Oev eivat 0 1 1. Avtog o kAadog toTe divet
éva counter-example Tng éKQPAONG KAt COPIEPAiVOL|E OTL 1] IPOSIAYPAPI) TOL OLOTIIATOG OeV
wavorotel v embopntr) WOwotta. Aev yvopifoope av o kAadog oto 9 eivatl kAewotog 1) Oev
etvat aAAd agpoo 10 xovpe evav avoryto KAAdo dev ypetdletatl va ouveXiOOVE.

1 - [((x=1) A O [2'= z+1]. )— (3O (z € {0,1}))]

4-0xe {01}
5 so(x=1)
Gsn(ﬁ{xe{ﬁ }D(KE{UJ}
closed 851{—|[KE{6 9}—&[:{5{0,1}]
10 54 ( x:l)/ }1 ( x=2)
12 51 (= X“E {o1})) 13 51 (= >|<‘E { 0,1}))
ClGLC‘d open

Sxfua : Eva Tableau yia tnv (x=1) A O [x" =x+1], )~ O ((x € 0,1)
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INwooapt opwv

DAG (Directed Acyclic Graph): KateoBovopevog ypdagog xmpig KOKAOLG,.

DNF (Disjuctive Normal Form, AwaCeoktikn) Kavoviki) Mopen)): Mwa éxgpaon) eivat oe
Awalevxtikny Kavovikr) Mopery av eivat pua dialeoln ano eAdayiotovg opovg ((minterm)
elvatl éva ypappa 1) 1 ovleoln ypappdtev) KAvevag drrd Tovg oroiovg dev amoppopd
Kavevav dAlo.

Fairness: Eivat pla amd 11§ onpavtikotepeg £vvoleg OTNV TALTOXPOVI emedepyaoid.
Znpatvel 0Tt kabe depyaocia éxel v evKAlpla va onpelwoet Ipoodo aveSdptnta amo Tig
alAeg Otepyaoteg.

Liveness 1dtotnta: AnAovet 0Tt katt Kalo Oa oopPet tehkd, dnAads) Ot to odoTpa TEAKA
Oa etoaxbel oe pia embBopntr) kardotaon.

Model: Ma amnekovion g COPIIEPLPOPG EVOG OLOTIIATOG,

Model checking: Eivat 1) avtopatn, Paociopevn oe models mpooéyyion yia v enairjfevon
1010 TOV.

RMI(Remote Method Invocation): H enikAnon anopakpoopeveov pebodwv emtpenet oe
éva avrtikeipevo g Java mov Tpexel oe £vav LIIOAOYLOTI), va Kaleoel pa pebodo evog
al\ov avtkelpévoo g Java mov extedeitat oe dA\o upnyavnpa. H mpoomélaon g
peBodov avtr|g yivetat pe v Porideia tov diktdoL.

Safety 0wotyra: Anlover o1t dev mpoxettat moté va oopPel katt kako, onAadr ot to
ovotnpa Oev Oa etoaybet rmote oe pa pn embopntr) Kataotaon.

Stuttering Prpa: Eivatr yvewoto g idling Pripa, eivat éva Prpa to omoio agrjvet to
ovotpa oty idwa katrdotaorn. AnAadr) £ = f yia 0Aeg Tig petapAnteg f.
Brpa: Eivat éva (edyog ano xataotaoelg (s,t) 0moo s eivat 1) DaAld KAtaotaon Kat t ) vea

katdotaor). H s meprypdgetat amo unprimed petaPAntég kat ) t amo primed petaPAntég.

Evépyera: Etval pua ovoyétion petadd d0o KATtaotdoe®v Kal avardaplotd Pid dTOHIKI)
Aettovpyla evog TALTOXPOVOL CLOTIHATOG.

Idwotnta: Elvatl pia ékppaon xpovikng Aoyikr|g 1 onota opiet éva Katnyopnpa Iave oe
OLHIIEPLPOPES.
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Napdptnua A:Napadelypata ektéeéleong TLC 135

Ioxvpa ovvektiky ooviotwoa: Mia oxopd ovvektikr] ooviotwod (strongly connected
component) o¢ &va ypAaPo elvatl £vVag HEYLOTO DIOYPAPOG AIIO KOPPOLG KAl AKPEG TETOL0G
wote kabe kOopPog va etvat npooPaotpog amno kdbe alho kopPo.

Kataotaon: Eivat pua ovoyxkekpipévny avabeon tipov oe Oleg Tig petaPAnteg oe eva
OTLYHLOTLIIO TOL XPOVOU.

Katnyopnpa: Etvat pia oovdaptnon oo emotpeé@et pid AOYKI) TUL).
IIpodiaypaemn: Etvat pua yparrtr) neptypar) Tov Tt €va OLOTH A IPETIEL VA KAVEL
Inpaotodoyiko tableau: Eva nAnjpawg avtopatonoupévo ovotnpa anodeing dtayevorng.

Sopneprpopa: Mua dnelpr) akohovbia Kataotaoemy.
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