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PerÐlhyhTa probl mata ikanopoÐhshc periorism¸n (PIP) apant¸ntai se polloÔc to-meÐc, ìqi mìno thc Plhroforik c, all� kai thc kajhmerinìthtac. P.q. ènadÔskolo tètoio prìblhma eÐnai h kat�rtish wrologÐou progr�mmatoc gia ek-paideutik� idrÔmata. O Programmatismìc me PeriorismoÔc eÐnai mÐa dhmofil csÔgqronh mejodologÐa epÐlushc PIP, pou esti�zei sto na k�nei th f�sh eÔ-reshc lÔsewn enìc PIP ìso to dunatìn apodotikìterh kai anex�rthth apì thf�sh diatÔpws c tou. Se aut n thn ergasÐa epilèxame trÐa basik� sustatik�tou ProgrammatismoÔ me PeriorismoÔc, thn apeikìnish tou pedÐou tim¸n twnmetablht¸n enìc PIP, th di�dosh (epibol ) twn periorism¸n se autèc, kaj¸ckai th mèjodo anaz thshc lÔshc �sugkekrimèna th diqotìmhsh pedÐwn tim¸n�kai proteÐname kainoÔrgiec teqnikèc, h apodotikìthta twn opoÐwn elègqjhkekai peiramatik�.
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Abstract

Constraint satisfaction problems (CSPs) appear in many areas not only of
Computer Science, but in daily routine too. E.g. timetabling for educational
institutes is a (difficult) CSP. Constraint Programming is a popular modern
methodology for solving CSPs, that focuses on making the solving phase of
a CSP as much efficient and independent of the problem statement phase,
as possible. In this work we chose three critical components of Constraint
Programming, the representation of the domains of CSP variables, the pro-
pagation of the constraints to the variables, and the search (for solution)
method—specifically the domain-splitting method—and we proposed new
techniques. We also used experiments to show the efficiency of our propo-
sals.

SUBJECT AREA: Artificial Intelligence
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

Prìlogoc
N�xoc, Aj na, Kìrinjoc, Keqrièc, X�njh, S�pec, orein  Rodìph, Fèrec, Di-dumìteiqo. EÐnai anapìfeukto na mou èrqontai sto mualì topÐa apì ta mèrhìpou ètuqe na diameÐnw ìlo autì to qronikì di�sthma kat� to opoÐo ekponoÔsatoÔth thn ergasÐa. 'Allote se diakopèc, agnanteÔontac to AigaÐo, �llote sthstratiwtik  mou jhteÐa, skot¸nontac thn ¸ra mou sth skopi�, den stam�thsana tribelÐzw th skèyh mou me ta jèmata thc diplwmatik c.Euqarist¸ p�ra polÔ ton epiblèponta thc ergasÐac EpÐkouro Kajhght Panagi¸th Stamatìpoulo pou briskìtan p�nta {online} sto pleurì mou, apìthn pr¸th mèqri kai thn teleutaÐa stigm . H petuqhmènh episthmonik  touporeÐa kai h panjomologoÔmenh didaktik  tou deinìthta ìqi mìno den episki�-zoun, all� anadeiknÔoun ton sp�nio gia thn epoq  mac romantismì me ton opoÐoantimetwpÐzei thn èreuna, to ekpaideutikì tou leitoÔrghma kai genikìtera tonsun�njrwpo.Euqarist¸ jerm� ton EpÐkouro Kajhght  StaÔro Kolliìpoulo gia thsummetoq  tou sthn epitrop  exètashc thc ergasÐac. QwrÐc kal�-kal� na tosuneidhtopoi sw, h parousÐa tou me od ghse sto na dw apì mÐa pio {jew-rhtik } skopi� touc algorÐjmouc pou sqedi�same, ex�gontac kat' autìn tontrìpo polÔtima sumper�smata.Euqarist¸ touc DionÔsh KakaboÔlh, Gi¸rgo KastrÐnh kai Miq�lh SioÔthpou mou èkanan thn tim  na pareurejoÔn sthn parousÐash thc ergasÐac. TouceÔqomai olìyuqa na par�goun kalÔtera apotelèsmata apì ta dik� mou sticdikèc touc ergasÐec �thc koin c mac ereunhtik c perioq c� kai touc upìsqomaiìti ja prospaj sw na touc bohj sw an me qreiastoÔn. Mak�ri na katafè-roume na èqoume thn Ðdia amoibaÐa sunergasÐa, san aut  pou eÐqa me ton FoÐboJeoq�rh kai ton Alèxandro Papaggel , oi opoÐoi eÐnai plèon metaptuqiakoÐ
Νικόλαος Ι. Ποθητός 15



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςfoithtèc; touc eÔqomai ì,ti kalÔtero gia th sunèqeia.Euqarist¸ touc {afaneÐc  rwec} aut c thc ergasÐac, touc goneÐc mou dh-lad , oi opoÐoi, pèra apì thn hjik  kai ulik  upost rix  touc, {èprepe} naakoÔn kai th gkrÐnia mou k�je for� pou k�ti p gaine strab�.Euqarist¸ ton Anjupoloqagì Apìstolo Pourn�ra gia thn epiplèon �deiapou mou qor ghse �gia na proqwr sw mÐa efarmog  sqetik  me th diplwmati-k � ìtan uphretoÔsa th stratiwtik  mou jhteÐa sto Didumìteiqo, ton qeim¸natou 2007�2008. Tèloc, euqarist¸ ton Suntagmat�rqh Gi¸rgo Pìjo gia toendiafèron tou sqetik� me thn poreÐa thc ergasÐac, all� kai gia thn protrop tou na suneqÐsw tic spoudèc mou; mak�ri na mhn ton apogohteÔsw ,.H ergasÐa afier¸netai wc el�qistoc fìroc mn mhc kai tim c ston aeÐ-mnhsto sumfoitht , fÐlo kai sunerg�th Gi�nnh Belesi¸th o opoÐoc èfugeanap�nteqa apì kont� mac to br�du thc prwtoqroni�c tou 2008. Mak�ri naanapaÔetai ekeÐ yhl� pou eÐnai blèpontac ìti h doulei� pou èqei prosfèrei sthneurÔterh ereunhtik  perioq  apoteleÐ akìma shmeÐo anafor�c gia polloÔc apìem�c.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

Sq ma 1: Dèndro anaz thshc gia to prìblhma thc topojèthshc 8 basiliss¸nse mÐa skakièra, ètsi ¸ste na mhn apeiloÔntai metaxÔ touc. DiakrÐnontai 92maÔroi rìmboi pou parist�noun tic lÔseic. (To di�gramma par qjh autìmataapì ton epilut  Naxos.)
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

Kef�laio 1Eisagwg Oi hlektronikoÐ upologistèc ja gÐnoun ta pio jaum�sia ergaleÐaapì th stigm  pou h suggraf  kai h aposfalm�twshprogramm�twn ja eÐnai plèon peritt .� Jean-Louis Laurière, 1976.O Programmatismìc me PeriorismoÔc eÐnai ènac apì touc basikoÔc tomeÐcthc Teqnht c NohmosÔnhc. Gia k�poion {amÔhto} sÐgoura h prohgoÔmenhprìtash den ja èbgaze kai polÔ nìhma. Pìso �mesh mporeÐ na eÐnai h sqèshenìc eÐdouc {programmatismoÔ} me th {nohmosÔnh} pou èqei ènac upologist c?Gia na gÐnei katanoht  aut  h sÔndesh, ja prèpei na anafèroume ènan apìtouc basikoÔc stìqouc tou ProgrammatismoÔ me PeriorismoÔc: na aposundè-sei th f�sh diatÔpwshc enìc probl matoc apì ton algìrijmo epÐlus c tou.Kat' autìn ton trìpo ja mporeÐ ènac programmatist c-qr sthc na dhl¸neieÔkola to prìblhm� tou kai sth sunèqeia na kaleÐtai èna sÔsthma epÐlushcna k�nei thn upìloiph doulei�. 'Oso pio {èxupno} eÐnai autì to sÔsthma, tìsoligìterh doulei� ja èqei na k�nei o qr sthc tou [15]. Sto epìmeno kef�laioja gÐnoume pio safeÐc anaforik� me tic jemeli¸deic idèec pou emperièqontaiston Programmatismì me PeriorismoÔc.MÐa apì autèc afor� sth megalÔterh ekmet�lleush twn periorism¸n enìcprobl matoc, mèsw thc legìmenhc di�dos c touc. 'Ena apì ta trÐa jèmata meta opoÐa asqoloÔmaste se aut n thn ergasÐa eÐnai to {p�ntrema} twn pr¸twnmejìdwn di�doshc periorism¸n me tic pio prìsfatec �p�nw stic opoÐec basÐzon-tai ìla ta sÔgqrona praktik� sust mata epÐlushc. EpÐshc proteÐnoume ènannèo trìpo anapar�stashc enìc pedÐou tim¸n, gia na eÐmaste se jèsh na pe-rigr�youme apodotik� meg�la pedÐa tim¸n twn metablht¸n (sunistws¸n) twn
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςproblhm�twn. Tèloc, epekteÐnoume mÐa up�rqousa mèjodo anaz thshc (poulègetai diqotìmhsh pedÐwn tim¸n) ètsi ¸ste na lamb�nei upìyh tic idiìthteckai touc periorismoÔc tou probl matoc pou epilÔoume.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

Kef�laio 2Programmatismìc mePeriorismoÔcO Programmatismìc me PeriorismoÔc (Constraint Programming – CP) apo-teleÐ ènan eurÔtato tomèa thc Teqnht c NohmosÔnhc kai èna energì pedÐo thcsÔgqronhc episthmonik c èreunac. Esti�zei sta Probl mata IkanopoÐhshcPeriorism¸n (PIP � Constraint Satisfaction Problems – CSPs), o majhmati-kìc orismìc twn opoÐwn dÐdetai parak�tw.ParadeÐgmata tètoiwn problhm�twn apant¸ntai se ìlouc sqedìn touc to-meÐc thc Plhroforik c. P.q. sth Jewrhtik  Plhroforik  èqoume to prìblhmaikanopoÐhshc miac fìrmoulac pou perièqei logikèc (boolean) metablhtèc [16],kaj¸c kai �lla NP-pl rh probl mata; teleutaÐa, gÐnetai epÐshc poll  su-z thsh ìson afor� ton Programmatismì me PeriorismoÔc sthn Upologistik BiologÐa [3].2.1 OrismìcO orismìc �me �lla lìgia h diatÔpwsh enìc PIP� eÐnai polÔ dhlwtikìc. E-x�llou, eÐnai anex�rthtoc apì th diadikasÐa epÐlushc tou probl matoc kaiautìc eÐnai o lìgoc gia ton opoÐon o Programmatismìc me PeriorismoÔc eÐnaitìso dhmofil c: oi polu�rijmec mèjodoi epÐlushc mporoÔn na efarmostoÔnse opoiod pote tètoio prìblhma.'Ena prìblhma ikanopoÐhshc periorism¸n orÐzetai mèsa apì to ex c trÐptu-qo [41, 33]:
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

• Periorismènec metablhtèc (  apl� metablhtèc) pou apoteloÔn to sÔno-lo V = {V1, V2, . . . , Vn}.
• PedÐa tim¸n twn metablht¸n pou apoteloÔn to sÔnolo D = {D1, D2,

. . . , Dn}. Praktik�, mÐa metablht  Vi lème ìti {paÐrnei timèc} apì to
Di, gia 1 ≤ i ≤ n. Se aut  thn ergasÐa jewroÔme ìti k�je pedÐo tim¸neÐnai peperasmèno kai apoteleÐtai apì diakritèc akèraiec timèc.
• PeriorismoÐ pou epib�llontai metaxÔ twn metablht¸n kai apoteloÔnto sÔnolo C = {C1, C2, . . . , Ce}, ìpou to Ci perièqei mia sqèsh me-taxÔ twn pedÐwn tim¸n twn metablht¸n enìc sunìlou Si ⊆ V . O-rÐzoume Ci = (Si, Ti), me Ti ⊆ Di1 × Di2 × · · · × Diq to sÔnolo metouc dunatoÔc sunduasmoÔc gia tic timèc twn metablht¸n tou sunìlou

Si = {Vi1, Vi2 , . . . , Viq}. An�loga me ton arijmì twn metablht¸n thcsqèshc (o opoÐoc isoÔtai me |Si|), katat�ssoume ton periorismì Ci sticex c kathgorÐec/t�xeic periorism¸n:
– An ston periorismì emplèketai mÐa metablht , tìte eÐnai monadiaÐoc(unary).
– An emplèkontai dÔo metablhtèc, tìte eÐnai duadikìc (binary).
– An emplèkontai perissìterec metablhtèc, tìte eÐnai an¸terhc t�xhc(higher order). Sthn eidik  perÐptwsh pou ènac periorismìc mporeÐna sundèsei genik� ènan opoiond pote arijmì metablht¸n n′, tìteprìkeitai gia ènan kajolikì periorismì (global constraint).P.q., gia tic metablhtèc V1 kai V2 me pedÐa tim¸n èstw {0, 1, 2, 3}, o pe-riorismìc thc isìthtac mporeÐ na dhlwjeÐ san C1({V1, V2}, {(0, 0), (1, 1),

(2, 2), (3, 3)}). Parìti autìc o sumbolismìc eÐnai ìso pio genikìc gÐne-tai, sthn pr�xh qrhsimopoioÔme aplèc sqèseic gia na perigr�youme tadÐktua periorism¸n. Sto parap�nw par�deigma, o periorismìc mporeÐ nagrafeÐ apl� san V1 = V2.'Otan to pedÐo tim¸n k�je metablht c gÐnei monosÔnolo, me �lla lìgia ìtank�je metablht  isoÔtai me mÐa sugkekrimènh tim , tìte èqoume mÐa an�jesh(assignment). ('Otan to pedÐo tim¸n miac metablht c perièqei mÐa mìno tim ,tìte lème ìti eÐnai desmeumènh (bound   singleton).) 'Otan mÐa an�jesh eÐnaisunep c wc proc touc periorismoÔc tou probl matoc, tìte mporoÔme na thnonom�soume kai lÔsh.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς2.2 Par�deigmaSe aut n thn enìthta perigr�fetai èna aplì par�deigma probl matoc ikano-poÐhshc periorism¸n; sugkekrimèna, an kei sthn kathgorÐa twn kruptarÐjmwn.2.2.1 Krupt�rijmoi'Enac krupt�rijmoc (cryptarithm, pou perigr�fetai kai san verbal arithmetic)eÐnai èna majhmatikì paÐgnio pou perilamb�nei mÐa majhmatik  exÐswsh metaxÔagn¸stwn arijm¸n, twn opoÐwn ta yhfÐa anaparÐstantai apì gr�mmata. Ostìqoc tou eÐnai na brejeÐ h arijmhtik  tim  k�je gr�mmatoc.'Ena tetrimmèno par�deigma kruptarÐjmou eÐnai o A + B = C. MÐa lÔsheÐnai h {A← 1, B ← 2, C ← 3}. H an�jesh {A← 1, B ← 1, C ← 2} den mackalÔptei (den eÐnai lÔsh), giatÐ, paradosiak�, kajèna gr�mma anaparist� ènadiaforetikì yhfÐo. EpÐshc, isqÔei ìti to pr¸to yhfÐo tou k�je arijmoÔ eÐnaimh mhdenikì.2.2.2 DiatÔpwsh enìc KruptarÐjmou wc PIPTo kurÐwc par�deigma PIP pou ja doÔme eÐnai o krupt�rijmoc:
A S

+ A

-------

M U MGia na orÐsoume to PIP, dhl¸noume ta trÐa sÔnola pou to apoteloÔn:
• Metablhtèc: A, S, M, U , dhlad  ìla ta gr�mmata pou blèpoume stonkrupt�rijmo.
• PedÐa tim¸n (twn antÐstoiqwn metablht¸n): DA = [1..9], DS = [0..9],

DM = [1..9], DU = [0..9]. Epeid  ta gr�mmata A kai M up�rqounsthn arq  lèxewn, èqoume afairèsei to 0 apì ta antÐstoiqa pedÐa. Me
[a..b] sumbolÐzoume to sÔnolo akeraÐwn {a, a + 1, . . . , b}.
• PeriorismoÐ: O sundetikìc krÐkoc metaxÔ twn metablht¸n eÐnai h exÐsw-sh:
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A S

+ A

-------

M U Mpou mporeÐ na {metafrasteÐ} sthn
10 · A + S + A = 100 ·M + 10 · U + M. (2.1)Autìc eÐnai kai o pr¸toc periorismìc, o opoÐoc prèpei na ikanopoieÐtaiapì tic metablhtèc. O deÔteroc periorismìc sumpukn¸netai sth fr�sh{oi metablhtèc prèpei na eÐnai diaforetikèc metaxÔ touc}. H majhmatik diatÔpwsh dÐdetai parak�tw:1

A 6= S, A 6= M, A 6= U,
S 6= M, S 6= U,

M 6= U.
(2.2)Tèloc, ja mporoÔse kaneÐc na prosjèsei sto sÔnolo twn periorism¸ntouc

A 6= 0 kai M 6= 0,afoÔ ta A kai M apoteloÔn ta pr¸ta gr�mmata twn lèxewn AS kai
MUM antÐstoiqa. 'Omwc, epeid  prìkeitai gia monadiaÐouc periorismoÔc�ston kajènan emplèketai mÐa metablht �, èqoume  dh prosarmìsei tapedÐa tim¸n DA kai DM ètsi ¸ste na mhn perièqoun to 0. Kat� sunèpeia,den qrei�zetai na asqolhjoÔme plèon me touc periorismoÔc autoÔc.2.3 Anaz thshO Programmatismìc me PeriorismoÔc perilamb�nei dÔo f�seic,  , me diaforeti-k� lìgia, dÔo reÔmata: a) autì thc diatÔpwshc enìc PIP kai thc montelopoÐ-hs c tou me to opoÐo asqolhj kame stic prohgoÔmenec enìthtec kai b) autì1Ο περιορισμός «οι μεταβλητές ενός συνόλου, έστω P , πρέπει να είναι διαφορετικές μεταξύ

τους» είναι συνηθισμένος στα ΠΙΠ και ονομάζεται AllDifferent, ή AllDiff. Στο παράδειγμά
μας δηλαδή, ισχύει:

AllDifferent(P ), P = {A, S, M, U}.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςthc epÐlus c tou, dhlad  thc anaz thshc lÔshc (search), me to opoÐo ja a-sqolhjoÔme kurÐwc apì dw kai pèra. Wstìso, den prèpei na parablèyoume ìtito pr¸to reÔma eÐnai exÐsou shmantikì, kaj¸c h megalÔterh eukolÐa me thn o-poÐa diatup¸nei kaneÐc èna PIP ja k�nei ton Programmatismì me PeriorismoÔcakìma pio qr simo kai dhmofil .Sth sunèqeia parousi�zontai perilhptik� oi basikèc kathgorÐec twn me-jìdwn epÐlushc. 'Ena apì ta kÔria pleonekt mata tou ProgrammatismoÔ mePeriorismoÔc èqei na k�nei me th genikìthta twn algorÐjmwn anaz thshc pouqrhsimopoieÐ. Oi mèjodoi dhlad  eÐnai genikèc (generic) kai mporoÔn na {dou-lèyoun} gia opoiod pote PIP, �llote me perissìterh kai �llote me ligìterhepituqÐa. Ex�llou, den mporeÐ na up�rqei mÐa apodotik  mèjodoc gia ìla taPIP, afoÔ metaxÔ aut¸n up�rqoun probl mata pou èqoun apodeiqjeÐ ìti eÐ-nai dÔskola (NP-pl rh) �ìpwc o qronoprogrammatismìc� kai gia th gr gorhepÐlush twn opoÐwn anagkazìmaste na prosarmìzoume   kai na all�xoume ticmejodologÐec anaz thshc lÔshc, epilègontac mèsa apì mÐa plhj¸ra gnwst¸nalgorÐjmwn.
2.3.1 Gènna-kai-DokÐmazeMÐa tetrimmènh mejodologÐa epÐlushc enìc PIP eÐnai na p�roume ìlouc toucdunatoÔc sunduasmoÔc twn tim¸n pou mporoÔn na anatejoÔn stic metablhtèc(dhlad  to kartesianì ginìmeno D1 ×D2 × · · · ×Dn) kai na touc exet�zoumeènan proc ènan (wc proc thn ikanopoÐhsh ìlwn twn periorism¸n), mèqri nabroÔme mÐa lÔsh. H mèjodoc aut  onom�zetai gènna-kai-dokÐmaze (generate-
and-test).Den eÐnai dÔskolo na fantastoÔme pìso anapotelesmatikìc eÐnai autìc oalgìrijmoc, afoÔ ft�nei sto shmeÐo na exet�zei ìla ta stoiqeÐa tou kartesia-noÔ ginomènou pou eÐnai ekjetik� poll� wc proc to n.Par�deigmaEpistrèfoume sto par�deigma thc § 2.2. Gia na epilujeÐ o krupt�rijmoc AS +
A = MUM , ja prèpei na p�roume tic anajèseic
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A S M U1 0 1 01 0 1 11 0 1 2...9 9 9 9kai na tic elègxoume mÐa proc mÐa an ikanopoioÔn touc periorismoÔc (2.1) kai(2.2).Telik�, ja ft�soume sthn 7381h an�jesh, gia na broÔme th lÔsh {A ←
9, S ← 2, M ← 1, U ← 0}, en¸, an den up rqe lÔsh, ja èprepe na elègxoumeìlouc touc sunduasmoÔc, o arijmìc twn opoÐwn eÐnai Ðsoc me |DA| · |DS| · |DM | ·
|DU | = 9 · 10 · 9 · 10 = 8100.2.3.2 Topik  Anaz thshH topik  anaz thsh (local search) qrhsimopoieÐtai eurèwc gia thn epÐlushdÔskolwn upologistik¸n problhm�twn. Akìma kai s mera pou oi mèjodoianaz thshc me opisjodrìmhsh (oi opoÐec onom�zontai kai susthmatikèc,  �mesec, ìpwc ja doÔme kai se epìmenh enìthta) exelÐqjhkan shmantik�, denèqoun ft�sei sto epÐpedo na lÔnoun arket� meg�la kai polÔploka stigmiìtupaproblhm�twn, ta opoÐa gÐnetai na epilujoÔn mèsw topik c anaz thshc (h opoÐaqarakthrÐzetai kai san {èmmesh} mèjodoc).O algìrijmoc pÐsw apì k�je mèjodo topik c anaz thshc sunoyÐzetai sthnex c prìtash: Xekin�me apì mÐa (tuqaÐa) an�jesh, h opoÐa pijanìn na eÐnaimerik , dhlad  na mhn perilamb�nei ìlec tic metablhtèc kai, epanalhptik�,belti¸noume aut  thn {upoy fia lÔsh} k�nontac mikrèc allagèc. O akrib ctÔpoc twn allag¸n aut¸n eÐnai to shmeÐo sto opoÐo diafèroun metaxÔ touc oimèjodoi topik c anaz thshc [18].Geitonièc AnajèsewnAn efarmìsoume mÐa allag  se mÐa an�jesh a1 kai prokÔyei mÐa an�jesh
a2, tìte lème ìti oi dÔo anajèseic eÐnai geitonikèc. Kat� autìn ton trìpoorÐzontai oi geitonièc anajèsewn. (P.q. an h a2 an kei sth geitoni� thc a1, tìtegr�foume a2 ∈ N(a1).) MÐa gnwst  geitoni� eÐnai h 1-enallag  (1-exchange
neighbourhood), sÔmfwna me thn opoÐa dÔo anajèseic eÐnai geitonikèc an kaimìno an diafèroun sthn tim  pou èqei anatejeÐ se mÐa metablht .
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςEpanalhptik  BeltÐwshMÐa apl  mèjodoc topik c anaz thshc eÐnai h epanalhptik  beltÐwsh (itera-
tive improvement), gnwst  kai wc anarrÐqhsh lìfou (hill climbing). Gia namporoÔme na axiologoÔme kajemÐa an�jesh se aut n th mèjodo, qrhsimopoioÔ-me mÐa sun�rthsh apotÐmhshc g. 'Otan loipìn se k�poio b ma thc sugkekrimè-nhc mejìdou èqoume thn an�jesh a1, proqwr�me se mÐa an�jesh a2 ∈ N(a1),efìson g(a2) < g(a1), efìson dhlad  h sun�rthsh apotÐmhshc belti¸netai.An g(a1) = 0, tìte h a1 eÐnai lÔsh kai o algìrijmoc den eÐnai aparaÐthto nasuneqÐsei.2.3.3 Mèjodoi me OpisjodrìmhshH topik  anaz thsh, an kai gnwst  gia thn apotelesmatikìtht� thc se mÐapoikilÐa shmantik¸n problhm�twn, idÐwc kat� thn klim�kws  touc, den eÐnai engènei pl rhc mèjodoc, dhlad  den brÐskei ìlec tic lÔseic enìc probl matoc,pr�gma pou eÐnai eÔkolo na faneÐ akìma kai se mikr� stigmiìtupa problhm�-twn. Sunep¸c, èqei gÐnei poll  èreuna p�nw stic pl reic mejìdouc, oi opoÐecemperièqoun se mikrìtero bajmì to stoiqeÐo thc tuqaiìthtac kai, sun jwc,eÐnai pio katanohtèc kai sunakìlouja elkustikèc.En¸ sthn topik  anaz thsh kai sth gènna-kai-dokÐmaze dÐname timèc se ìlectic metablhtèc kai sth sunèqeia elègqame an parabi�zontan oi periorismoÐ,sthn opisjodrìmhsh dÐnoume tim  se mÐa metablht  kai èpeita elègqoume anisqÔoun oi periorismoÐ gia tic  dh desmeumènec (bound) metablhtèc.Oi algìrijmoi me opisjodrìmhsh problèpoun ìti an kat� thn an�jesh ti-m c se mÐa metablht  brejeÐ ìti parabi�zetai k�poioc periorismìc �metaxÔ twn dh desmeumènwn metablht¸n p�nta�, tìte epilègetai mÐa �llh tim  apì to pe-dÐo tim¸n thc. An èqoume dokim�sei ìlec tic timèc tou pedÐou thc metablht c,opisjodromoÔme ( , me �lla lìgia, upanaqwroÔme), dhlad  dokim�zoume thnepìmenh tim  thc prohgoÔmenhc metablht c pou desmeÔjhke. An apotÔqounìlec oi anajèseic kai gia aut n, tìte opisjodromoÔme sthn proprohgoÔme-nh k.o.k. Dèsmeush ìlwn twn metablht¸n me ikanopoÐhsh twn periorism¸nshmaÐnei epituqÐa, en¸ antÐjeta h an�gkh na opisjodrom soume pÐsw apì thnpr¸th metablht  isodunameÐ me apotuqÐa.Ston yeudok¸dika pou akoloujeÐ h opisjodrìmhsh epitugq�netai mèswanadrom c:
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function BackTracking(V ariables, Constraints)
if exists unbound v in V ariables then

for each a in domain(v) do

v ← a
if there is no violation of Constraints
for the V ariables that are bound then

BackTracking(V ariables, Constraints)
end if

end for

v ← domain(v)
else

return true . Brèjhke lÔsh!
end if

return false . ApotuqÐa
end functionKat� thn efarmog  tou algorÐjmou sto par�deigma thc § 2.2 emfanÐzontai taex c b mata:

A S M U
Periorismìcpou parabi�zetai Opisjodrìmhsh11 01 0 1 (2.2)1 0 21 0 2 0 (2.1)1 0 2 1 (2.1)...1 0 2 9 (2.1) X1 0 31 0 3 0 (2.1)1 0 3 1 (2.1)...1 0 9 9 (2.1) X1 1 (2.2)1 2 ...
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςH mèjodoc xekin� me thn an�jesh A ← 1. Den èqoume parabÐash k�-poiou periorismoÔ, opìte proqwr�me sthn an�jesh S ← 0. H merik  an�-jesh {A ← 1, S ← 0} den parabi�zei touc periorismoÔc metaxÔ twn  dhdesmeumènwn metablht¸n (touc upìloipouc periorismoÔc den touc exet�zou-me oÔtwc   �llwc), opìte p�me sto trÐto b ma kai paÐrnoume thn an�jesh
{A← 1, S ← 0, M ← 1}. 'Omwc o periorismìc (2.2) (sugkekrimèna o A 6= M)den threÐtai, opìte exet�zoume kateujeÐan thn epìmenh tim  tou DM (qwrÐc naèqoume ft�sei akìma sth U , glit¸nontac ètsi 10 elègqouc).Met� thn an�jesh {A ← 1, S ← 0, M ← 2, U ← 9} èqoume thn pr¸thopisjodrìmhsh, gia na p�roume th merik  an�jesh {A ← 1, S ← 0, M ←
3}.2 Mèqri na ft�soume sth lÔsh, èqoume poll� {kladèmata}3 apì ta opoÐaglit¸noume polloÔc elègqouc periorism¸n, ìpwc parap�nw. Kai autì giatÐden eÐnai aparaÐthto na exet�zoume apokleistik� pl reic anajèseic; mporoÔmena elègqoume touc periorismoÔc metaxÔ twn metablht¸n akìma kai gia miamerik  an�jesh.ApodeiknÔetai ìmwc ìti sth qeirìterh perÐptwsh h opisjodrìmhsh èqei thnÐdia apodotikìthta me th gènna-kai-dokÐmaze. Epino jhkan loipìn teqnikèc,ìpwc h di�dosh periorism¸n pou ja doÔme sth sunèqeia, gia akìma perissìterhmeÐwsh tou q¸rou anaz thshc.2.3.4 Di�dosh Periorism¸nTo {mustikì} thc di�doshc periorism¸n eÐnai ìti prospajeÐ na ekmetalleu-teÐ ìlouc touc periorismoÔc, dhlad  ìqi mìno touc periorismoÔc pou aforoÔntic  dh desmeumènec metablhtèc, ìpwc k�nei h mèjodoc thc prohgoÔmenhc e-nìthtac. 'Eqoume èna {kl�dema} tou dèndrou anaz thshc, me skopì na mhnanatejoÔn sto mèllon lanjasmènec timèc (a priori pruning). Prin thn parou-sÐash twn algorÐjmwn, ja doÔme p¸c mporeÐ na apotupwjeÐ san gr�foc ènaPIP.To dÐktuo periorism¸n (constraint network) eÐnai ènac gr�foc me kìmboucpou anaparistoÔn tic metablhtèc. Touc kìmbouc sundèoun akmèc pou ana-paristoÔn touc periorismoÔc. Mia akm  en¸nei dÔo kìmbouc-metablhtèc kaiepomènwc sumbolÐzei ènan duadikì periorismì. Oi monadiaÐoi periorismoÐ deneÐnai an�gkh na anaparastajoÔn, kaj¸c mporoÔn na ikanopoihjoÔn se mia f�sh2 ΄Οταν παραβιάζονται περισσότεροι από ένας περιορισμοί, αρκεί να αναφέρουμε έναν μόνο
από αυτούς στη στήλη «Περιορισμός που παραβιάζεται».3Τα μονοπάτια τα οποία δεν οδηγούν σε λύση ονομάζονται ασυνεπή και στην αγγλική
ορολογία «no-goods».
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςproepexergasÐac mèsw thc diagraf c k�poiwn tim¸n apì ta pedÐa twn meta-blht¸n. An eÐqame p.q. th metablht  Vi me pedÐo tim¸n Di = {−2,−1, 0, 1, 2}kai ton monadiaÐo periorismì Vi ≥ 0, tìte apl� ja jètame san pedÐo tim¸nthc Vi to D′

i = {−6 2,−6 1, 0, 1, 2} = {0, 1, 2}, apì thn arq . 'Oson afor�thn anapar�stash periorism¸n an¸terhc t�xhc sto dÐktuo periorism¸n, deneÐnai aparaÐthth, afoÔ apodeiknÔetai ìti: K�je prìblhma ikanopoÐhshc perio-rism¸n mporeÐ na metasqhmatisteÐ se èna isodÔnamo prìblhma, pou perièqeimìno duadikoÔc periorismoÔc. O metasqhmatismìc autìc lègetai duadikopoÐh-sh (binarization).To dÐktuo periorism¸n eÐnai to mèso sto opoÐo ja diadÐdontai oi periori-smoÐ (propagation). Oi algìrijmoi pou ja doÔme gia autì to dÐktuo-gr�fo,epiqeiroÔn na ton fèroun se mia kat�stash sunèpeiac akm¸n (arc consistency
– AC). Mia akm  (Vi, Vj) eÐnai sunep c, an gia k�je x ∈ Di, up�rqei y ∈ Dj ,tètoio ¸ste to zeÔgoc tim¸n (x, y) na mhn parabi�zei ton periorismì gia thnakm  aut . 'Otan mia akm  (Vi, Vj) eÐnai sunep c, tìte den isqÔei aparaÐthtaìti kai h (Vj, Vi) eÐnai sunep c, afoÔ h sunèpeia eÐnai kateujunìmenh. P.q.èstw V1 ∈ {17, 18} kai V2 ∈ {7, 8, 9} me V1 = V2 + 10. IsqÔei ìti h (V1, V2)sunep c kai h (V2, V1) asunep c, afoÔ den up�rqei y ∈ D1, me y = 9 + 10.Me ton parak�tw algìrijmo mporoÔme na exasfalÐsoume th sunèpeia mÐacakm c (Vi, Vj), afair¸ntac tic timèc tou Di pou den ikanopoioÔn ton periorismìgia tic dÔo metablhtèc. (P.q. gia thn parap�nw akm  (V2, V1), afaireÐ to 9apì to D2.)

function Revise(Vi, Vj)
del← false
for each x in Di do

if there is no y ∈ Dj, with (x, y) not violating the constraint then

delete x from Di

del← true
end if

end for

return del
end functionH mèjodoc aut  kaleÐtai apì k�poion algìrijmo epibol c sunèpeiac akm¸n.Den up�rqei mìno ènac tètoioc algìrijmoc, all� olìklhrh oikogèneia algo-rÐjmwn AC. P.q. oi AC-1, AC-2, . . . , AC-7 kai o pio prìsfatoc AC-2001. AcdoÔme ton pr¸to algìrijmo AC [26]:
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procedure AC-1(G)
Q← {(Vi, Vj) | (Vi, Vj) ∈ arcs(G)}
repeat

changed← false
for each (Vi, Vj) ∈ Q do

changed← changed or Revise(Vi, Vj)
end for

until not changed
end procedureParathroÔme ìti o algìrijmoc met� apì k�je allag  ston gr�fo, elègqeixan� tic akmèc tou gia na diapistwjeÐ an eÐnai sunepeÐc. Kai autì giatÐ mporeÐna sumbeÐ to fainìmeno tou ntìmino: na afairejeÐ mia tim  tou pedÐou miacmetablht c V1 gia gÐnei sunep c mia akm  (V1, V2) kai autì na prokalèseiasunèpeia se akmèc tÔpou (Vx, V1). An prosèxoume ton AC-1 ìmwc, ja doÔmeìti den ja elègxei mìno tic akmèc tÔpou (Vx, V1), all� ìlec. O AC-3 èrqetaina stamat sei aut n th spat�lh stouc elègqouc [26]:
procedure AC-3(G)

Q← {(Vi, Vj) | (Vi, Vj) ∈ arcs(G)}
while Q 6= ∅ do

select and delete (Vk, Vm) from Q
if Revise(Vk, Vm) then

Q← Q ∪ {(Vi, Vk) | (Vi, Vk) ∈ arcs(G), i 6= m}
end if

end while

end procedureTonÐzetai ìti h sunèpeia twn akm¸n enìc gr�fou den shmatodoteÐ ìti up�r-qoun mÐa   perissìterec lÔseic, oÔte kan ìti ja èqoume lÔsh. Gia tou lìgouto alhjèc parousi�zontai oi treic gr�foi tou Sq matoc 2.1. 'Otan ìmwc èqounafairejeÐ ìlec oi timèc apì k�poia metablht  tìte sÐgoura den up�rqei lÔsh.Apì thn �llh pleur�, ìtan ìlec oi metablhtèc èqoun monomel  pedÐa tim¸n sekat�stash sunèpeiac akm¸n, èqoume mprost� mac mÐa lÔsh.
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(βʹ) 'Eqei dÔo lÔseic
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{1, 2}
VB 6= VΓ

¬((VB = 2) ∧ (VΓ = 3))
onmlhijkVΓ

{2, 3}

(γʹ) 'Eqei monadik  lÔshSq ma 2.1: Treic gr�foi me sunèpeia wc proc tic akmèc
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςGenikeumènh Sunèpeia Akm¸nGia na epib�lloume sunèpeia akm¸n se periorismoÔc an¸terhc t�xhc (pou eÐnaiekeÐnoi stouc opoÐouc summetèqoun perissìterec apì dÔo metablhtèc), up�rqeih diadikasÐa thc duadikopoÐhshc pou proanafèrjhke. MporoÔme, dhlad , naepib�lloume sunèpeia akm¸n stouc duadikoÔc periorismoÔc pou par�gontaiapì ènan periorismì an¸terhc t�xhc.O �lloc drìmoc eÐnai na epib�lloume apeujeÐac th legìmenh genikeumènhsunèpeia akm¸n (generalized arc consistency – GAC,   hyper-arc consistency)ston Ðdio ton periorismì. Prìkeitai gia mÐa epèktash thc ènnoiac thc sunèpeiacakm¸n kai anafèretai se mÐa metablht  kai ènan periorismì.MÐa metablht  Vi eÐnai sunep c wc proc ènan periorismì ston opoÐo em-plèkontai oi metablhtèc {V1, . . . , Vi−1, Vi, Vi+1, . . . , Vk}, an gia k�je tim  vitou pedÐou tim¸n thc Vi up�rqei mÐa plei�da tim¸n 〈v1, . . . , vi−1, vi+1, . . . , vk〉apì ta antÐstoiqa pedÐa tim¸n, h opoÐa, mazÐ me thn vi, den ja parabi�zei tonperiorismì.Par�deigma. 'Estw ìti èqoume ton periorismì V1 + V2 = V3, me D1 =
D2 = D3 = [1..9], kai èstw ìti jèloume na epib�lloume genikeumènh sunèpeiaakm¸n gia th metablht  V1. PaÐrnoume mÐa-mÐa tic timèc tou D1 kai y�qnoume{sthrÐgmata} ( , pio epÐshma, {timèc upost rixhc} (support values)) sto D2×
D3. Gia thn tim  v1 = 1 èqoume thn {plei�da upost rixhc} 〈v2, v3〉 = 〈1, 2〉,afoÔ isqÔei v1 + v2 = v3.4 Gia v1 = 2 èqoume thn 〈1, 3〉, gia v1 = 3 thn
〈1, 4〉, . . . , gia v1 = 8 thn 〈1, 9〉. Gia v1 = 9 ìmwc, den èqoume k�poia plei�daupost rixhc, sunep¸c prokaleÐtai mÐa asunèpeia.Sunèpeia OrÐwnH sunèpeia orÐwn (bounds consistency) eÐnai mÐa pio qalar  ènnoia se sqèshme th sunèpeia akm¸n, all� sun�ma polÔ qr simh, afoÔ h Ôparx  thc mporeÐna elegqjeÐ grhgorìtera. Se aut  thn ergasÐa qrhsimopoioÔme polloÔc pe-riorismoÔc an¸terhc t�xhc, opìte boleÔei na perigr�youme th sunèpeia orÐwnètsi ¸ste na touc kalÔptei kai autoÔc.H (genikeumènh) sunèpeia orÐwn, loipìn, an�mesa se mÐa metablht  Vi kaiènan periorismì ston opoÐo emplèkontai oi metablhtèc {V1, . . . , Vi−1, Vi, Vi+1,. . . , Vk} isqÔei an gia kajèna apì ta dÔo �kra tou Di, dhlad  ta min(Di)4Εκτός από τη 〈v2, v3〉 = 〈1, 2〉, έχουμε και τις πλειάδες υποστήριξης 〈2, 3〉, 〈3, 4〉, . . . ,
〈8, 9〉, αλλά εμείς αρκεί να βρούμε μία μόνο πλειάδα υποστήριξης.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςkai max(Di), up�rqei {plei�da upost rixhc} 〈v1, . . . , vi−1, vi+1, . . . , vk〉 sto
D1 × · · · ×Di−1 ×Di+1 × · · · ×Dk.5EÐnai shmantikì ìti h sunèpeia orÐwn parousi�zei ìmoia sumperifor� me thsunèpeia akm¸n sta ex c dÔo krÐsima shmeÐa: a) ìtan k�poia metablht  èqeikenì pedÐo tim¸n sthn kat�stash sunèpeiac orÐwn, tìte to prìblhma den èqeilÔsh kai b) ìtan ìlec oi metablhtèc èqoun monomel  pedÐa sthn kat�stashsunèpeiac orÐwn, tìte h sugkekrimènh an�jesh eÐnai kai lÔsh tou probl matoc.Wstìso, h sunèpeia akm¸n prokaleÐ perissìtera kladèmata sto dèndroanaz thshc, afoÔ afaireÐ perissìterec timèc apì ta pedÐa tim¸n twn metablh-t¸n, ètsi ¸ste na ta fèrei se sunèpeia. Parìla aut� èqei èna epiplèon qronikìkìstoc, ìson afor� thn epibol  thc, se sqèsh me th sunèpeia orÐwn. Opì-te èna jèma proc suz thsh eÐnai na brejeÐ h qrus  tom  sto ex c {Jèloumemikrìtero dèndro anaz thshc   taqÔterh exètash thc sunèpeiac enìc kìmboutou?}. (H ap�nthsh se aut n, ìpwc kai se pollèc tètoiou eÐdouc erwt seiceÐnai koinìtuph: {Exart�tai apì to prìblhma pou jèloume na epilÔsoume}.)Par�deigma. Ac xanadoÔme to par�deigma thc prohgoÔmenhc paragr�fou,dhlad  ton periorismì V1 + V2 = V3, me D1 = D2 = D3 = [1..9]. Sthgenik  sunèpeia akm¸n exet�same ìlec tic timèc tou D1 gia na apodeÐxoumethn asunèpeia, en¸ sth sunèpeia orÐwn arkeÐ na elègxoume ti gÐnetai gia thnel�qisth tim  min(D1) = 1 kai gia th mègisth max(D1) = 9. Me dÔo mìlicelègqouc ja deÐqname thn asunèpeia (pou prokaleÐtai apì th max(D1), ìpwceÐdame sthn prohgoÔmenh par�grafo).

5Υπάρχει και μια ακόμα –ελαφρώς χαλαρότερη– εκδοχή της συνέπειας ορίων που λέει ότι
η πλειάδα υποστήριξης 〈v1, . . . , vi−1, vi+1, . . . , vk〉 πρέπει να ανήκει στο [V 1..V 1] × · · · ×
[V i−1..V i−1]× [V i+1..V i+1]× · · · × [V k..V k] (με V i και V i συμβολίζουμε την ελάχιστη
και τη μέγιστη τιμή του πεδίου τιμών Di, αντίστοιχα) [7]. Δεν θα ασχοληθούμε στη συνέχεια
με αυτήν.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

Kef�laio 3H Mhqan  Di�doshcPeriorism¸n AC-5+H di�dosh periorism¸n eÐnai mia morf  exagwg csumper�smatoc, ìqi anaz thshc, kai wc tètoia eÐnaiperissìtero {ikanopoihtik }, tìso teqnik� ìso kai aisjhtik�.� Eugene C. Freuder, 2005.Oi algìrijmoi thc oikogèneiac AC emfanÐzontai sun jwc se jewrhtikècergasÐec. Sta praktik� sust mata ProgrammatismoÔ me PeriorismoÔc ìmwcden èqoun tìsh ap qhsh; sun jwc se aut� ulopoioÔntai oi legìmenec mhqanècdi�doshc periorism¸n. Se autì to kef�laio ja doÔme p¸c ènac nèoc algìrij-moc AC-5+ mporeÐ na eÐnai tautìqrona kai mÐa perÐptwsh mhqan c di�doshcperiorism¸n ulopoihmènhc se ènan epilut  genik¸n problhm�twn ikanopoÐhshcperiorism¸n.3.1 GnwstoÐ Algìrijmoi Epibol cSunèpeiac Akm¸nSthn § 2.3.4 parousi�sthkan dÔo algìrijmoi epibol c sunèpeiac akm¸n: o
AC-1 kai o AC-3. Prot�jhkan apì ton Mackworth, arqik� se mÐa teqnik èkjesh to 1975 [25] kai pio epÐshma se mÐa dhmosÐeush to 1977 [26]. O AC-3apoteleÐ ousiastik� mÐa beltiwmènh èkdosh twn AC-1 kai AC-2, oi opoÐoi ana-fèrontai plèon mìno gia istorikoÔc kai didaktikoÔc lìgouc. Akìma kai s mera�treic dekaetÐec met��, en¸ èqoun protajeÐ kai ulopoihjeÐ dek�dec algìrijmoi
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςepibol c sunèpeiac akm¸n, ta perissìtera sust mata epÐlushc PIP qrhsimo-poioÔn ton AC-3 san b�sh thc mhqan c di�doshc periorism¸n (propagation
engine) pou enswmat¸noun, elleÐyei enìc �llou genik¸c apodektoÔ plaisÐou,ìpwc omologeÐ o Bessière se mÐa prìsfath sqetik  episkìphsh [7].3.1.1 Algìrijmoi Adr c Uf cO AC-3 katat�ssetai sth legìmenh kathgorÐa algorÐjmwn adr c uf c (coa-
rse-grained). Prìkeitai gia thn kathgorÐa algorÐjmwn epibol c sunèpeiacakm¸n, stouc opoÐouc kentrikì rìlo paÐzoun oi èlegqoi periorism¸n, oi opoÐoi{purodotoÔntai} apì mÐa afaÐresh tim c. Me �lla lìgia, sqhmatik�, mporoÔmena poÔme ìti to {kal¸dio} mèsa apì to opoÐo pern�ei to {m numa} thc metabo-l c enìc pedÐou tim¸n se aut  thn kathgorÐa algorÐjmwn eÐnai oi periorismoÐ,dhlad  oi akmèc tou diktÔou periorism¸n.To 2001 oi Bessière kai Régin, kaj¸c kai oi Zhang kai Yap prìteinan mèsaapì anex�rthtec douleièc [10, 39] mÐa beltÐwsh tou algorÐjmou AC-3. ThnÐdia qroni�, oi tèsseric ereunhtèc dhmosÐeusan mÐa koin  ergasÐa kai onìmasanautìn ton algìrijmo AC-2001 [9]. (O AC-2001 eÐqe onomasteÐ proswrin� kai
AC-3.1. Autìc eÐnai o lìgoc pou k�poiec belti¸seic tou AC-2001 onom�sth-kan AC-3.2 kai AC-3.3 [23].)3.1.2 Algìrijmoi Lept c Uf cOi legìmenoi algìrijmoi lept c uf c (fine-grained) sunistoÔn th deÔterh �kaiteleutaÐa� kathgorÐa algorÐjmwn epibol c sunèpeiac akm¸n. Sqhmatik�, ta{kal¸dia} mèsa apì ta opoÐa oi algìrijmoi autoÐ metafèroun to {m numa} thcmetabol c enìc pedÐou tim¸n, eÐnai oi Ðdiec oi timèc twn pedÐwn tim¸n; ex�llou,k�je tim  enìc pedÐou tim¸n sundèetai mèsw mÐac dom c dedomènwn (p.q. mèswenìc pÐnaka) me ìlec tic timèc twn �llwn metablht¸n stic opoÐec sthrÐzetai.Praktik�, en¸ oi algìrijmoi adr c uf c esti�zoun sto dÐktuo periorism¸n,oi algìrijmoi lept c uf c {proqwroÔn èna b ma parak�tw}, afoÔ epexerg�-zontai èna dÐktuo sto opoÐo k�je tim  enìc pedÐou tim¸n mÐac metablht csusqetÐzetai me tic timèc twn upoloÐpwn metablht¸n p�nw stic opoÐec sthrÐ-zetai.1 Oi gnwstìteroi algìrijmoi thc kathgorÐac eÐnai o AC-4 [29], o AC-61Π.χ. στον περιορισμό X = Y +5 η τιμή 2 του πεδίου τιμών της Y στηρίζεται στην τιμή 7
του πεδίου τιμών της X (αφού 7 = 2 + 5). Οι αλγόριθμοι λεπτής υφής εστιάζουν στη χρήση
δομών δεδομένων για την αποθήκευση των τιμών υποστήριξης (support values) για καθεμία
τιμή κάθε πεδίου τιμών.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς[6] kai o AC-7 [8].3.1.3 ParametrikoÐ AlgìrijmoiKleÐnoume thn parousÐash twn gnwstìterwn algorÐjmwn epibol c sunèpeiacakm¸n, parousi�zontac ton AC-5 [37]. O algìrijmoc autìc den ent�ssetaiapeujeÐac se k�poia apì tic dÔo kathgorÐec algorÐjmwn pou anafèrjhkanstic prohgoÔmenec enìthtec. Autì sumbaÐnei epeid  prìkeitai gia ènan para-metrikì algìrijmo: gia k�je periorismì orÐzontai �apì autìn pou kaleÐ tonalgìrijmo� sugkekrimènec uporoutÐnec gia thn antimet¸pish tou periorismoÔautoÔ.Efìson o algìrijmoc dèqetai uporoutÐnec pou orÐzontai apì ton qr sth,eÐnai dunatìn na prosomoiwjoÔn mèsw autoÔ tìso o AC-3, ìso kai o AC-4,kaj¸c kai ubrÐdia.3.2 O Algìrijmoc AC-5Parak�tw parousi�zetai o arqikìc orismìc tou AC-5 [37].2
1: procedure AC-5

2: Q← ∅
3: for each (i, j) ∈ arcs(G) do

4: ArcCons(i, j, ∆)
5: Q← Q ∪ {((k, i), w) | (k, i) ∈ arcs(G), k 6= j}
6: Di ← Di −∆
7: end for

8: while Q 6= ∅ do

9: Pick and remove an ((i, j), w) out of Q
10: LocalArcCons(i, j, w, ∆)
11: Q← Q ∪ {((k, i), w) | (k, i) ∈ arcs(G), k 6= j}
12: Di ← Di −∆
13: end while

14: end procedure2Ο αρχικός ορισμός έχει υποστεί μία μικρή τροποποίηση-βελτίωση στις γραμμές 5 και 11,
όπου έχει μπει η συνθήκη k 6= j. Ανάλογη συνθήκη υπάρχει στον ορισμό του AC-3.

Νικόλαος Ι. Ποθητός 37



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςDen up�rqei �mesoc orismìc gia tic uporoutÐnec ArcCons kai LocalA-

rcCons; o programmatist c pou kaleÐ ton AC-5 prèpei na orÐsei o Ðdioc ticdÔo uporoutÐnec autèc gia k�je periorismì ( , kalÔtera, gia k�je tÔpo perio-rismoÔ). Autìc eÐnai �llwste o lìgoc gia ton opoÐo o AC-5 qarakthrÐzetaiwc parametrikìc.Parìla aut�, eÐnai aparaÐthto na xekajaristoÔn oi prodiagrafèc pou o-feÐloun na plhroÔn oi dÔo uporoutÐnec:
• H ArcCons(i, j, ∆), ja prèpei na fèrnei se sunèpeia thn akm  (i, j).Kat� th diadikasÐa aut , ìpoiec timèc afairejoÔn apì to pedÐo Di, japrèpei na mpoun sto sÔnolo ∆ �to opoÐo kat� thn ènarxh thc ektèleshcthc uporoutÐnac eÐnai kenì.
• H LocalArcCons(i, j, w, ∆) ja prèpei na fèrnei se sunèpeia thn akm 

(i, j) �afair¸ntac timèc apì to Di kai b�zont�c tic sto kenì arqik�sÔnolo ∆� dedomènhc thc afaÐreshc thc tim c w apì to pedÐo Dj . ToshmeÐo pou ja prèpei na proseqjeÐ ed¸, eÐnai ìti h LocalArcConsden apaiteÐtai na exasfalÐsei th sunèpeia thc akm c (i, j). Autì pouprèpei na k�nei eÐnai na afairèsei tic timèc ekeÐnec tou Di, oi opoÐeceÐqan monadikì st rigma sth metablht  j, thn tim  w.EÐnai dunatìn, na orÐsoume th LocalArcCons ètsi:
procedure LocalArcCons(i, j, w, ∆)

ArcCons(i, j, ∆)
end procedureAn qrhsimopoi soume ton parap�nw orismì, kat' ousÐan agnooÔme to w kaitelik� o AC-5 tautÐzetai me ton AC-3.Pr�gmati, an èqoume gia mÐa akm  (i, j) {afhrhmènouc} periorismoÔc toutÔpou Cij = {(1, 25), (10, 7), (201, 99), (5, 4)}, autì to w den ja eÐnai idiaÐteraqr simo. Gia tètoiec peript¸seic periorism¸n, o idanikìc algìrijmoc ja  tano AC-2001.Sthn pr�xh, ìmwc, oi periorismoÐ pou sun jwc tÐjentai metaxÔ dÔo   peris-sotèrwn metablht¸n eÐnai {safèsteroi}. P.q. eÐnai thc morf c Cij = {(x, y) |

x = y + 1, x ∈ Di, y ∈ Dj}. Sunhjismènoi periorismoÐ pou diatup¸nontai seènan epilut , eÐnai oi sunarthsiakoÐ (functional), ìpwc mÐa sqèsh Vi = 4Vj +7,metaxÔ twn metablht¸n Vi kai Vj, anti-sunarthsiakoÐ (anti-functional), ìpwch anisìthta Vi 6= Vj kai monìtonoi (monotonic) ìpwc to Vi < 8Vj.
Νικόλαος Ι. Ποθητός 38



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςGia tic parap�nw kathgorÐec periorism¸n �kaj¸c kai gia arketèc �llec�mporoÔme na orÐsoume thn LocalArcCons kat� tètoio trìpo, ¸ste na èqeistajer  poluplokìthta. P.q. gia ton periorismì Vi = 2Vj + 1, an klhjeÐ h
LocalArcCons(i, j, 5, ∆) �dhlad  an èqoume w = 5� mporoÔme na doÔme se
O(1) b mata an (2 · 5 + 1) ∈ Di, en¸ h antÐstoiqh kl sh ArcCons(i, j, ∆),ja èpairne qrìno O(|Di|).Kai en¸ h logik  tou algorÐjmou AC-5 eÐnai Ðdia me aut  tou AC-3, hqr sh ston AC-5 prosarmosmènwn sunart sewn (ArcCons kai LocalA-

rcCons) gia ton èlegqo thc sunèpeiac enìc periorismoÔ apodeiknÔetai kalÔ-terh apì th qr sh thc genik c sun�rthshc (Revise) tou AC-3.To tÐmhma wstìso gia aut  th beltÐwsh eÐnai ìti gia k�je tÔpo periorismoÔofeÐloume na orÐzoume tic mejìdouc tou ArcCons kai LocalArcCons, ì-pwc ja k�noume endeiktik� gia k�poiouc periorismoÔc parak�tw, se autì tokef�laio. Dhlad , nai men ekmetalleuìmaste ta qarakthristik� kai tic idiai-terìthtec sugkekrimènwn kathgori¸n periorism¸n, ètsi ¸ste na touc anti-metwpÐzoume grhgorìtera, all� h algorijmik  ulopoÐhsh aut c thc gn¸shcapaiteÐ k�poion epiplèon kìpo.3.3 MÐa Pr¸th Prosarmog  tou AC-5Sth sunèqeia parousi�zoume mÐa pr¸th tropopoÐhsh tou AC-5:
procedure AC-5-NewQueue

Q← ∅
for each (i, j) ∈ arcs(G) do

ArcCons(i, j, ∆)
Q← Q ∪ {(i, (i, j), w) | w ∈ ∆}
Di ← Di −∆

end for

while Q 6= ∅ do

Pick and remove an (i, (i, j), w) out of Q
for each (k, i) ∈ arcs(G), with k 6= j do

LocalArcCons(k, i, w, ∆)
Q← Q ∪ {(k, (k, i), w) | w ∈ ∆}
Dk ← Dk −∆

end for

end while
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end procedureParathroÔme ìti to Q perièqei t¸ra �llou tÔpou stoiqeÐa. En¸ ston
AC-5 to Q apoteloÔntan apì stoiqeÐa ((i, j), w), pou s maine ìti èprepe naelegqjeÐ h sunèpeia thc akm c (i, j), dedomènhc thc apousÐac tou w apì to
Dj, ston AC-5-NewQueue to Q èqei stoiqeÐa (i, (i, j), w), pou shmaÐnei ìtija prèpei na elegqjeÐ h sunèpeia ìlwn twn akm¸n, pou kateujÔnontai proc thmetablht  i, dedomènhc thc apousÐac tou w apì Di [28, 13]. H akm  (j, i) denqrei�zetai na elegqjeÐ. O nèoc tÔpoc loipìn twn stoiqeÐwn tou Q, perièqeiperissìterec plhroforÐec.3Sunoptik�, èqoume thn ex c allag  ston tÔpo twn stoiqeÐwn thc our�c.Algìrijmoc TÔpocStoiqeÐwn Q

ErmhneÐa
AC-5 ((i, j), w)

Prèpei na klhjeÐ h
LocalArcCons(i, j, w, ∆).

AC-5-NewQueue (i, (i, j), w)
Prèpei na klhjeÐ h
LocalArcCons(k, i, w, ∆)gia k�je (k, i) ∈ arcs(G), me k 6= j.3.3.1 Perissìterec Tropopoi seicO algìrijmoc AC-5-NewQueue pou parousi�sthke prohgoumènwc, {peri-strèfetai} gÔrw apì tic akmèc (i, j) tou gr�fou pou anaparist� to dÐktuotwn periorism¸n. T¸ra ja ton metasqhmatÐsoume ètsi ¸ste na esti�zei a-peujeÐac stouc Ðdiouc touc periorismoÔc. 'Estw ìti ènac periorismìc c ∈ Csundèei tic metablhtèc i kai j. Sunep¸c oi dÔo akmèc (i, j) kai (j, i) mporoÔnna antiproswpeujoÔn apì ton periorismì c.

1: procedure AC-5-Final

2: Q← ∅
3: for each c ∈ C do

4: c.ArcCons(Q)
5: end for

6: while Q 6= ∅ do

7: Pick and remove an (i, (i, j), w) out of Q
8: for each c ∈ C , with i ∈ vars(c) and c 6= (i, j) do

9: c.LocalArcCons(i, w, Q)3Ο παράγοντας εξοικονόμησης μνήμης για την αποθήκευση της ουράς Q ισούται με τον
μέσο όρο των βαθμών των κόμβων του G.
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10: end for

11: end while

12: end procedureGia na deÐxoume ìti o parap�nw algìrijmoc eÐnai isodÔnamoc me ton AC-

5-NewQueue, ja prèpei na orÐsoume tic dÔo parametrikèc mejìdouc. Me
c.ArcCons(Q) kai c.LocalArcCons(v, w, Q) sumbolÐzoume antÐstoiqa tic
ArcCons(c, Q) kai LocalArcCons(c, v, w, Q). Protim same ìmwc na b�-loume to prìjema {c.} prin to ìnoma twn mejìdwn, gia na tonisteÐ ìti oi dÔomèjodoi prèpei na oristoÔn gia k�je periorismì c. EpÐshc, jel same ètsi naepishm�noume ìti o algìrijmoc eÐnai kat� k�poion trìpo antikeimenostref ckai ìti ta antikeÐmena sta opoÐa esti�zei eÐnai ìloi oi periorismoÐ sto C .'Estw ìti oi akmèc pou perilamb�nontai ston periorismì c ent�ssontai stosÔnolo arcs(c). H c.ArcCons(Q) ja prèpei loipìn na sumperil�bei tìseckl seic thc ArcCons (ìpwc aut  qrhsimopoieÐtai ston AC-5-NewQueue),ìsec eÐnai oi akmèc tou arcs(c):

procedure c.ArcCons(Q)
for each (i, j) ∈ arcs(c) do

ArcCons(i, j, ∆)
Q← Q ∪ {(i, (i, j), w) | w ∈ ∆}
Di ← Di −∆

end for

end procedure'H, pio apl�, gia arcs(c) = {(p, q), (q, p)} èqoume:
procedure c.ArcCons(Q)

ArcCons(p, q, ∆)
Q← Q ∪ {(p, (p, q), w) | w ∈ ∆}
Dp ← Dp −∆
ArcCons(q, p, ∆)
Q← Q ∪ {(q, (q, p), w) | w ∈ ∆}
Dq ← Dq −∆

end procedureShmei¸noume p�li, proc apofug  parexhg sewn, ìti h c.ArcCons eÐnaiprofan¸c diaforetik  mèjodoc apì thn ArcCons pou qrhsimopoieÐtai ston
AC-5-NewQueue, all� mporeÐ na ekfrasteÐ b�sei aut c.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςEn¸ me th c.ArcCons anaferìmaste kai stic dÔo akmèc tou c (ìtan o c eÐ-nai duadikìc periorismìc), dhlad  tic (p, q) kai (q, p), me th c.LocalArcConsanaferìmaste se mÐa apì tic dÔo akmèc. Wc ek toÔtou, to pr¸to ìrisma thc
c.LocalArcCons èqei na k�nei me th metablht  v sthn opoÐa katal gei hakm  sthn opoÐa epijumoÔme na epib�lloume sunèpeia.

procedure c.LocalArcCons(v, w, Q)
for each (i, j) ∈ arcs(c), with i 6= v do

LocalArcCons(i, j, w, ∆)
Q← Q ∪ {(i, (i, j), w) | w ∈ ∆}
Di ← Di −∆

end for

end procedureTo opoÐo gia arcs(c) = {(p, q), (q, p)} gÐnetai:
procedure c.LocalArcCons(v, w, Q)

if v = p then

LocalArcCons(q, p, w, ∆)
Q← Q ∪ {(q, (q, p), w) | w ∈ ∆}
Dq ← Dq −∆

else . v = q
LocalArcCons(p, q, w, ∆)
Q← Q ∪ {(p, (p, q), w) | w ∈ ∆}
Dp ← Dp −∆

end if

end procedureSthn pr�xh, den ulopoioÔme tic dÔo parap�nw mejìdouc kat� ton trìpome ton opoÐo parousi�sthkan. Aut  h parousÐash  tan jewrhtik  epÐ topleÐston, gia na apodeiqjeÐ h isodunamÐa tou AC-5-Final me ton AC-5.Wstìso, autoÐ oi jewrhtikoÐ orismoÐ m�c kajodhgoÔn sto na perigr�youmetic idiìthtec pou ofeÐloun oi dÔo mèjodoi na plhroÔn.
• H c.ArcCons ofeÐlei na epib�llei diadoqik� sunèpeia akm¸n gia ticakmèc tou periorismoÔ c.44Υπάρχει μία λεπτομέρεια που θα πρέπει να προσέξουμε εδώ. Ας πάρουμε το σενάριο

στο οποίο vars(c) = {p, q}. α) Η c.ArcCons αρχικά επιβάλλει συνέπεια στην ακμή (p, q).
β) Στη συνέχεια θα επιβάλει συνέπεια στην (q, p). Και εκεί τερματίζει. Αυτό δεν σημαίνει
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• H c.LocalArcCons(v, w, Q) ofeÐlei na fèrnei se sunèpeia tic akmècekeÐnec tou c pou den xekin�ne apì th metablht  v (dhlad  tic akmècekeÐnec pou kateujÔnontai proc to v), dedomènhc thc apousÐac thc tim c
w apì to Dv, ìpwc akrib¸c kai h LocalArcCons tou AC-5.5EpishmaÐnetai ìti kai stic dÔo mejìdouc èqoun anatejeÐ plèon {armodiìth-tec} na afairoÔn oi Ðdiec tic asunepeÐc timèc apì ta pedÐa tim¸n �kai ìqi na ticb�zoun apl� sto endi�meso sÔnolo ∆. EpÐshc, eÐnai {upeÔjunec} gia thn ei-sagwg  stoiqeÐwn sto sÔnolo Q. H leitourgÐa thc eisagwg c stoiqeÐwn sthnour� eÐnai dunatìn gia lìgouc aplìthtac all� kai {omoiomorfÐac} thc ulo-poÐhshc na enswmatwjeÐ sth mèjodo afaÐreshc tim¸n apì to pedÐo tim¸n mÐacmetablht c v (to ìnoma thc mejìdou ja mporoÔse na eÐnai p.q. {v.remove}).MÐa tètoia mèjodoc ja eÐnai epÐshc dunatìn na egeÐrei mÐa shmaÐa asunèpeiac,ìtan to pedÐo tim¸n thc metablht c sthn opoÐa anafèretai gÐnei kenì (gegonìcpou shmaÐnei ìti ìlo to dÐktuo periorism¸n eÐnai asunepèc).3.3.2 Genikeumènh Sunèpeia Akm¸nSthn § 2.3.4 anaferj kame sthn ènnoia thc genikeumènhc sunèpeiac akm¸n(GAC), pou eÐnai qr simh ìtan èqoume na asqolhjoÔme �pèra apì touc dua-dikoÔc� kai me kajolikoÔc periorismoÔc.To 1977 o Mackworth epèkteine me ènan polÔ fusikì kai aplì trìpo tonalgìrijmì tou AC-3 orÐzontac ton GAC-3, katafèrnontac ètsi na ekmetal-leuteÐ touc kajolikoÔc periorismoÔc [27]. Prin epiqeir soume kai emeÐc to Ðdiogia ton AC-5-Final, ja epishm�noume pr¸ta mÐa {as�fei�} tou sth gram-m  8: ekeÐ up�rqei h anisìthta c 6= (i, j). Me aut  thn anisìthta jèloume naexasfalÐsoume ìti (p, q) 6= (j, i) kai (q, p) 6= (j, i), an arcs(c) = {(p, q), (q, p)}.(O lìgoc pou k�noume autìn ton èlegqo eÐnai epeid  den qrei�zetai na elèg-xoume ton periorismì pou prok�lese th di�dosh periorism¸n �ìpwc gÐnetai

ότι μετά τον τερματισμό όλες οι ακμές του c βρίσκονται σε κατάσταση συνέπειας.
Π.χ. η (p, q) που βρισκόταν σε κατάσταση συνέπειας μετά το βήμα α), δεν είναι σίγουρο
ότι θα βρίσκεται στην ίδια κατάσταση μετά το βήμα β), αφού το τελευταίο βήμα μπορεί να
προκάλεσε αλλαγές στο πεδίο τιμών της q, οι οποίες να έφεραν την (p, q) σε κατάσταση
ασυνέπειας.
Συμπερασματικά, αυτό που η c.ArcCons οφείλει να κάνει, είναι να επιβάλλει διαδοχικά
συνέπεια στις ακμές του c.5Χρησιμοποιήσαμε πληθυντικό (στη φράση «φέρνει σε συνέπεια τις ακμές»), γιατί παρακά-
τω θα δούμε την εφαρμογή του AC-5 σε καθολικούς περιορισμούς. ΄Οταν έχουμε να κάνουμε
με δυαδικούς περιορισμούς, τότε η c.LocalArcCons φέρνει σε σε συνέπεια μία από τις δύο
ακμές του c, δηλαδή είτε την (p, q), είτε την (q, p).
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςkai ston AC-3. H akm  pou prokaleÐ th di�dosh periorism¸n eÐnai h (i, j).Sunep¸c oÔte h akm  (j, i) qrei�zetai na elegqjeÐ.)An jèsoume arcs(cf) = {(i, j), (j, i)},6 mporoÔme thn anisìthta thc gram-m c 8 na thn xanagr�youme isodÔnama san c 6= cf . Autì mporoÔme na toisquristoÔme kai sthn perÐptwsh pou up�rqoun kajolikoÐ periorismoÐ.Met� kai apì thn parap�nw allag  eÐmaste se jèsh na tropopoi soumekai ton tÔpo twn stoiqeÐwn thc our�c Q, ètsi ¸ste na uposthrÐzei kai autìctouc kajolikoÔc periorismoÔc. ('Oloc o upìloipoc algìrijmoc AC-5-Final,kaj¸c kai oi prodiagrafèc twn mejìdwn c.ArcCons kai c.LocalArcConstouc uposthrÐzoun  dh.) O trèqwn tÔpoc eÐnai o (i, (i, j), w). Ton tropo-poioÔme t¸ra se (i, cf , w), me (i, j) ∈ arcs(cf). 'Eqoume mÐa genÐkeush dhlad ,all� parìla aut� den q�noume k�poia qr simh plhroforÐa, afoÔ xèroume ìtih akm  pou prok�lese thn afaÐresh thc tim c w apì to Di, xekin�ei apì to ikai an kei sto arcs(cf).7Dedomènwn twn prodiagraf¸n twn dÔo mejìdwn c.ArcCons kai c.Lo-

calArcCons, h diatÔpwsh tou algorÐjmou epibol c genikeumènhc sunèpeiacakm¸n gÐnetai aprìsmena apl :
1: procedure GAC-5

2: Q← ∅
3: for each c ∈ C do

4: c.ArcCons(Q)
5: end for

6: while Q 6= ∅ do

7: Pick and remove an (i, cf , w) out of Q
8: for each c ∈ C , with i ∈ vars(c) and c 6= cf do

9: c.LocalArcCons(i, w, Q)
10: end for

11: end while

12: end procedure6Ο δείκτης «f» προκύπτει από το «fired», δηλαδή «cf» σημαίνει «ο περιορισμός που
“πυροδότησε” τη διάδοση περιορισμών».7Θεωρούμε ότι δύο ακμές που ενώνουν τους ίδιους κόμβους-μεταβλητές και ξεκινούν από
τον ίδιο κόμβο-αφετηρία ταυτίζονται. Π.χ. (V1, V2, V3) ≡ (V1, V3, V2). Η επιβολή συνέπειας,
εξάλλου, στην πρώτη ακμή ισοδυναμεί με την επιβολή συνέπειας και στη δεύτερη.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς3.4 ParadeÐgmata Sunart sewn ArcConskai LocalArcConsOi anaforèc mac sthn oikogèneia algorÐjmwn AC-5 peristr�fhkan gÔrw apìth qr sh kai tic idiìthtec twn mejìdwn c.ArcCons kai c.LocalArcCons.Den èqoume orÐsei wstìso akìma k�poia apì autèc. Gia k�je periorismìex�llou oi mèjodoi autèc orÐzontai diaforetik�.Prin parousi�soume touc algorÐjmouc gia sugkekrimènouc periorismoÔc, o-rÐzoume th mèjodo afaÐreshc mÐac tim c val apì to pedÐo tim¸n mÐac metablht c
Vf , h opoÐa prokl jhke apì mÐa mèjodo cf .ArcCons   cf .LocalArcCons.H mèjodoc aut  frontÐzei na enhmerwjeÐ kat�llhla kai h our� Q.

procedure Vf .remove(val, Q, cf)
DVf
← DVf

− {val} . An DVf
= ∅, to prìblhma den èqei lÔsh.

Q← Q ∪ {(Vf , cf , val)}
end procedure3.4.1 O Periorismìc X = YParak�tw orÐzoume tic mejìdouc c1.ArcCons kai c1.LocalArcCons giaènan periorismì c1 o opoÐoc ekfr�zei thn isìthta metaxÔ dÔo periorismènwnmetablht¸n X kai Y . O periorismìc autìc sumbolÐzetai kai san {X = Y }.
procedure c1.ArcCons(Q)

for each val ∈ DX do

if val /∈ DY then

X.remove(val, Q, c1)
end if

end for

for each val ∈ DY do

if val /∈ DX then

Y.remove(val, Q, c1)
end if

end for

end procedureOi prodiagrafèc mÐac opoiasd pote c1.ArcCons �ìpwc diatup¸jhkan�apaitoÔn th diadoqik  efarmog  sunèpeiac akm¸n gia k�je akm  sto arcs(c1).Wc ek toÔtou, ston parap�nw algìrijmo blèpoume ìti ston pr¸to brìqo (for)
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςèrqetai se sunèpeia h akm  (X, Y ), en¸ met� ton deÔtero brìqo h akm  (Y, X)èrqetai se sunèpeia.H c1.LocalArcCons eÐnai pio exeidikeumènh sun�rthsh, afoÔ paÐrnei dÔoepiplèon orÐsmata: to Vf
8 kai to w. Sunep¸c, kaleÐtai gia na fèrei se sunèpeiathn/tic akm /èc tou sunìlou arcs(c1) pou kateujÔnetai/ontai proc th Vf ,dedomènhc thc afaÐreshc thc tim c w apì to pedÐo tim¸n DVf

.
procedure c1.LocalArcCons(Vf , w, Q)

if X ≡ Vf then

if w ∈ DY then

Y.remove(w, Q, c1)
end if

else . Y ≡ Vf

if w ∈ DX then

X.remove(w, Q, c1)
end if

end if

end procedureMe th c1.LocalArcCons, exasfalÐzoume ìti met� thn afaÐresh mÐactim c w apì to pedÐo thc mÐac metablht c (dhlad  thc Vf), ja afairejeÐ h Ðdiatim  apì to pedÐo thc �llhc metablht c, efìson bèbaia an kei se autì.Se autìn ton periorismì faÐnetai xek�jara h diafor� sthn t�xh polu-plokìthtac, metaxÔ twn c1.ArcCons kai c1.LocalArcCons. Ousiastik�,drèpoume touc karpoÔc thc apìfas c mac na qrhsimopoi soume ton AC-5.3.4.2 O Periorismìc X 6= YSe aut n thn par�grafo exet�zoume tic mejìdouc gia ton periorismì c2 thcanisìthtac metaxÔ dÔo metablht¸n X kai Y , pou sumbolÐzetai kai san {X 6=
Y }. O periorismìc autìc apagoreÔei thn an�jesh thc Ðdiac tim c kai stic dÔometablhtèc.'Otan mÐa metablht  V eÐnai desmeumènh, tìte th monadik  tim  tou pedÐoutim¸n DV th sumbolÐzoume me {V.value} (kai isqÔei ìti DV = {V.value}).

procedure c2.ArcCons(Q)
if |DY | = 1 and Y.value ∈ DX then8΄Οπως και στο «cf», ο δείκτης «f» στη μεταβλητή «Vf» υποδηλώνει ότι η μεταβλητή

αυτή «πυροδοτεί» («fires») τη διάδοση περιορισμών.
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X.remove(Y.value, Q, c2)
end if

if |DX | = 1 and X.value ∈ DY then

Y.remove(X.value, Q, c2)
end if

end procedureH c2.LocalArcCons ja mporoÔse ed¸ na tautisteÐ me thn c2.ArcCons,afoÔ h asumptwtik  poluplokìthta t c teleutaÐac eÐnai  dh bèltisth (kai Ðshme O(1)).
procedure c2.LocalArcCons(Vf , w, Q)

c2.ArcCons(Q)
end procedure

3.4.3 MÐa Parallag  thc c2.LocalArcCons'Eqoume  dh orÐsei th c2.LocalArcCons gia ton periorismì thc anisìthtac
X 6= Y , basizìmenoi sth mèjodo c2.ArcCons. Parìla aut�, ja k�noume mÐaprosp�jeia na ekmetalleutoÔme thn par�metro Vf (metablht  {purodìthshc}di�doshc periorism¸n), ètsi ¸ste na ekteloÔntai mìno oi aparaÐthtec entolèc.

procedure c3.LocalArcCons(Vf , w, Q)
if X ≡ Vf then

if |DX | = 1 and X.value ∈ DY then

Y.remove(X.value, Q, c2)
end if

else . Y ≡ Vf

if |DY | = 1 and Y.value ∈ DX then

X.remove(Y.value, Q, c2)
end if

end if

end procedure
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LocalArcConsSthn prohgoÔmenh enìthta parousi�sthkan trÐa diaforetik� zeÔgh mejìdwn

ArcCons kai LocalArcCons gia touc periorismoÔc thc isìthtac (c1) kaithc anisìthtac (c2 kai c3: o c2 diafèrei apì ton c3 mìno sth mèjodo Loca-

lArcCons me thn opoÐa antimetwpÐzetai).Me tic mejìdouc ArcCons den ja asqolhjoÔme, kaj¸c kaloÔntai mÐamìno for�. AntÐjeta, ja exet�soume pio prosektik� tic idiìthtec twn mejìdwn
LocalArcCons, afoÔ autèc eÐnai pou kaloÔntai tic perissìterec forèc.'Ena posostì m�lista twn kl sewn aut¸n gÐnetai �skopa kai ètsi polloÐereunhtèc èqoun asqolhjeÐ me th meÐws  tou. P.q. se aut n thn kateÔjun-sh kinoÔntai oi �apaithtikoÐ se mn mh� algìrijmoi epibol c sunèpeiac lept cuf c.3.5.1 Sumb�nta pou EnergopoioÔn Sunart seicDi�doshc'Ena �llo �ligìtero apaithtikì� genikì plaÐsio algorÐjmwn epibol c sunè-peiac akm¸n eÐnai h mhqan  di�doshc periorism¸n, ètsi ìpwc orÐzetai apìtouc Schulte kai Carlsson se mÐa episkìphsh periballìntwn ProgrammatismoÔme PeriorismoÔc [35]. H episkìphs  touc esti�zei se sunart seic di�doshc(propagators). (MÐa tètoia sun�rthsh eÐnai kai h LocalArcCons.) MÐasun�rthsh di�doshc kaleÐtai9 ìtan l�bei q¸ra k�poio sugkekrimèno sumb�n(event). Anafèrontai trÐa  dh sumb�ntwn (pou to èna eÐnai upoperÐptwsh tou�llou):
any(X). To sumb�n autì mac enhmer¸nei ìti to pedÐo tim¸n thc periorismènhcmetablht cX èqei uposteÐ mÐa (opoiad pote) metabol . Praktik�, èqou-me mÐa afaÐresh tim c apì to DX . Se merikèc peript¸seic, antÐ tou sum-b�ntoc any(X) qrhsimopoieÐtai to pio sugkekrimèno sumb�n any(X, w)pou upodeiknÔei ìti h tim  w èqei afairejeÐ apì to DX [40].
bounds(X). Sumb�n pou upodeiknÔei ìti èqei all�xei eÐte h el�qisth tim  toupedÐou tim¸n DX (to sumb�n tìte onom�zetai kai {minc(X)}), eÐte hmègisth tim  tou (to sumb�n autì lègetai kai {maxc(X)}).9Τη λέξη «καλείται» μπορούμε να την αντικαταστήσουμε με την «πυροδοτείται», ή με την
«ενεργοποιείται».
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fix(X). Sumb�n pou emfanÐzetai mìlic mÐa metablht  desmeuteÐ (mìlic dhlad to pedÐo tim¸n thc perièqei mÐa mìno tim ).K�je sumb�n èqei sundejeÐ ek twn protèrwn me tic antÐstoiqec sunart -seic di�doshc. 'Etsi, k�je for� pou lamb�nei q¸ra èna sumb�n, autom�twcmpaÐnoun se mÐa our� anamon c oi sunart seic di�doshc periorism¸n me ticopoÐec autì sundèetai.Dhlad  h mhqan  di�doshc periorism¸n twn Schulte kai Carlsson basÐzetaise mÐa our� apì sunart seic di�doshc. Jewrhtik�, ìtan prokÔyei k�poio sum-b�n, tìte eÐnai pijanìn na èqoume O(e) eisagwgèc sthn our� twn sunart sewndi�doshc. MporeÐ dhlad  na qreiasteÐ �sth qeirìterh perÐptwsh� na klhjoÔngia touc e periorismoÔc enìc PIP, oi antÐstoiqec e sunart seic di�doshc.3.5.2 H Sun�rthsh Di�doshc LocalArcConsSton algìrijmo GAC-5 pou perigr�fhke sthn paroÔsa ergasÐa, h our� Qden perièqei sunart seic di�doshc. MporoÔme na poÔme ìti h our� tou GAC-5perièqei sumb�nta. Sunep¸c, ta sumb�nta aut� èqoun th morf  (Vf , cf , w) kaiupodeiknÔoun ìti sunèbh h diagraf  thc tim c w apì to pedÐo tim¸n DVf
(hopoÐa prokl jhke apì k�poia kl sh cf .ArcCons   cf .LocalArcCons).'Ena tètoio sumb�n moi�zei me to any(Vf , w). H diafor� ègkeitai sto ìtito teleutaÐo prokaleÐ O(e) eisagwgèc sthn our� sunart sewn di�doshc thcmhqan c di�doshc periorism¸n ìpwc analÔjhke sthn prohgoÔmenh par�gra-fo, en¸ ston GAC-5 to Ðdio sumb�n prokaleÐ mÐa mìno eisagwg  sthn our�sumb�ntwn tou algorÐjmou.Epeid  èqoume (proc to parìn) ènan tÔpo sumb�ntwn ston GAC-5, den jakathgoriopoi soume ta Ðdia ta sumb�nta, all� tic sunart seic di�doshc pouapant¸ntai ston GAC-5 kai sugkekrimèna tic mejìdouc LocalArcCons.1h KathgorÐa c.LocalArcCons: Qr sh paramètrwn Vf kai w.K�je c.LocalArcCons èqei san paramètrouc eisìdou tic Vf kai w.(Up�rqei kai h par�metroc Q me thn opoÐa ìmwc den ja asqolhjoÔme,giatÐ ousiastik� qrhsimopoieÐtai mìno san par�metroc exìdou.) All�,ìpwc eÐdame kai sta paradeÐgmata thc § 3.4, den ekmetalleÔontai ìlecoi mèjodoi tic paramètrouc touc. Sugkekrimèna, to w to qrhsimopoieÐmìno h mèjodoc c1.LocalArcCons thc § 3.4. Opìte h mèjodoc aut ent�ssetai sthn 1h kathgorÐa.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς2h KathgorÐa c.LocalArcCons: Qr sh paramètrou Vf . Se aut nthn kathgorÐa ent�ssontai oi mèjodoi pou k�noun qr sh thc paramè-trou Vf , all� ìqi kai thc paramètrou w. P.q. autì k�nei h mèjodoc
c3.LocalArcCons thc § 3.4. Kat� autìn ton trìpo epib�lletai sunè-peia wc proc thn akm  ekeÐnh tou arcs(c) pou xekin�ei apì th Vf .En¸ h 1h kathgorÐa c.LocalArcCons ja mporoÔsame na poÔme ìtiafor� ta sumb�nta tÔpou any(Vf , w), h 2h ja lègame ìti afor� genik�ta sumb�nta any(Vf ). Wstìso emeÐc sthn paroÔsa ergasÐa ja thn anti-stoiq soume sto sumb�n bounds(Vf), pr�gma pou shmaÐnei ìti oi mèjodoiaut c thc kathgorÐac ja kaloÔntai mìno ìtan h el�qisth   h mègisthtim  tou pedÐou tim¸n mÐac metablht c all�xei. K�noume aut  thn anti-stoÐqhsh epeid  sta pragmatik� sust mata epÐlushc oi perissìterec su-nart seic di�doshc antistoiqÐzontai se èna tètoio sumb�n (bounds(Vf))kai epib�lloun sunèpeia orÐwn.3h KathgorÐa c.LocalArcCons: KamÐa qr sh twn paramètrwn
Vf kai w. Se aut  thn teleutaÐa kathgorÐa ent�ssontai oi mèjodoiekeÐnec pou epib�lloun sunèpeia orÐwn, oi opoÐec den ekmetalleÔontaikamÐa apì tic paramètrouc eisìdou touc, ìpwc h c2.LocalArcConsthc § 3.4. Autì èqei san apotèlesma na epib�lloun sunèpeia orÐwnse ìlec tic akmèc (tou sunìlou arcs(c)) tou periorismoÔ ston opoÐoanafèrontai. AfoÔ o {kìmboc-afethrÐa} Vf ousiastik� den up�rqei, hsunèpeia epib�lletai proc ìlec tic kateujÔnseic.'Oson afor� thn antistoÐqhsh twn sunart sewn di�doshc me ta sumb�n-ta (ìpwc perigr�fhkan sthn prohgoÔmenh enìthta), mporoÔme na poÔmeìti oi mèjodoi c.LocalArcCons aut c thc kathgorÐac kaloÔntai ìtanup�rqei èna   perissìtera sumb�nta bounds(Vf), me Vf ∈ vars(c).3.5.3 Jewrhtik  OmadopoÐhsh twn Sumb�ntwnH 1h kathgorÐa c.LocalArcCons èqei  dh entaqjeÐ armonik� ston GAC-5.Anaforik� me th 2h kathgorÐa, eÐnai profanèc ìti den qrhsimopoieÐ th metablh-t  w tou GAC-5. Dhlad  ta stoiqeÐa (Vf , c1, w1), (Vf , c2, w2), . . . , (Vf , cn, wn)thc our�c Q tou algorÐjmou antistoiqoÔn se èna mìno stoiqeÐo (Vf , cn, w), ì-pou w tuqaÐoc arijmìc kai ìpou c1, c2, . . . , cn oi periorismoÐ pou (oi mèjodoielègqou sunèpeiac touc) afaÐresan tic antÐstoiqec timèc w1, w2, . . . , wn apìto DVf
, se qronologik  seir� afaÐreshc.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςApìdeixh. Thn teleutaÐa prìtash mporoÔme na thn apodeÐxoume an parath-r soume poiec kl seic mejìdwn ja prokaloÔse to kajèna apì ta n parap�nwstoiqeÐa thc our�c tou GAC-5.StoiqeÐo thc Q
Kl seic Sunart sewn2hc KathgorÐac pou prokaleÐ

(Vf , c1, w1)
c.LocalArcCons(Vf , w1, Q),
∀c 6= c1, me Vf ∈ vars(c).... ...

(Vf , cn, wn)
c.LocalArcCons(Vf , wn, Q),
∀c 6= cn, me Vf ∈ vars(c).SÔnolo Kl sewn c.LocalArcCons(Vf , w, Q),
∀c, me Vf ∈ vars(c).Apì ton parap�nw pÐnaka sumperaÐnoume loipìn ìti, lìgw thc dunatìth-tac pou èqoume na all�xoume th seir� ektèleshc twn sunart sewn di�doshckai epeid  k�je wi mporeÐ na antikatastajeÐ me to �tuqaÐo� w, ta sumb�nta

(Vf , c1, w1), . . . , (Vf , cn, wn) pou pijanìn na up�rqoun �an�mesa sta �lla�sthn our� tou GAC-5 prokaloÔn tic ex c kl seic: c.LocalArcCons meorÐsmata ta Vf , w, Q, gia k�je c.LocalArcCons 2hc kathgorÐac, me ton pe-riorismì c na sundèetai me th metablht  Vf ( toi, Vf ∈ vars(c)).Epeid , ìpwc faÐnetai apì ta stoiqeÐa thc our�c, h teleutaÐa kl sh sun�r-thshc di�doshc �prin arqÐsoume emeÐc tic dikèc mac kl seic�  tan h cn.Local-

ArcCons (apì thn opoÐa proèkuye to sumb�n (Vf , cn, wn)), den up�rqei lìgocna thn xanakalèsoume. Telik� gia ta n sumb�nta ja èqoume tic ex c kl seic:
c.LocalArcCons me orÐsmata ta Vf , w, Q, gia k�je c.LocalArcCons 2hckathgorÐac, me c 6= cn kai Vf ∈ vars(c). Sunep¸c, ta sumb�nta (Vf , c1, w1),. . . , (Vf , cn, wn) prokaloÔn isodÔnamec kl seic sunart sewn di�doshc 2hc ka-thgorÐac me autèc pou ja prokaloÔse to sumb�n (Vf , cn, w), ìpou w tuqaÐocarijmìc.Epeid  oi c.LocalArcCons 2hc kathgorÐac aforoÔn thn epibol  sunèpeiacorÐwn, to paket�risma twn stoiqeÐwn thc our�c (Vf , c1, w1), . . . , (Vf , cn, wn)sto isodÔnamo stoiqeÐo (Vf , cn, w) èqei nìhma mìno an k�poio apì ta wi  tanpr¸hn el�qisto   mègisto tou DVf

. Efìson den èqei peiraqteÐ to el�qisto  to mègisto tou DVf
, den up�rqei lìgoc na efarmìsoume sunèpeia orÐwn.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς3.5.4 UlopoÐhsh OmadopoÐhshc Sumb�ntwn'Estw ìti èqoume sthn our� tou GAC-5 ta sumb�nta (Vf , c1, w1), . . . , (Vf ,
cn, wn). Efìson up�rqoun mèjodoi c.LocalArcCons 1hc kathgorÐac me ticopoÐec sundèetai h metablht  Vf (mèsw thc sqèshc Vf ∈ vars(c)), den japrèpei na q�soume thn plhroforÐa pou dÐnoun oi timèc w1, . . . , wn.Ja prèpei ìmwc na l�boume upìyh ìti an up�rqoun c.LocalArcCons 2hckathgorÐac me tic opoÐec epÐshc sundèetai h metablht  Vf (mèsw thc sqèshc
Vf ∈ vars(c)), ta sumb�nta (Vf , c1, w1), . . . , (Vf , cn, wn) ja prokalèsoun nperÐpou �skopec kl seic thc kajemÐac apì autèc. Epomènwc mporoÔme na{paket�roume} ta sumb�nta aut� se èna thc morf c (Vf , W ), ìpou W =
{(c1, w1), . . . , (cn, wn)}. MporoÔme epiplèon na epaux soume autìn ton tÔposumb�ntoc gia na eÐmaste se jèsh na gnwrÐzoume an èqei allaqteÐ eÐte toel�qisto, eÐte to mègisto tou DVf

kai ton periorismì pou èkane thn allag aut . 'Etsi prokÔptei to sumb�n (Vf , W, (cb, boundc)).H boundc (onom�sthke ètsi apì tic lèxeic {bound changed}) paÐrnei thntim  true   false. An eÐnai true, upodeiknÔei ìti ta �kra tou DVf
èqoun all�xeikai ìti h teleutaÐa sun�rthsh di�doshc pou ta �llaxe aforoÔse ton periorismì

cb.10 Ston parak�tw pÐnaka faÐnetai to p¸c mporoÔme na ekmetalleutoÔme tonnèo tÔpo sumb�ntoc (Vf , W, (cb, boundc)) �ton opoÐo ja enswmat¸soume argì-tera sth nèa our� tou GAC-5� gia na mei¸soume tic kl seic twn sunart sewn2hc kathgorÐac.KathgorÐa
c.LocalArcCons

Kl seic thc pou prokaleÐèna sumb�n (Vf , W, (cb, boundc))
ArijmìcKl sewn1h ∀wi me (ci, wi) ∈W kai ci 6= c

c.LocalArcCons(Vf , wi, Q). O(|W |)2h An boundc = true kai cb 6= c
c.LocalArcCons(Vf , w, Q)(w tuqaÐo). O(1)3.5.5 Gr gorh Eisagwg  sthn Our� Nèou TÔpouO nèoc tÔpoc stoiqeÐwn thc our�c tou GAC-5 eÐnai o (Vf , W, (cb, boundc)),ìpwc prokÔptei apì thn prohgoÔmenh par�grafo. Sunep¸c, èna stigmiìtupothc our�c ja mporoÔse na eÐnai to ex c:

Q = {(V1, W1, (cb1 , boundc1)), . . . , (Vn, Wn, (cbn
, boundcn))}.10Δηλαδή η τελευταία συνάρτηση που αφαίρεσε το ελάχιστο ή το μέγιστο του DVf

ήταν η
cb.ArcCons ή η cb.LocalArcCons.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςAn h our� perièqei aut� ta stoiqeÐa-sumb�nta, anakÔptei to parak�tw er¸-thma: An afairejeÐ h tim  wi apì mÐa metablht  Vi, me poion trìpo ja enhme-rwjeÐ h Q? H ap�nthsh eÐnai ìti an up�rqei to stoiqeÐo (Vi, Wi, (cbi
, boundci))entìc thc our�c, ja prèpei na enhmerwjeÐ kat�llhla. An den up�rqei, tìteja prèpei na to dhmiourg soume.To {anagnwristikì} me to opoÐo xeqwrÐzoume èna stoiqeÐo (Vi, Wi, (cbi

,
boundci)) thc Q eÐnai h metablht  Vi, afoÔ gia k�je metablht  orÐzetai ènato polÔ stoiqeÐo thc our�c. Epomènwc, to epìmeno er¸thma pou prokÔpteieÐnai to ex c: P¸c entopÐzw èna stoiqeÐo sthn our� (an up�rqei)?An k�name seiriak  anaz thsh, ja kìstize O(n) b mata, ta opoÐa eÐnaipoll� gia mÐa apl  pr�xh eisagwg c. Gia na mei¸soume to kìstoc autì, ekme-talleuìmaste thn èna proc èna antistoiqÐa k�je metablht c me èna stoiqeÐothc our�c. 'Etsi orÐzoume gia k�je metablht  Vi ènan deÐkth Vi.q item procto trèqon stoiqeÐo pou thn antiproswpeÔei sthn our�. An den up�rqei tètoiostoiqeÐo, tìte Vi.q item = NIL.Gia na katano soume th qrhsimìthta autoÔ tou deÐkth, anajewroÔme thmèjodo afaÐreshc tim¸n apì mÐa metablht  V pou perigr�fhke sthn § 3.4. Hmèjodoc aut  afaireÐ to di�sthma tim¸n [a..b] apì to DV , en¸ par�llhlaenhmer¸nei thn our� Q prosjètontac/enhmer¸nontac ta kat�llhla sumb�nta.
1: procedure V.remove(a, b, Q, cf )
2: if V.q item = NIL then

3: Q← Q ∪ {(V, ∅, (NIL, false))}
4: V.q item points to the new item of Q (end of Q)
5: end if

6: Get the item (V, W, (cb, boundc)) that V.q item points to

7: if min(DV ) ∈ [a..b] or max(DV ) ∈ [a..b] then

8: Replace (V, W, (cb, boundc)) by (V, W, (cf , true))
9: end if

10: if ∃ c with V ∈ vars(c) and c.LocalArcCons category is 1st then

11: Replace (V, W, (cb, boundc))
12: by (V, W ∪ {(cf , w) | w ∈ [a..b] ∩DV }, (cb, boundc)))
13: end if

14: DV ← DV − [a..b] . An DV = ∅, to prìblhma den èqei lÔsh.
15: end procedure'Otan h V den sundèetai (mèsw thc sqèshc V ∈ vars(c)) me kanènan perio-
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςrismì 1hc kathgorÐac, h poluplokìthta thc parap�nw mejìdou eÐnai stajer .(To an mÐa metablht  sundèetai me ènan periorismì 1hc kathgorÐac mporoÔmena to gnwrÐzoume ek twn protèrwn, opìte o èlegqoc pou gÐnetai sth gramm  10thc mejìdou kostÐzei O(1) b mata kai ìqi O(
∣
∣{c | V ∈ vars(c)}

∣
∣).) Alli¸c,an up�rqei èstw kai ènac tètoioc periorismìc 1hc kathgorÐac, tìte to kìstocthc mejìdou eÐnai O(|[a..b]|) �kaj¸c gia k�je afaÐresh tim c prokÔptei kaiapì èna sumb�n gia to opoÐo prèpei na enhmer¸soume thn our�.3.6 O Algìrijmoc AC-5+'Ewc t¸ra parousi�sthkan oi tropopoi seic pou k�name gÔrw apì ton algì-rijmo GAC-5: Sthn § 3.5.4 all�xame ton tÔpo thc our�c tou, sthn § 3.5.5anajewr same ton trìpo me ton opoÐo h mèjodoc afaÐreshc tim c prosjèteistoiqeÐa sth (nèa) our� kai gia ìla aut� basist kame sthn § 3.5.2 ìpou k�nameènan aplì diaqwrismì twn sunart sewn c.LocalArcCons se treic kathgo-rÐec. Af same gia to tèloc ton kentrikì algìrijmo epibol c sunèpeiac, tonopoÐo onom�same AC-5+ kai ton parousi�zoume sthn epìmenh selÐda. (JamporoÔsame na ton eÐqame onom�sei kai GAC-5+, afoÔ uposthrÐzei pl rwcth genikeumènh sunèpeia akm¸n, all� den to k�name gia na upodeÐxoume ìtiapoteleÐ metexèlixh tou algorÐjmou AC-5.)O AC-5+ den èqei thn aplìthta tou GAC-5, all� h ulopoÐhs  tou denapaiteÐ th qr sh k�poiwn polÔplokwn dom¸n dedomènwn (h t�xh poluplokì-thtac thc mn mhc parèmeine stajer ), oÔte kai prìsjese k�ti sthn poluplo-kìthta qrìnou. Antijètwc, faÐnetai kajar� ìti prospaj same na apofÔgoumeton eswterikì brìqo twn gramm¸n 12�14, epishmaÐnontac dÔo nèec kathgorÐec

c.LocalArcCons �th 2h kai thn 3h� tic opoÐec mporoÔme na epexergastoÔmeme taqÔtero trìpo. Oi c.LocalArcCons twn dÔo teleutaÐwn kathgori¸neÐnai autèc pou apant¸ntai kat� suntriptik  pleioyhfÐa sta sÔgqrona su-st mata ProgrammatismoÔ me PeriorismoÔc, kaj¸c ta perissìtera apì aut�esti�zoun sth sunèpeia orÐwn kai stouc kajolikoÔc periorismoÔc.3.6.1 Enswm�twsh c.LocalArcCons 3ης KathgorÐ-acAf same gia to tèloc thn epex ghsh thc enswm�twshc twn sunart sewn
c.LocalArcCons(V, w, Q) 3hc kathgorÐac ston AC-5+. UpenjumÐzoume ìtih kathgorÐa aut  apoteleÐ upoperÐptwsh thc 2hc kathgorÐac. Oi sunart seic
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1: procedure AC-5+

2: time← 0
3: Q← ∅
4: for each c ∈ C do

5: c.ArcCons(Q)
6: end for

7: while Q 6= ∅ do

8: Pick and remove a (V, W, (cb, boundc, timec)) out of Q
9: V.q item← NIL

10: for each c ∈ C , with V ∈ vars(c) do

11: if c.LocalArcCons category is 1st then

12: for each (cf , w) ∈W , with c 6= cf do

13: c.LocalArcCons(V, w, Q)
14: end for

15: else if c.LocalArcCons category is 2nd then

16: if boundc = true and c 6= cb then

17: c.LocalArcCons(V, w, Q) . w tuqaÐo.
18: end if

19: else . c.LocalArcCons category is 3rd

20: if boundc = true and c.last check time < timec then

21: c.LocalArcCons(V, w, Q)
22: . Ta V kai w den qrhsimopoioÔntai.
23: end if

24: end if

25: c.last check time← time
26: time← time + 1
27: end for

28: end while

29: end procedure
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςdi�doshc pou up�gontai se aut n den ekmetalleÔontai oÔte to ìrisma V oÔteto w. Dhlad , gia thn 3h kathgorÐa isqÔei katarq n ì,ti kai gia thn 2h �lìgwthc mh ekmet�lleushc tou w.'Oson afor� th mh ekmet�lleush tou V , aut  sunep�getai ìti dÔo sum-b�nta (V1, W1, (cb1 , boundc1, t1)) kai (V2, W2, (cb2, boundc2, t2)) pou brÐskon-tai tautìqrona sthn our� Q ja èqoun to Ðdio apotèlesma ìson afor� th
c.LocalArcCons (efìson V1, V2 ∈ vars(c)): ja klhjeÐ (�skopa) dÔo fo-rèc �an antimetwpisteÐ san sun�rthsh 2hc kathgorÐac. Ex�llou, efìson aut h c.LocalArcCons den diab�zei tic paramètrouc eisìdou thc, oi kl seic
c.LocalArcCons(V1, w, Q) kai c.LocalArcCons(V2, w, Q) tautÐzontai.Gi' autìn ton lìgo èqoume  dh prosjèsei ston tÔpo stoiqeÐou-sumb�ntocthc our�c th metablht  t (  timec) sthn opoÐa shmei¸netai o qrìnoc pousunèbh h teleutaÐa metabol  twn orÐwn tou DV . Mèsw aut c o AC-5+ apo-feÔgei �skopec kl seic twn c.LocalArcCons 3hc kathgorÐac; tic kaleÐ mÐafor� gia ìlec tic metabolèc twn orÐwn tou DV , me V ∈ vars(c), pou èqounshmeiwjeÐ sthn Q.3.7 Peiramatik� ApotelèsmataO AC-5+ èqei ulopoihjeÐ se mÐa nèa èkdosh tou epilut  problhm�twn ikano-poÐhshc periorism¸n Naxos [42]. Ston epilut  autìn eÐnai ulopoihmènh mÐapoikilÐa periorism¸n. 'Eqoume dhlad  periorismoÔc ìlwn twn kathgori¸n.To zhtoÔmeno loipìn  tan na broÔme kai na ulopoi soume èna PIP pouja ekmetalleuìtan periorismoÔc kai twn tri¸n kathgori¸n me tic opoÐec èqou-me asqolhjeÐ se autì to kef�laio. Ta apl� kai gnwstìtera PIP esti�zounsun jwc se mÐa mikr  gk�ma periorism¸n. Gia autìn ton lìgo asqolhj kameme èna meg�lo {polusullektikì} PIP, to opoÐo perièqei periorismoÔc poll¸neid¸n. Prìkeitai gia to prìblhma kat�rtishc wrologÐwn programm�twn giaekpaideutik� idrÔmata me th morf  pou eÐqe ston deÔtero antÐstoiqo diejn diagwnismì (International Timetabling Competition 2007). Ekten c perigra-f  tou probl matoc up�rqei sto Par�rthma Aþ.Sto Sq ma 3.1 faÐnetai o arijmìc twn periorism¸n twn 14 stigmiìtupwntou probl matoc ta opoÐa apotèlesan to epÐkentro tou diagwnismoÔ. EÐnaiemfan c h kathgoriopoÐhs  touc stic treic kathgorÐec thc § 3.5.2. Wstìso,ofeÐloume na epishm�noume ìti den mporoÔme na sumper�noume apì to di�-gramma thn ousiastik  epÐdrash thc k�je kathgorÐac sto prìblhma, efìsonsthn katamètrhsh den xeqwrÐsame p.q. touc duadikoÔc apì touc kajolikoÔc
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Sq ma 3.1: Oi kathgorÐec twn periorism¸n pou apant¸ntai sta 14 probl matakat�rtishc wrologÐou progr�mmatocperiorismoÔc pou diatÐjentai ston epilut  Naxos. EÐnai emfanèc p�ntwc ì-ti kuriarqoÔn �ìpwc sunhjÐzetai sta praktik� sust mata� periorismoÐ stoucopoÐouc epib�lletai sunèpeia orÐwn (dhlad  periorismoÐ thc 2hc kai thc 3hckathgorÐac).Epiqeir same loipìn na sugkrÐnoume ton AC-5+ me ton {prok�toqì} tou,ton AC-5, o opoÐoc apoteleÐ exèlixh tou AC-3. Sta sq mata pou akoloujoÔnup�rqoun grafikèc parast�seic twn apotelesm�twn pou p rame prospaj¸n-tac na epilÔsoume ta 14 stigmiìtupa me th bo jeia twn algorÐjmwn aut¸n.Lème ìti h epÐlush ègine {me th bo jeia} twn algorÐjmwn epibol c sunèpeiacakm¸n/orÐwn, giatÐ apì mìnoi touc autoÐ den arkoÔn p�nta gia na epilÔsounèna PIP (bl. k. § 2.3.4). Wc ek toÔtou, qrei�sthke na touc sundu�soume memÐa mèjodo anaz thshc.Qrhsimopoi same th mèjodo anaz thshc me fragmènh kat� b�joc asumfw-nÐa (depth-bounded discrepancy search – DDS) [38]. Prìkeitai gia mÐa mèjodoanaz thshc me opisjodrìmhsh (bl. k. § 2.3.3). Se k�je b ma twn mejìdwnaut¸n (dhlad  se k�je an�jesh tim c se mÐa metablht  tou probl matoc) e-
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Sq ma 3.2: Ta kìsth twn lÔsewn pou brèjhkan apì tic treic diaforetikècmejodologÐec pou efarmìsthkan (se kajèna apì ta 14 probl mata kat�rtishcwrologÐou progr�mmatoc)pib�lloume sunèpeia akm¸n �ètsi ¸ste na mei¸soume ton q¸ro anaz thshc.H mejodologÐa aut  onom�zetai diat rhsh sunèpeiac akm¸n (maintaining arc
consistency – MAC) [34] kai qrhsimopoieÐtai kat� kìron stouc epilutèc, ìpwckai ston Naxos. Autìc eÐnai o lìgoc gia ton opoÐon sta parak�tw sq mataqrhsimopoioÔntai oi onomasÐec MAC-3, MAC-5 kai MAC-5+.Gia k�je dunatì sunduasmì mejodologÐac kai stigmiìtupou probl matocaf same ton Naxos na to epilÔei brÐskontac diadoqik� lÔseic, me th mÐalÔsh na eÐnai upoqrewtik� kalÔterh apì thn prohgoÔmen  thc, sÔmfwna me thmejodologÐa diakl�dwse-kai-fr�xe (branch-and-bound) [22]. O qrìnoc pouètreqe o Naxos gia k�je PIP  tan prokajorismènoc apì ton diagwnismì mèswenìc progr�mmatoc (benchmark) pou anèlue tic dunatìthtec k�je upologist .(P.q. se èna mhq�nhma me dipÔrhno epexergast  Intel Core sta 2.8 GHz, toqronikì ìrio pou èprepe na tejeÐ  tan 7 lept� kai 20 deuterìlepta.)Sto Sq ma 3.2 parathroÔme ìti mèsa sta plaÐsia aut� h MAC-5+ prola-baÐnei na d¸sei elafr¸c kalÔterec lÔseic apì th MAC-5, h opoÐa epÐshc dÐnei
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Sq ma 3.3: O qrìnoc pou qrei�sthkan oi treic diaforetikèc mejodologÐec giana ft�soun sthn kalÔterh koin  touc lÔsh (se kajèna apì ta 14 probl matakat�rtishc wrologÐou progr�mmatoc)elafr¸c kalÔterec lÔseic apì th MAC-3.Prin ft�soun ìmwc stic bèltistec lÔseic, oi mejodologÐec autèc èqounbrei k�poiec koinèc lÔseic, san endi�mesec. (Den apokleÐetai bèbaia h bèltisthlÔsh thc mÐac mejodologÐac na eÐnai endi�mesh k�poiac �kalÔterhc� mejodo-logÐac.) Gia na katano soume kalÔtera th filosofÐa pou krÔbetai pÐsw apìtouc treic algorÐjmouc, sta teleutaÐa dÔo sq mata esti�same sth bèltisthkoin  lÔsh twn tri¸n mejodologi¸n pou proèkuye gia k�je stigmiìtupo kaito p¸c ft�same se aut n.To pìte ft�same sth bèltisth koin  lÔsh faÐnetai sto Sq ma 3.3; h upe-roq  thc MAC-5+ eÐnai profan c. H filosofÐa thc ìmwc anadeiknÔetai apìto Sq ma 3.4. Apì to di�gramma autì faÐnetai ìti qr sh tou AC-5 aux�neikatakìrufa touc elègqouc periorism¸n. Prohgoumènwc ìmwc eÐdame ìti eÐnaiapodotikìteroc tou AC-3. To oxÔmwro autì exhgeÐtai apì to gegonìc ìti ènacèlegqoc periorism¸n tou AC-5 paÐrnei ligìtero qrìno apì touc antÐstoiqouctou AC-3. Gia na gÐnei ìmwc autì, o AC-5 aux�nei ton arijmì twn �taqÔterwn
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Sq ma 3.4: O arijmìc twn elègqwn periorism¸n pou èkanan oi treic diafo-retikèc mejodologÐec, mèqri na ft�soun sthn kalÔterh koin  touc lÔsh (sekajèna apì ta 14 probl mata kat�rtishc wrologÐou progr�mmatoc)kat� ta �lla� elègqwn periorism¸n. O AC-5+ mei¸nei tic spat�lec tou AC-5ekmetalleuìmenoc kalÔtera ta sumb�nta pou prokÔptoun kat� thn ektèles tou.

Νικόλαος Ι. Ποθητός 60



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

Kef�laio 4Apeikìnish PedÐou Tim¸n wcSÔnolo Diasthm�twnSth bibliografÐa den gÐnetai sun jwc lìgoc gia th dom  dedomènwn sthn opoÐaapojhkeÔoume èna pedÐo tim¸n apoteloÔmeno apì akèraiec timèc. EÐjistai naqrhsimopoieÐtai ènac pÐnakac apì logikèc metablhtèc (oi opoÐec parist�nontaiapì bit 0   1).Ac p�roume thn apl  perÐptwsh sthn opoÐa to pedÐo tim¸n perilamb�neimìno jetikèc akèraiec timèc kai èstw ìti o pÐnakac gia èna pedÐo tim¸n Donom�zetai a. Tìte èqoume ìti mÐa tim  v an kei sto D, an kai mìno an
a[v] = 1. 'Allec ulopoi seic ekmetalleÔontai up�rqousec domèc dedomènwnpou perigr�foun sÔnola akeraÐwn.4.1 Apeikìnish Sunìlou Diasthm�twnH kainotomÐa thc dik c mac prosèggishc èqei na k�nei me ton tÔpo twn stoiqeÐ-wn pou perièqei to sÔnolo to opoÐo ulopoi same. Den fti�xame èna sÔnoloapì arijmoÔc, all� èna sÔnolo apì diast mata akeraÐwn arijm¸n.Gia thn akrÐbeia, jewr same skìpimo ta stoiqeÐa tou sunìlou na eÐnai taken� diast mata tou pedÐou tim¸n pou perigr�foume. H logik  pÐsw apì aut thn epilog  mac èqei na k�nei me to gegonìc ìti kat� thn poreÐa epÐlushcenìc probl matoc ikanopoÐhshc periorism¸n to mègejoc twn pedÐwn tim¸n twnmetablht¸n elatt¸netai, kaj¸c gÐnontai anajèseic tim¸n kai di�dosh perio-rism¸n. Dhlad  den gÐnetai na èqoume prosj kec tim¸n se èna pedÐo tim¸n,par� mìno afairèseic. Kat� thn afaÐresh loipìn mÐac tim c   enìc diast -
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[10..10][100..102]
[2001..+∞][-∞..-17]

[-5..0] [999..1050]
Sq ma 4.1: Dèndro me ta ken� diast mata tou pedÐou tim¸n [-16..-6 1..911..99 103..998 1051..2000]matoc tim¸n apì èna pedÐo, emeÐc eis�goume sto sÔnolo ken¸n diasthm�twnèna akìma stoiqeÐo tou. To sÔnolo me ta ken� ulopoi jhke san èna duadikìdèndro anaz thshc.Gia par�deigma, to pedÐo tim¸n [9..17 44..101] perigr�fetai apì ta trÐaken� [−∞..8], [18..43] kai [102.. +∞]. Sto Sq ma 4.1 èqoume èna �llopar�deigma apeikìnishc (twn ken¸n) enìc pedÐou tim¸n. Ta ken� eÐnai m�listadiatetagmèna sÔmfwna me th dom  enìc duadikoÔ dèndrou. Profan¸c, ènackìmboc tou dèndrou perièqei ton pr¸to kai ton teleutaÐo arijmì enìc kenoÔdiast matoc, kaj¸c kai deÐktec sto aristerì kai sto dexÐ paidÐ tou kìmbou.4.2 Algìrijmoc Diagraf c/Anaz thshcDÔo eÐnai oi basikèc mèjodoi oi opoÐec allhlepidroÔn me èna pedÐo tim¸n: hmèjodoc diagraf c enìc diast matoc tim¸n kai h mèjodoc (anaz thshc) pouelègqei an èna di�sthma tim¸n an kei sto pedÐo tim¸n.To pleonèkthma thc prosèggis c mac eÐnai ìti oi dÔo basikèc mèjodoi dia-graf c/anaz thshc ulopoioÔntai ousiastik� apì thn Ðdia sun�rthsh onìmati
SearchGap, pou parousi�zoume parak�tw. H SearchGap dèqetai tèsse-ra orÐsmata (gapNode, newStartV al, newEndV al, removeInterval). An to
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removeInterval eÐnai 1, tìte o algìrijmoc diagr�fei to di�sthma [newStar-
tVal..newEndV al] apì to pedÐo tim¸n, pou parist�netai apì èna dèndro merÐza ton gapNode.An to removeInterval eÐnai 0, tìte h sun�rthsh epistrèfei ènan kìm-bo tou dèndrou o opoÐoc perièqei èstw kai èna stoiqeÐo tou [newStartV al..
newEndV al]. An den up�rqei k�poioc kìmboc pou na plhroÐ autì to krit -rio, tìte epistrèfetai ènac kenìc kìmboc. 'Etsi, gia na elègxoume p.q. anèna di�sthma [a..b] an kei sto pedÐo tim¸n D (pou apeikonÐzetai apì th dom dedomènwn), kaloÔme th SearchGap(rÐza dèndrou, a, b, 0) kai e�n o epistre-fìmenoc kìmboc eÐnai kenìc, tìte isqÔei [a..b] ⊆ D, alli¸c isqÔei [a..b] * D.AkoloujeÐ o en lìgw algìrijmoc.
1: function SearchGap (gapNode, newStartV al, newEndV al,
2: removeInterval)
3: while true do

4: if gapNode is empty then

5: if removeInterval = 1 then

6: Insert [newStartV al..newEndV al] into gapNode
7: end if

8: return gapNode
9: else

10: gapStartV al← min of gap in(gapNode)
11: gapEndV al ← max of gap in(gapNode)
12: if newEndV al + removeInterval < gapStartV al then

13: gapNode← left child(gapNode)
14: else if newStartV al − removeInterval > gapEndV al then

15: gapNode← right child(gapNode)
16: else

17: if removeInterval = 1 and (newStartV al < gapStartV al
18: or newEndV al > gapEndV al) then

19: if newStartV al ≥ gapStartV al then

20: newStartV al← gapStartV al
21: else

22: extensionNode← SearchGap(left child(gapNode),
23: newStartV al − 1, newStartV al − 1, 0)
24: if extensionNode not empty then

25: newStartV al ← min of gap in(extensionNode)
26: end if
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27: end if

28: if newEndV al ≤ gapEndV al then

29: newEndV al ← gapEndV al
30: else

31: extensionNode← SearchGap(right child(gapNode),
32: newEndV al + 1, newEndV al + 1, 0)
33: if extensionNode not empty then

34: newEndV al ← max of gap in(extensionNode)
35: end if

36: end if

37: Insert [newStartV al..newEndV al] into gapNode
38: end if

39: return gapNode
40: end if

41: end if

42: end while

43: end functionO algìrijmoc {perikleÐetai} apì ènan atèrmona brìqo, se k�je epan�lhyhtou opoÐou diasqÐzetai o kìmboc tou dèndrou gapNode (o opoÐoc arqik� eÐnaih rÐza tou dèndrou, en¸ sto tèloc k�je epan�lhyhc èqei antikatastajeÐ apìk�poio paidÐ tou).Proqwr¸ntac sth gramm  12 (kai antÐstoiqa sth gramm  14) thc sun�rth-shc, parathroÔme th qr sh thc metablht c removeInterval mèsa se sunj kh.H qrhsimìtht� thc ed¸ èqei na k�nei me thn perÐptwsh eisagwg c ( , kalÔte-ra, proskìllhshc) enìc kenoÔ diast matoc [newStartV al..newEndV al] =
[a..b], ìtan o trèqwn kìmboc perilamb�nei to di�sthma [gapStartV al..gap-
EndV al] = [b + 1..c] (kai sunep¸c mporeÐ na epektajeÐ se [gapStartV al′..
gapEndV al′] = [a..c]). To {+1} ed¸ anaparÐstatai apì th removeInterval.H sunj kh stic grammèc 17�18 up�rqei gia na elegqjeÐ an [newStartV al..
newEndV al] ⊆ [gapStartV al..gapEndV al]. An isqÔei autì, tìte den èqeinìhma na eis�goume k�poio nèo kenì di�sthma.Stic grammèc 22�23 (kai antÐstoiqa stic grammèc 31�32) anazhtoÔme anup�rqei k�poio kenì di�sthma [a..b] sto dèndro, me newStartV al−1 ∈ [a..b].An up�rqei, tìte to nèo kenì di�sthma [newStartV al..newEndV al] mporeÐna sugqwneujeÐ me to [a..b].Shmei¸netai tèloc ìti sthn pragmatikìthta k�je kìmboc tou dèndrou denperièqei mìno èna kenì, all� mÐa stoÐba apì ken� (to kajèna apì aut� suno-
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςdeuìmeno apì mÐa {qronik  èndeixh} gia to pìte prostèjhke) h opoÐa gemÐzeikaj¸c èna prìblhma ikanopoÐhshc periorism¸n epilÔetai kai adei�zei ìpoteopisjodromoÔme.4.3 Efarmog  se Prìblhma AkoloujÐac
DNAH qr sh thc dom c dedomènwn pou exet�zoume endeÐknutai ìtan èqoume meg�lamh suneq  pedÐa tim¸n. Se aut  thn enìthta parousi�zoume èna aplì prìblhmame metablhtèc me meg�la mh suneq  pedÐa tim¸n kai sugkrÐnoume th dik  macprosèggish me aut  �llwn gnwst¸n epilut¸n.4.3.1 Orismìc Qrwmos¸matoc [24]K�je kÔttaro enìc anjr¸pou perièqei 46 qrwmos¸mata, k�poia apì ta opoÐ-a moi�zoun me autì tou Sq matoc 4.2. 'Ena qrwmìswma apoteleÐ mèroc tougenetikoÔ mac ulikoÔ, afoÔ den eÐnai tÐpota �llo apì mÐa akoloujÐa noukle-otidÐwn DNA. Up�rqoun tèsseric tÔpoi noukleotidÐwn pou sumbolÐzontai me

A, T, G kai C. (A = adenÐnh, T = jumÐnh, G = gouanÐnh, C = kutosÐnh.)Se k�je qrwmìswm� mac up�rqei mÐa akoloujÐa 247.2 perÐpou ekatommurÐwntètoiwn noukleotidÐwn. P.q.
C A G G C A T ... G A A A C A A
︸ ︷︷ ︸247,200,000 noukleotÐdia4.3.2 'Ena Aplì Prìblhma Akolouji¸n'Estw ìti jèloume na {qwrèsoume} se èna qrwmìswma mÐa akoloujÐa apìtèsseric kutosÐnec C1, C2, C3, C4 kai mÐa akoloujÐa apì tèsseric gouanÐnec

G1, G2, G3, G4. 'Estw ìti h pr¸th akoloujÐa moi�zei me gewmetrik  prìodo,me Ci = bCi+1/99c kai h deÔterh akoloujÐa eÐnai arijmhtik  prìodoc me Gi+1 =
Gi + 99. Me Ci kai Gi sumbolÐsame tic jèseic twn antÐstoiqwn noukleotidÐwnsthn alusÐda DNA; to pedÐo tim¸n gia mÐa jèsh eÐnai to [1..247200000]. TozhtoÔmeno eÐnai na broÔme kajemÐa apì tic jèseic autèc. O phgaÐoc k¸dikacpou to epilÔei se di�fora sust mata programmatismoÔ me periorismoÔc eÐnaidiajèsimoc sto Par�rthma Bþ.
Νικόλαος Ι. Ποθητός 65



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

PSfrag replacementchhh
Sq ma 4.2: 'Ena qrwmìswma anjr¸pou idwmèno mèsa apì hlektronikì mikro-skìpio [36]4.3.3 DuskolÐec kat� thn EpÐlush'Ena aplì kai {aj¸o} prìblhma, loipìn, okt¸ periorismènwn metablht¸n toopoÐo gÐnetai. . . dÔskolo an den diaqeiristoÔme swst� ta okt¸ pedÐa tim¸n taopoÐa perièqoun ekatommÔria timèc.Gia thn epÐlush tou probl matoc qrhsimopoi same arqik� th dom  dedo-mènwn gia ta pedÐa tim¸n, pou perigr�fhke se autì to kef�laio. O epilut cmèsa ston opoÐo enswmat¸same th dom  san epèktash eÐnai o Naxos [42].P rame akariaÐa th lÔsh1 sto prìblhma qrhsimopoi¸ntac 3 MB mn mh.EntoÔtoic, sto Ðdio mhq�nhma2 to sÔsthma logikoÔ programmatismoÔ meperiorismoÔc ECLiPSe [1, 2] èkane trÐa deuterìlepta gia na epilÔsei to prì-blhma, all� to qeirìtero eÐnai ìti qrhsimopoÐhse 124 MB mn mh. Brej kamedhlad  lÐgo prin apì to prokajorismèno ìrio qr shc mn mhc apì thn ECLiPSe!An dokim�soume na prosjèsoume èna akìmh noukleotÐdio, h epÐlush ja sta-1Οι θέσεις για τα νουκλεοτίδια όπως προκύπτουν από την πρώτη λύση που βρέθηκε είναι
οι C1 = 1, C2 = 99, C3 = 9801, C4 = 970299, G1 = 2, G2 = 101, G3 = 200 και G4 = 299.2Ο υπολογιστής στον οποίο κάναμε τα πειράματα είναι ένας Sun Blade με επεξεργαστή
SPARC ταχύτητας 1.5 GHz και μνήμη μεγέθους 8 GB.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςmat sei lìgw èlleiyhc mn mhc.Sto Ðdio mhq�nhma p�li, o epilut c Ilog [21, 20] k�nei tripl�sio qrìnose sqèsh me thn ECLiPSe gia na brei lÔsh (perÐpou dèka deuterìlepta), en¸dapan� sqedìn thn Ðdia mn mh. 'Oson afor� thn klim�kwsh tou probl matoc,o Ilog m�c epitrèpei na ekmetalleutoÔme ìlh sqedìn th mn mh tou upologist kai sunep¸c eÐnai dunatìn na prosjèsoume akìma mèqri 80 perÐpou noukleo-tÐdia sthn alusÐda DNA. MporoÔme p.q. na b�loume �llec 80 gouanÐnec sthnantÐstoiqh arijmhtik  prìodo, ja spatal soume ìmwc gÔrw sta 5 GB mn mh(kaj¸c kai mÐa ¸ra apì ton qrìno mac mèqri na emfanistoÔn ta apotelèsmata)!Apì thn �llh pleur�, o Naxos klimak¸netai omal� kai mporeÐ na sumpe-ril�bei qili�dec periorismènec metablhtèc-noukleotÐdia me meg�la pedÐa tim¸n.P.q. mporeÐ se trÐa lept� kai qrhsimopoi¸ntac mìlic 6 MB mn mh na epilÔseito Ðdio prìblhma, me thn arijmhtik  prìodo na perièqei t¸ra qÐliec gouanÐnec.4.3.4 Sumper�smataGnwstoÐ epilutèc problhm�twn ikanopoÐhshc periorism¸n qrhsimopoioÔn domècdedomènwn, oi opoÐec gia na apojhkeÔsoun èna pedÐo tim¸n qrhsimopoioÔnmn mh an�logh me to mègejìc tou. (Me exaÐresh thn perÐptwsh pou to pedÐotim¸n eÐnai suneqèc: tìte autì mporeÐ na anaparastajeÐ mìno apì ta dÔo �kratou kai ìqi apì olìklhro pÐnaka tim¸n.)H dik  mac ulopoÐhsh qrhsimopoieÐ mn mh megèjouc an�logou me ton arij-mì twn ken¸n diasthm�twn pou to pedÐo tim¸n perièqei. Wstìso, lìgw thcdendrik c morf c thc dom c, oi basikèc leitourgÐec pou aforoÔn sthn anaz -thsh   diagraf  mÐac tim c apì to pedÐo, kostÐzoun logarijmikì qrìno (wcproc ton arijmì twn ken¸n pou to pedÐo tim¸n perièqei). Oi Ðdiec leitourgÐecse ènan pÐnaka pou èqei  dh dhmiourghjeÐ �me to ìpoio tÐmhma se mn mh kaiqrìno� ja èpairnan stajerì qrìno. Oi leitourgÐec ìmwc pou aforoÔn anaz -thsh   diagraf  enìc suneqoÔc diast matoc akeraÐwn tim¸n, megèjouc èstw
d, en¸ suneqÐzoun na kostÐzoun ton Ðdio logarijmikì qrìno ìson afor� sthdendrik  dom , se ènan pÐnaka kostÐzoun O(d) epanal yeic.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

Kef�laio 5DÐkaih Diqotìmhsh PedÐwnTim¸nAc jewr soume ìti èqoume èna dÐktuo periorism¸n se kat�stash sunèpeiacakm¸n. Wc gnwstìn, h sunèpeia akm¸n den sunep�getai ìti oi timèc twn pedÐwntim¸n tou probl matoc ikanopoÐhshc periorism¸n summetèqoun aparaÐthta semÐa lÔsh tou probl matoc autoÔ (bl. k. Sq ma 2.1). 'Etsi, odhgoÔmaste ektwn pragm�twn sth qr sh mÐac mejìdou anaz thshc �se sunduasmì sun jwcme ènan algìrijmo epibol c sunèpeiac akm¸n.P.q. sÔmfwna me thn praktik  thc diat rhshc sunèpeiac akm¸n (maintain-
ing arc consistency – MAC) [34], epilègoume mÐa mh desmeumènh periorismènhmetablht , thc anajètoume mÐa tim  apì to pedÐo tim¸n thc kai epib�lloumexan� sunèpeia akm¸n. Aut  h diadikasÐa epanalamb�netai mèqri na broÔme mÐalÔsh. An k�poia stigm  ft�soume se adièxodo,  toi se èna asunepèc dÐktuoperiorism¸n, opisjodromoÔme se mÐa prohgoÔmenh kat�stash kai sth sunèqeiaepilègoume �llec atrapoÔc proc th lÔsh.H diqotìmhsh pedÐwn tim¸n (domain splitting) eÐnai mÐa parallag  thcparap�nw mejodologÐac. En olÐgoic, sth diqotìmhsh pedÐwn tim¸n antÐ giamÐa an�jesh tim c se mÐa metablht  �kat� th diadikasÐa thc anaz thshc�,èqoume periorismì twn pedÐwn tim¸n thc: apokìptontai oi misèc timèc thc, exou kai o ìroc {diqotìmhsh}. Me �lla lìgia, antÐ na {sb noume} ìlec tic timècplhn mÐac (apì to pedÐo mÐac sugkekrimènhc metablht c kat� thn an�jesh),kìboume apl� tic misèc timèc. 'Etsi den prokÔptei an�jesh, ektìc an to pedÐotim¸n apoteleÐtai apì dÔo timèc.H mejodologÐa aut  èqei idiaÐterh efarmog  se arijmhtik� probl mata ika-nopoÐhshc periorism¸n (numerical constraint satisfaction problems – NCSPs).
Νικόλαος Ι. Ποθητός 69



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςH di�fora aut¸n twn problhm�twn apì ta klasik� PIP ègkeitai sto ìti tapedÐa tim¸n twn metablht¸n aforoÔn diast mata pragmatik¸n arijm¸n [5].Se aut  thn ergasÐa ja peiramatistoÔme mìno me klasik� PIP, ìmwc h jewrÐaden afor� mìno aut�.5.1 MÐa Diaforetik  Optik 'Estw loipìn ìti kat� th f�sh thc anaz thshc kaloÔmaste na diqotom -soume to pedÐo tim¸n DX = {1, . . . , 10} mÐac periorismènhc metablht c X.To sÔnhjec se autèc tic peript¸seic eÐnai na periorÐsoume to DX , eÐte se
{1, . . . , 5}, eÐte se {6, . . . , 10}: Ja epilèxoume èna apì ta dÔo uposÔnola kaian qreiasteÐ sto mèllon na anairèsoume aut  thn epilog  mac �se mÐa pijan opisjodrìmhsh�, ja mporoÔme na epilèxoume to ètero uposÔnolo.Wstìso, eÐnai emfanèc ìti aut  h praktik  upojètei ìti ìlec oi timèc enìcpedÐou tim¸n eÐnai {isobareÐc}. P.q. sto DX = {1, . . . , 10}, to Ðdio b�roc èqeito 1   to 2 me to 3, 4, 5 kai genik� opoiad pote �llh tim . EÐnai profanèc ìmwcìti se pragmatik� probl mata autì den isqÔei. EpÐshc eÐnai eunìhto ìti denmporoÔme na xèroume a priori to {b�roc}, dhlad  thn axÐa, miac sugkekrimènhctim c enìc pedÐou tim¸n; an to xèrame, ja mporoÔsame �mesa na broÔme lÔshsto prìblhma, kaj¸c oi timèc ekeÐnec pou den summetèqoun se lÔsh ja eÐqanb�roc Ðso me 0. Opìte katafeÔgoume se euristikèc ektim seic.O skopìc enìc euristikoÔ epilog c tim c (value ordering heuristic) eÐnaina dialèxoume thn tim  ekeÐnh apì to pedÐo miac metablht c, pou ja mac o-dhg sei me megalÔterh pijanìthta se lÔsh (succeed-first heuristic) [4]. 'Enatètoio, eurèwc diadedomèno euristikì eÐnai h arq  thc epilog c thc tim c e-keÐnhc gia thn opoÐa èqoume tic perissìterec timèc upost rixhc (supporters).P.q. an eÐqame ton periorismì X 6= Y , me DX = {1, 2} kai DY = {2, 3}, kaièprepe na epilèxoume mÐa tim  apì to DX , ja epilègame to 1, kaj¸c èqei dÔotimèc upost rixhc sto DY , en¸ to 2 èqei mìno mÐa (thn tim  3 ∈ DY ).An jèlame na qrhsimopoi soume to parap�nw euristikì sth diqotìmhshpedÐwn tim¸n, ja èprepe na to prosarmìsoume ètsi ¸ste na dÐnei plhroforÐ-ec/ektim seic gia sÔnola tim¸n kai ìqi gia xeqwristèc timèc enìc pedÐou. Sthdiqotìmhsh pedÐwn tim¸n, antÐ na koboume sth mèsh èna pedÐo, ja  tan ka-lÔtero na to qwrÐzoume se dÔo {isobar } mèrh ìson afor� ton arijmì twntim¸n upost rixhc gia ta dÔo sÔnola tim¸n pou ja prokÔyoun.Ja melet soume autì to euristikì gia thn perÐptwsh pou ta pedÐa tim¸ntwn emplekìmenwn metablht¸n aforoÔn sÔnola apì diadoqikoÔc akèraiouc
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς(thc morf c {a, a+1, . . . , b}). Ja asqolhjoÔme idiaÐtera me ton periorismì �<�.Pio tupik�, ja asqolhjoÔme me ton periorismì X < Y , gia tic periorismènecmetablhtèc X kai Y , me pedÐa tim¸n DX =
{
X, X + 1, . . . , X

} kai DY =
{
Y , Y + 1, . . . , Y

}.5.2 O Periorismìc X < YAc p�roume èna par�deigma. 'Estw dÔo metablhtèc X kai Y me pedÐa tim¸n
DX = {1, . . . , 6} kai DY = {4, . . . , 7}. Oi metablhtèc autèc sundèontai me tonperiorismì X < Y kai brÐskontai se kat�stash sunèpeiac akm¸n �to opoÐogÐnetai antilhptì exet�zontac tic timèc twn pedÐwn tim¸n. An epijumoÔmena diqotom soume to pedÐo tim¸n thc X kai na p�roume dÔo uposÔnola meis�rijma stoiqeÐa, ja p�roume to A1 = {1, 2, 3} kai to A2 = {4, 5, 6}. Gia tastoiqeÐa tou A1 èqoume suppY (1) = suppY (2) = suppY (3) = {4, 5, 6, 7}, ìpou
suppY (i) to uposÔnolo tou DY me tic timèc upost rixhc gia thn tim  i ∈ DX .Dhlad  èqoume ∑

i∈A2
|suppY (i)| = 4 + 4 + 4 = 12. Gia ta stoiqeÐa tou A2isqÔei suppY (4) = {5, 6, 7}, suppY (5) = {6, 7} kai suppY (6) = {7}. Dhlad 

∑

i∈A2
|suppY (i)| = 3 + 2 + 1 = 6.ParathroÔme loipìn mÐa anisokatanom  ìson afor� tic timèc upost rixhc:Gia tic timèc tou A1 up�rqei ajroistik� dipl�sioc arijmìc tim¸n upost ri-xhc se sqèsh me to A2. An ìmwc afairèsoume thn tim  3 apì to A1 kai thb�loume sto A2, ta pr�gmata exisorropoÔntai. (∑i∈A′

1

|suppY (i)| = 8 kai
∑

i∈A′

2

|suppY (i)| = 10, ìpou A′

1 kai A′

2 ta sÔnola pou prokÔptoun met� apìthn {metakÐnhsh} tou 3. ParathroÔme ìti h apìluth tim  thc diafor�c twndÔo ajroism�twn mei¸jhke shmantik�.) An sto par�deigma eÐqame megalÔterapedÐa tim¸n h an�gkh gia exisorrìphsh twn antÐstoiqwn sunìlwn A1 kai A2,pou ja eÐqame p�rei apì diqotìmhsh tou DX , ja  tan akìma megalÔterh.Sunep¸c, eÐnai shmantikì na mporoÔme me ènan susthmatikì trìpo, antÐna kìboume apl� ta pedÐa tim¸n sth mèsh, na èqoume mÐa dÐkaih diqotìmhshpedÐwn tim¸n. Ja prèpei na brÐskoume se stajerì qrìno (se sqèsh me tomègejoc tou pedÐou tim¸n) thn tim  ekeÐnh pou ja apoteleÐ th {qrus  tom }.Sto Sq ma 5.1 èqoun anaparastajeÐ grafik� ta pedÐa tim¸n twn metablh-t¸n X kai Y ston �xona twn akeraÐwn arijm¸n. IsqÔei o periorismìc X < Ykai up�rqei sunèpeia akm¸n, pr�gma pou faÐnetai apì tic sqetikèc jèseic twn�krwn twn pedÐwn tim¸n (kai gia tic dÔo upopeript¸seic).'Estw C = min
{
X, Y − 1

}. {Kìboume} to DX se D1 = {X, . . . , C} kai
D2 =

{
C + 1, . . . , X

}. Shmei¸netai ìti to D2 endèqetai na eÐnai kenì. IsqÔei
Νικόλαος Ι. Ποθητός 71



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

X X

• •

• •

Y Y

(αʹ) PerÐptwsh X ≥ Y

X X

• •

• •

Y Y

(βʹ) PerÐptwsh X < YSq ma 5.1: Apeikìnish twn dÔo upopeript¸sewn tou periorismoÔ X < Yìti ∀i ∈ D1, suppY (i) = DY kai ∀i ∈ D2, suppY (i) =
{
i + 1, . . . , Y

}. Apì taparap�nw prokÔptoun ta ex c:
∑

i∈DX

|suppY (i)| =
∑

i∈D1

|suppY (i)|+
∑

i∈D2

|suppY (i)| (5.1)
∑

i∈D1

|suppY (i)| =
C∑

i=X

|suppY (i)|

=
C∑

i=X

|DY |

= (C −X + 1) |DY |

(5.2)
∑

i∈D2

|suppY (i)| =
X∑

i=C+1

|suppY (i)|

=
X∑

i=C+1

(
Y − i

)

j:=i−C
=

X−C∑

j=1

(
Y − j − C

)

=
1

2

(
X − C

) (
2Y −X − C − 1

)

(5.3)
Sunep¸c, apì th (5.1) kai me th bo jeia twn (5.2) kai (5.3) prokÔpteimÐa arijmhtik  par�stash gia ton upologismì tou zhtoÔmenou ajroÐsmatoc.'Eqontac upologÐsei autì to �jroisma �se stajerì qrìno�, eÐmaste se jèsh naapait soume thn eÔresh mÐac tim c a ∈ DX , tètoiac ¸ste to ∑a

i=X |suppY (i)|na isoÔtai me A = ε
∑

i∈DX
|suppY (i)|, 0 < ε < 1; mÐa sunhjismènh tim  giato ε eÐnai to 0.5. Dhlad  ja prèpei na lÔsoume wc proc to a thn exÐswsh

∑a

i=X |suppY (i)| = A. 'Eqoume tic ex c dÔo peript¸seic:
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς(i) An ∑C

i=X |suppY (i)| ≥ A, dhlad  an (C −X + 1) |DY | ≥ A, tìte anti-kajistoÔme to C sth sqèsh (5.2) me a kai prokÔptei:
a∑

i=X

|suppY (i)| = A =⇒ (a−X + 1) |DY | = A =⇒

a = X − 1 +
A

|DY |
.(ii) Alli¸c, ja qrhsimopoi soume th sqèsh (5.1), antikajist¸ntac to X me

a kai ja p�roume:(5.1) (5.2),(5.3)
=⇒ (C −X + 1) |DY |+

1

2
(a− C)

(
2Y − a− C − 1

)
= A =⇒

a2 + pa + q = 0 =⇒

a =
−p−

√

p2 − 4q

2
.'Opou p = 1 − 2Y kai q = 2Y C − C − C2 − 2 (C −X + 1) |DY | + 2A.Epilèxame th mikrìterh apì tic dÔo rÐzec tou triwnÔmou. Ex�llou, giath megalÔterh rÐza èqoume:

−p +
√

p2 − 4q

2
≥
−p

2
= Y −

1

2
.'Omwc, den mporeÐ h tim  tou a na eÐnai megalÔterh   Ðsh tou Y , opìte hsugkekrimènh rÐza aporrÐptetai.5.3 'Alloi TÔpoi Periorism¸nO periorismìc X < Y �me ta antÐstoiqa pedÐa tim¸n na perilamb�noun èkastodiadoqikoÔc akèraiouc� parousi�zei endiafèron, kaj¸c an efarmìsoume thnklasik  diqotìmhsh pedÐou tim¸n kai prokÔyoun dÔo uposÔnola me is�rijmastoiqeÐa, emfanÐzetai sth genik  perÐptwsh mÐa asummetrÐa ìson afor� tonarijmì twn tim¸n upost rixhc gia to k�je uposÔnolo. Sta perissìtera �llaeÐdh periorism¸n h klasik  diqotìmhsh pedÐwn tim¸n den antimetwpÐzei shmanti-kì prìblhma �mil¸ntac p�nta gia pedÐa tim¸n me diadoqikoÔc akèraiouc. (P.q.èna tètoio eÐdoc periorism¸n eÐnai o X = CY , me C stajerì,   o X = Y +Z.)
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς'Enac �lloc periorismìc pou parousi�zei thn proanaferjeÐsa asummetrÐaeÐnai o X = Y Z. (P.q. ac skeftoÔme thn perÐptwsh pou DX = {1, . . . , 16}kai DY = DZ = {1, . . . , 4}. Profan¸c ed¸ mil�me gia sunèpeia orÐwn, mÐa pioqalar  ènnoia se sqèsh me th sunèpeia akm¸n; ex�llou h tim  p.q. 15 ∈ DXden brÐskei st rigma stic Y kai Z. Tìte an diqotomoÔsame to DX den ja  tan{dÐkaio} na to sp�soume se {1, . . . , 16/2} kai {16/2 + 1, . . . , 16}, kaj¸c todeÔtero uposÔnolo èqei saf¸c ligìterec timèc upost rixhc stic metablhtèc
Y kai Z, ènanti tou pr¸tou.) Wstìso, apì th melèth tou sugkekrimènouperiorismoÔ, ektìc tou ìti katal goume se polÔplokouc majhmatikoÔc tÔpouc,ta apotelèsmata pou prokÔptoun eÐnai proseggistik� [12, 17, 19, 30].5.4 O Periorismìc X = Y 2MÐa upoperÐptwsh tou periorismoÔ X = Y Z, pou mporeÐ na melethjeÐ eukolì-tera, eÐnai o periorismìc X = Y 2. Ac jwr soume ìti up�rqei sunèpeia orÐwngia tic metablhtèc X kai Y pou sundèontai me autìn ton periorismì. (H su-nèpeia orÐwn eÐnai pio {qalar } ènnoia se sqèsh me th sunèpeia akm¸n. Ed¸autì praktik� shmaÐnei ìti X = Y 2 kai X = Y

2, an |Y | ≤ |Y |. Diaforetik�,an |Y | > |Y |, tìte ja prèpei X = Y
2 kai X = Y 2.) Tìte mÐa dÐkaih moira-si� tou DX �sÔmfwna p�nta me th filosofÐa thc dÐkaihc diqotìmhshc pedÐwntim¸n� ja  tan ta dÔo uposÔnola

{X, . . . , a} kai {
a + 1, . . . , X

}
, ìpou a =

⌊(
Y + Y

2

)2
⌋

.Apìdeixh. 'Estw ìti Y + Y ≥ 0. Gia to uposÔnolo {X, . . . , a}tou DX ta uposÔnola upost rixhc sth metablht  Y eÐnai to A1 =
{
max {0, Y } , . . . ,

⌊(
Y + Y

)
/2

⌋} kai, efìson Y < 0, to A2 =
{
max{−

⌊(
Y + Y

)
/2

⌋
, Y }, . . . , 0

}. Gia to ètero uposÔnolo {a+

1, . . . , X} tou DX ta uposÔnola upost rixhc sthn Y eÐnai to
B1 =

{⌊(
Y + Y

)
/2

⌋
+ 1, . . . , Y

} kai, efìson Y < 0, to B2 =
{
Y , . . . ,−

⌊(
Y + Y

)
/2

⌋
− 1

}. IsqÔei |A1 ∪ A2| = |B1 ∪ B2|, memÐa mikr  apìklish thc t�xhc mÐac mon�dac. Parìmoia eÐnai h apì-deixh sthn perÐptwsh pou Y + Y < 0.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς5.5 Perissìteroi PeriorismoÐWc t¸ra asqolhj kame me thn eÔresh mÐac tim c a h opoÐa ja diaqwrÐzei dÐkaia(anaforik� me tic timèc upost rixhc) èna pedÐo tim¸n DX , ìtan up�rqei ènacperiorismìc, p.q. X < Y . Ti gÐnetai ìmwc ìtan èqoume kai �llouc periorismoÔc(p.q. ènan akìma periorismì X < Z)? MÐa logik  antimet¸pish ja  tan nap�roume th mèsh tim  ìlwn twn tim¸n {a} ( , kalÔtera, {ai}, ìpou i o aÔxwnarijmìc tou periorismoÔ) pou prokÔptoun gia k�je periorismì.Gia na gÐnei autì, dhlad  gia na broÔme th {qrus  tom } pou dÐnei h dÐkaihdiqotìmhsh pedÐwn tim¸n, apaitoÔntai O(e) b mata, afoÔ tìsec prosjèseic jak�noume gia na broÔme ton mèso ìro. Sthn apl  diqotìmhsh pedÐwn tim¸n oqrìnoc  tan stajerìc me tÐmhma mÐa qeirìterh ektÐmhsh.H tim  ai ja isoÔtai me [(
X + X

)
/2

] gia touc perissìterouc periori-smoÔc, ìqi ìmwc kai gia touc anisotikoÔc pou melet jhkan prohgoumènwc.Shmei¸netai epÐshc ìti ìtan ènac periorismìc ikanopoieÐtai gia k�je sundua-smì twn tim¸n twn treqìntwn pedÐwn (ìpwc p.q. o periorismìc X < Y , me
DX = {0, 1} kai DY = {8, 9}), tìte den eÐnai an�gkh na ton l�boume upìyh(gia na bg�loume ton mèso ìro).An lÔnoume èna prìblhma ikanopoÐhshc periorism¸n me b�rh, ja mporoÔ-same antÐ thc mèshc tim c na paÐrname thn tim  [

1

e

∑e

i=1
wiai

], ìpou e o arijmìctwn periorism¸n tou probl matoc kai wi to b�roc tou i-ostoÔ periorismoÔ.EmeÐc sta peir�mata pou akoloujoÔn, b�zame oi Ðdioi b�rh stic timèc aise èna PIP qwrÐc b�rh. 'Otan eÐqame p.q. touc periorismoÔc X < Y1 me
|DY1
| = 4 kai X < Y2 me |DY2

| = 40, jel same na euno soume perissìterothn tim  diqotìmhshc a1 h opoÐa prokÔptei gia ton pr¸to periorismì, par� thn
a2. O lìgoc pou to k�name autì  tan epeid  h pr�xh èqei deÐxei ìti prèpei nalamb�noume perissìtero upìyh tic metablhtèc ekeÐnec me mikr� pedÐa tim¸n,gia na èqoume perissìterh eleujerÐa kin sewn sthn poreÐa thc anaz thshc[32]. P.q. ènac upodiplasiasmìc tou DY2

eÐnai pijanìtero na èqei ligìteroantÐktupo apì mÐa meÐwsh tou DY1
pou eÐnai  dh periorismèno. To b�roc pouja mporoÔsame na b�loume stic antÐstoiqec timèc ai eÐnai antistrìfwc an�logotou megèjouc tou pedÐou tim¸n thc Y (dhlad  Ðso me 1/|DY |).Tèloc, ìtan telik� kìyoume to DX sta dÔo uposÔnola {X, . . . , a} kai

{
a + 1, . . . , X

}, den eÐnai aparaÐthto na epilègoume pr¸ta to aristerì uposÔ-nolo gia na suneqÐsoume thn anaz thsh; jewr same praktikì na epilègoumepr¸ta to uposÔnolo me to mikrìtero mègejoc, kaj¸c �qwrÐc na miloÔme meausthr  gl¸ssa� oi timèc pou autì perièqei faÐnetai ìti èqoun perissìterhaxÐa, lìgw twn perissìterwn tim¸n upost rixhc pou èqei h kajemÐa touc.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς5.6 Peiramatik� ApotelèsmataSto Kef�laio 3 qrhsimopoi same to prìblhma kat�rtishc wrologÐwn pro-gramm�twn gia na entopÐsoume thn ìpoia qrhsimìthta twn proteinìmenwn al-gorÐjmwn kai to Ðdio ja k�noume kai ed¸. Uiojet same thn perigraf  touprobl matoc ìpwc dhmosieÔjhke ston deÔtero antÐstoiqo diejn  diagwnismì(International Timetabling Competition 2007). Sto Par�rthma Aþ paratÐ-jentai analutikèc plhroforÐec gia to prìblhma autì.Qrhsimopoi same xan� ton epilut  problhm�twn ikanopoÐhshc periorism¸n
Naxos kai ton mhqanismì diatÔpwshc mejìdwn anaz thshc pou enswmat¸ne-tai se autìn [42]. Oi mèjodoi pou ulopoi same  tan h klasik  diqotìmhshpedÐwn tim¸n kai h dÐkaih diqotìmhsh pedÐwn tim¸n.Gia k�je dunatì sunduasmì twn dÔo mejodologi¸n me ta 14 stigmiìtu-pa tou probl matoc (pou dhmosieÔjhkan ston diagwnismì) af same ton Na-

xos na ta epilÔei brÐskontac diadoqik� lÔseic, me th mÐa lÔsh na eÐnai upo-qrewtik� kalÔterh apì thn prohgoÔmen  thc, sÔmfwna me th mejodologÐadiakl�dwse-kai-fr�xe (branch-and-bound). O qrìnoc pou ètreqe o Naxosgia k�je PIP  tan prokajorismènoc apì ton diagwnismì mèsw enìc progr�m-matoc (benchmark) pou anèlue tic dunatìthtec k�je upologist . (P.q. seèna mhq�nhma me dipÔrhno epexergast  Intel Core sta 2.8 GHz, to qronikììrio pou èprepe na tejeÐ  tan 7 lept� kai 20 deuterìlepta.)5.6.1 Ubridikì Euristikì Epilog c Metablht cGia na lÔsoume èna PIP epilègoume epanalhptik� mÐa metablht  tou kai eÐtethc anajètoume mÐa tim , eÐte periorÐzoume me k�poion trìpo (p.q. diqotìmhsh)to pedÐo tim¸n thc. Poia metablht  eÐnai ìmwc kalì na epilègoume k�je for�?To euristikì epilog c metablht c (variable ordering heuristic) mac kajodhgeÐìtan èqoume na p�roume tètoiou eÐdouc apof�seic.H genikìterh empeirÐa èqei deÐxei ìti ìtan èqoume na k�noume me an�jeshtim c, h qr sh twn parak�tw euristik¸n kanìnwn èqei san apotèlesma thgrhgorìterh epÐlush twn perissìterwn PIP:
• Epilègoume apì to sÔnolo twn metablht¸n th metablht  ekeÐnh pou èqeito mikrìtero pedÐo tim¸n. (Sth bibliografÐa sunant�me di�forec onoma-sÐec gia autì to euristikì, ìpwc el�qistec apomènousec timèc, minimum

remaining values kai first-fail.)
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• An up�rqei isobajmÐa gia to parap�nw krit rio, tìte sumbouleuìmasteto deÔtero krit rio. To deÔtero krit rio eunoeÐ th metablht  h opoÐaemplèketai stouc perissìterouc periorismoÔc; dhlad  th metablht  Vme to megalÔtero sÔnolo {c | V ∈ vars(c)}. (To krit rio autì tosunant�me me tic onomasÐec euristikì bajmoÔ, degree heuristic kai Brélazproc tim n tou ereunht  pou to prwtoqrhsimopoÐhse to 1979 [11].)H diqotìmhsh pedÐwn tim¸n kai h parallag  thc pou exet�zoume, den eÐ-nai sÔnhjec na qrhsimopoioÔn ta kajierwmèna euristik� epilog c metablht c,ìpwc ta proanaferjènta. O lìgoc pou den to k�noun autì eÐnai epeid  anqrhsimopoi soun p.q. to euristikì twn elaqÐstwn apomenous¸n tim¸n, h mè-jodoc thc diqotìmhshc pedÐwn tim¸n ja tautizìtan me thn pr¸ta-kat�-b�jocanaz thsh: Ja epèlege mÐa metablht  kai ja diqotomoÔse to pedÐo tim¸n thc,all� sth sunèqeia ja epèlege pijanìtata thn Ðdia p�li metablht  (lìgw touìti p�li ja èqei to mikrìtero pedÐo tim¸n) kai ja xanadiqotomoÔse to pedÐotim¸n thc k.o.k. mèqri autì na gÐnei monomelèc. Praktik� dhlad  ja eÐqameanajèseic.Gia na mhn ft�soume se aut n thn {ekfulismènh} perÐptwsh, nai men sum-bouleuìmaste ta parap�nw euristik�, all� prosjètoume ènan bajmì tuqaiì-thtac se aut�. An èqoume na epilèxoume mÐa apì tic metablhtèc V1, . . . , Vn,axiologoÔme katarq n kajemÐa apì autèc mèsw tou parak�tw tÔpou:
hi =

(

|DVi
| · (e + 1) +

∣
∣{c | Vi ∈ vars(c)}

∣
∣

)rand

.O tÔpoc entìc thc parènjeshc den eÐnai tÐpota �llo apì ènac sunduasmìc twndÔo euristik¸n pou anafèrjhkan. O par�gontac (e + 1) up�rqei gia na d¸seiproteraiìthta sto euristikì twn elaqÐstwn apomenous¸n tim¸n |DVi
|, afoÔgia to euristikì tou bajmoÔ isqÔei ìti ∣

∣{c | Vi ∈ vars(c)}
∣
∣ ≤ e, ìpou e oarijmìc twn periorism¸n pou up�rqoun sto PIP.H parènjesh uy¸netai sth rand. 'Oso megalÔterh eÐnai h tim  rand, tìsoperissìtero ja megal¸sei h diafor� metaxÔ twn hi. Dhlad  ìso megal¸noumeto rand, tìso {upoqrewnìmaste} na akolouj soume thn ektÐmhsh twn dÔoproanaferjèntwn euristik¸n.Se autì to shmeÐo ja epiqeir soume na eis�goume mÐa {dìsh} tuqaiìthtacsta dÔo parap�nw �mh tuqaÐa� euristik�. OrÐzoume thn ex c akoloujÐa:

H0 = 0,

Hi =
hi

∑n

j=1
hj

+ Hi−1, 1 ≤ i ≤ n.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςApì aut n prokÔptoun ta ex c n diast mata tim¸n, ta opoÐa eÐnai xèna metaxÔtouc:
Ii = [Hi−1, Hi), 1 ≤ i ≤ n.H ènwsh ìlwn aut¸n twn diasthm�twn dÐnei to sÔnolo [0, 1). An�loga me topìso meg�lh eÐnai h tim  hi, to di�sthma Ii katalamb�nei antÐstoiqh merÐdaapì to [0, 1). Epomènwc epilègontac mÐa tuqaÐa tim  sto [0, 1), mporoÔme nap�roume to antÐstoiqo Ii, to opoÐo afor� mÐa sugkekrimènh metablht  Vi.'Otan rand → ∞, tìte h metablht  pou ja p�roume apì thn parap�nwdiadikasÐa ja eÐnai aut  pou epilègoun ta mh tuqaÐa euristik� pou qrhsimopoi- same. An ìmwc rand→ 0, tìte h parap�nw diadikasÐa ja epilèxei èna tuqaÐodi�sthma Ii kai sunakìlouja mÐa entel¸c tuqaÐa metablht  Vi.
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Sq ma 5.2: Ta kìsth twn lÔsewn pou brèjhkan apì tic dÔo diaforetikècmejodologÐec pou efarmìsthkan (se kajèna apì ta 14 probl mata kat�rtishcwrologÐou progr�mmatoc) gia rand = 8
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Sq ma 5.3: Ta kìsth twn lÔsewn gia rand = 165.6.2 Apotelèsmata BeltistopoÐhshcSta sq mata pou paratÐjentai sugkrÐnontai ta kìsth twn kalÔterwn lÔsewnpou brÐskoun oi mejodologÐec thc klasik c kai thc dÐkaihc diqotìmhshc pedÐwntim¸n. K�je di�gramma antistoiqeÐ kai se ènan diaforetikì bajmì tuqaiìthtac
rand: to pr¸to sq ma èqei thn perissìterh tuqaiìthta, h opoÐa elatt¸netaistadiak� mèqri na ft�soume sto teleutaÐo. Sta shmeÐa pou den faÐnetai tokìstoc, h mèjodoc den kat�fere na brei kamÐa lÔsh.Blèpoume ìti me th dÐkaih diqotìmhsh pedÐwn tim¸n ft�noume sto 90% twnpeript¸sewn se kalÔterec lÔseic se sqèsh me thn apl  diqotìmhsh pedÐwntim¸n. K�poiec forèc h klasik  mèjodoc den brÐskei kamÐa lÔsh, en¸ h dÐkaihdiqotìmhsh pedÐwn tim¸n katafèrnei na epilÔsei to prìblhma. En¸ h dÐkaihdiqotìmhsh den èqei sqediasteÐ gia probl mata beltistopoÐhshc (all� gia PIPsta opoÐa h eÔresh mÐac opoiasd pote lÔshc m�c arkeÐ), h taqÔthta me thnopoÐa ft�nei se mÐa lÔsh af nei ta qronik� perij¸ria gia na anazht soumeth meÐwsh tou kìstouc thc. Den eÐnai wstìso xek�jaro to poio rand eÐnaikalÔtero na epilèxoume.
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Sq ma 5.4: Ta kìsth twn lÔsewn gia rand = 32
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Kef�laio 6Sumper�smata kaiMellontikèc KateujÔnseicH empeirÐa èqei deÐxei ìti ta PIP kai idiaÐtera ta dÔskola (NP-pl rh) den eÐnaisofì na ta b�zoume ìla sta Ðdio {kaz�ni} kai na ta epilÔoume kat� ton Ðdiotrìpo. 'Omwc h arqik  prosdokÐa gia ton Programmatismì me PeriorismoÔc�ìpwc ekfr�sthke apì ènan apì touc prwtopìrouc tou q¸rou, ton Eugene
Freuder�  tan autì akrib¸c autì to pr�gma: O qr sthc na diatup¸nei me aplìtrìpo to PIP tou kai o epilut c na analamb�nei thn epÐlus  tou, qwrÐc thnousiastik  parèmbash tou qr sth [15]. Oi mejodologÐec aut c thc ergasÐacmporoÔn na entaqjoÔn se ènan epilut  genik¸n PIP, afoÔ ta peiramatik�apotelèsmata ta opoÐa parajèsame proèkuyan mèsa apì thn epèktash enìctètoiou genikoÔ epilut .H idèa thc apeikìnishc enìc pedÐou tim¸n mèsa apì èna duadikì dèndroanaz thshc to opoÐo perièqei ta ken� tou, eÐdame ìti eÐnai exairetik� qr simhìtan èqoume na k�noume me meg�la pedÐa tim¸n. Apì ed¸ kai pèra eÐnai en-diafèron na exet�soume th dhmiourgÐa enìc ubridÐou gia thn apeikìnish enìcpedÐou tim¸n, to opoÐo ja enswmat¸nei perissìterec apì mÐa domèc dedomènwn.H mhqan  di�doshc periorism¸n AC-5+ proèkuye apì to {p�ntrema} thcjewrÐac sthn opoÐa sthrÐzontai oi mhqanèc di�doshc periorism¸n pou qrhsi-mopoioÔntai stouc sÔgqronouc epilutèc kai thc pio {klasik c} jewrÐac twnpr¸twn algorÐjmwn epibol c sunèpeiac akm¸n �sugkekrimèna tou AC-5. Ja tan endiafèron na doÔme mellontik� to p¸c mporeÐ na gÐnei aut  h mejodologÐ-a katanemhmènh, ètsi ¸ste na aux soume thn apodotikìtht� thc, axiopoi¸ntacìlouc touc upologistikoÔc pìrouc pou èqoume sth di�jes  mac.Tèloc, h epèktash pou k�name sth mejodologÐa thc diqotìmhshc pedÐwn ti-
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςm¸n ja mporoÔse na idwjeÐ apì th skopi� kai �llwn periorism¸n, pèran aut¸npou exet�same, ìpwc gia par�deigma touc kajolikoÔc. Ta enjarruntik� apo-telèsmata pou p rame gia ta stigmiìtupa enìc klasikoÔ PIP pisteÔoume ìtimporoÔn na epideiqjoÔn kalÔtera se èna arijmhtikì PIP �dhlad  se èna prì-blhma pou afor� pragmatikoÔc arijmoÔc kai ìqi mìno akèraiec metablhtèc�,afoÔ se aut� efarmìzetai pio fusik� h diqotìmhsh pedÐwn tim¸n.

Νικόλαος Ι. Ποθητός 82



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

Par�rthma AþPrìblhma Kat�rtishcWrologÐou Progr�mmatocH autìmath kataskeu  enìc wrologÐou progr�mmatoc eÐnai èna dÔskolo prì-blhma pou mporeÐ na antimetwpisjeÐ mèsw tou ProgrammatismoÔ me Periori-smoÔc. Gia thn paroÔsa ergasÐa apotèlese ton sundetikì krÐko an�mesa sthjewrÐa kai sthn pr�xh, afoÔ prìkeitai gia èna apì ta pio praktik� probl matameg�lhc klÐmakac.1Up�rqoun pollèc diaforetikèc diatup¸seic tètoiou eÐdouc problhm�twnqronoprogrammatismoÔ. EmeÐc montelopoi same to prìblhma sÔmfwna me ticprodiagrafèc tou teleutaÐou DiejnoÔc DiagwnismoÔ Kat�rtishc WrologÐwnProgramm�twn (International Timetabling Competition – ITC-2007). Piosugkekrimèna, epikentrwj kame ston tomèa Kat�rtishc WrologÐou Progr�m-matoc Majhm�twn b�sei Progr�mmatoc Spoud¸n (Curriculum-based Course
Timetabling) [14].Pèra apì th montelopoÐhsh twn problhm�twn, daneist kame apì ton enlìgw diagwnismì kai dekatèssera stigmiìtupa problhm�twn. (Ta probl -mata aut� perigr�fontai sta arqeÐa comp01.ctt, . . . , comp14.ctt pou eÐnaidiajèsima sthn istoselÐda tou diagwnismoÔ kai qrhsimopoi jhkan gia thn a-xiolìghsh twn algorÐjmwn pou upobl jhkan se autìn.) Ta stigmiìtupa a-foroÔn pragmatik� probl mata wrologÐwn programm�twn tou Panepist miou1Η ποικιλία των περιορισμών τους οποίους εμπεριέχει, κάνει αυτό το πρόβλημα κατάλληλη
δοκιμαστική πλατφόρμα για τη μηχανή διάδοσης περιορισμών (AC-5+) που παρουσιάστηκε
στο Κεφάλαιο 3 και για το μηχανισμό της Δίκαιης Διχοτόμησης Πεδίων Τιμών του Κεφα-
λαίου 5.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούςtou OÔntine.2Aþ.1 Eisagwg Analutikìtera, to prìblhma èqei san zhtoÔmeno ton qronoprogrammatismìsugkekrimènou arijmoÔ monìwrwn dialèxewn �kajemÐa apì tic opoÐec afor�èna m�jhma�, ètsi ¸ste na kataskeuasteÐ èna ebdomadiaÐo wrolìgio prìgram-ma. Poll� diejn  panepist mia basÐzontai sto montèlo pou ja perigr�youme,an kai se merik� shmeÐa èqei aplopoihjeÐ ètsi ¸ste na eÐnai ìso to dunatìgenikìtero.Aþ.2 OntìthtecHmèrec, 'Wrec kai PerÐodoi. Sto prìblhma orÐzetai o arijmìc twn h-mer¸n kat� tic opoÐec did�skontai maj mata (sun jwc 5   6). K�jemèra upodiaireÐtai se ènan stajerì arijmì wr¸n, o opoÐoc eÐnai o Ðdiocgia ìlec tic hmèrec. MÐa perÐodoc eÐnai èna zeÔgoc mÐac sugkekrimènhchmèrac kai ¸rac. O sunolikìc arijmìc twn didaktik¸n periìdwn isoÔtaime to ginìmeno tou arijmoÔ twn hmer¸n epÐ ton arijmì twn wr¸n (an�hmèra).Maj mata kai Kajhghtèc. K�je m�jhma perilamb�nei ènan stajerìarijmì dialèxewn, oi opoÐec paradÐdontai se diaforetikèc metaxÔ toucperiìdouc; shmei¸netai ìti gÐnetai na oristoÔn perÐodoi kat� tic opoÐecden epitrèpetai h didaskalÐa tou maj matoc. 'Ena m�jhma parakoloujeÐ-tai apì sugkekrimèno arijmì majht¸n kai did�sketai apì ènan kajhght .Oi dialèxeic kalì eÐnai na katanèmontai mèsa sthn ebdom�da, ètsi ¸stena kalÔptoun ènan el�qisto arijmì hmer¸n didaskalÐac tou maj matoc.AÐjousec. K�je aÐjousa qarakthrÐzetai apì mÐa sugkekrimènh qwrhtikì-thta, pou eÐnai o arijmìc twn diajèsimwn jèse¸n thc. 'Olec oi aÐjouseceÐnai kat�llhlec gia ìla ta maj mata (efìson eparkoÔn oi jèseic touc).Om�dec Majhm�twn. DÔo maj mata an koun sthn Ðdia om�da majhm�-twn an kai mìnon an up�rqoun majhtèc pou parakoloujoÔn kai ta dÔo.2Για την ιστορία, οι νικητές του διαγωνισμού χρησιμοποίησαν τοπική αναζήτηση [31], ενώ
στην παρούσα εργασία εστιάσαμε στις συστηματικές μεθόδους αναζήτησης με οπισθοδρόμη-
ση.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςSunep¸c, ta maj mata pou an koun sthn Ðdia om�da ja prèpei na para-dÐdontai se diaforetikèc didaktikèc periìdouc, alli¸c èqoume tic legì-menec sugkroÔseic dialèxewn. Tèloc, kalì eÐnai oi didaktikèc perÐodoikat� tic opoÐec paradÐdontai oi dialèxeic mÐac om�dac majhm�twn na mhnèqoun poll� ken� metaxÔ touc; dhlad  kalì eÐnai to wrolìgio prìgram-ma gia mÐa sugkekrimènh om�da majhm�twn na eÐnai ìso to dunatìn piosumpagèc.H lÔsh sto prìblhma eÐnai mÐa an�jesh mÐac periìdou (dhlad  hmèrac kai¸rac) kai mÐac aÐjousac se k�je di�lexh k�je maj matoc.Aþ.3 (AusthroÐ) PeriorismoÐDialèxeic. 'Olec oi dialèxeic k�je maj matoc prèpei na mpoun sto wrolìgioprìgramma, se diaforetikèc didaktikèc periìdouc.Qr sh AÐjousac. DÔo dialèxeic den mporoÔn na lamb�noun q¸ra sthnÐdia aÐjousa thn Ðdia didaktik  perÐodo.SugkroÔseic. Oi dialèxeic mÐac om�dac majhm�twn kaj¸c kai oi dialèxeicpou did�skei o Ðdioc o kajhght c prèpei na paradÐdontai se diaforetikècdidaktikèc periìdouc.Diajesimìthtec. K�je di�lexh prèpei na paradÐdetai se didaktik  perÐododiajèsimh gia to m�jhma. ('Opwc proanafèrjhke, gÐnetai na oristoÔnperÐodoi mh diajèsimec gia k�poio m�jhma.)Aþ.4 Poiìthta WrologÐou Progr�mmatocH poiìthta mÐac lÔshc, onom�zetai kai kìstoc thc: ìso mikrìtero eÐnai tokìstoc, tìso pio poiotik  eÐnai h lÔsh. To kìstoc eÐnai mÐa antikeimenik sun�rthsh (objective function) k�poiwn posotik¸n paragìntwn pou ja apa-rijm soume. (MÐa �llh onomasÐa gia to kìstoc eÐnai oi legìmenoi qalaroÐperiorismoÐ (soft constraints).)Qwrhtikìthta AÐjousac. Gia k�je di�lexh, o arijmìc twn majht¸n pouthn parakoloujoÔn den prèpei na uperbaÐnei th qwrhtikìthta thc aÐ-jousac. K�je {uper�rijmoc} majht c prosjètei 1 pìnto poin c stokìstoc thc lÔshc.
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Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με ΠεριορισμούςEl�qistoc Arijmìc Hmer¸n DidaskalÐac. Oi dialèxeic k�je maj -matoc prèpei na {apl¸nontai} toul�qiston ston antÐstoiqo (dedomèno)el�qisto arijmì hmer¸n didaskalÐac mèsa sthn ebdom�da. K�je mèrak�tw tou elaqÐstou metr�ei san 5 pìntoi poin c.Kenèc PerÐodoi Om�dac Majhm�twn. DÔo dialèxeic pou an kounsthn Ðdia om�da majhm�twn kai lamb�noun q¸ra thn Ðdia hmèra, prèpei nagÐnontai se geitonikèc ¸rec (dhlad  na mhn up�rqoun kenèc ¸rec metaxÔtouc, gia na mhn perimènoun �skopa oi majhtèc pou tic parakoloujoÔn).K�je {apomonwmènh} di�lexh, dhlad  k�je di�lexh thc opoÐac denprohgeÐtai kai den èpetai �llh di�lexh pou an kei sthn Ðdia om�damajhm�twn, prosmetr�tai san 2 pìntoi poin c.Stajerìthta Epilog c AÐjousac. Oi dialèxeic enìc maj matoc prè-pei na lamb�noun q¸ra sthn Ðdia aÐjousa. K�je epiplèon aÐjousa pouja qrhsimopoihjeÐ gia to m�jhma �pèran thc pr¸thc� metr�ei san 1pìntoc poin c.

Νικόλαος Ι. Ποθητός 86



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς

Par�rthma BþPhgaÐoc K¸dikac gia toPrìblhma AkoloujÐac DNAthc § 4.3.2Sthn § 4.3.2 orÐsame èna prìblhma me metablhtèc pou perièqoun èna eurÔpedÐo tim¸n (247,200,000 timèc). Parak�tw parousi�zetai o k¸dikac pou toepilÔei, gia ta trÐa diaforetik� sust mata programmatismoÔ me periorismoÔcpou qrhsimopoi jhkan.Bþ.1 K¸dikac ECLiPSeArqÐzoume me thn prosèggish tou logikoÔ programmatismoÔ, h opoÐa eÐnai anmh ti �llo eÔglwtth. Ekmetalleut kame th biblioj kh IC (Interval Con-
straints � PeriorismoÐ Diasthm�twn) thc ECLiPSe mèsw tou kathgor matoc
lib(ic).

Nucleotides = [C1, C2, C3, C4, G1, G2, G3, G4],

Nucleotides :: 1..247200000,

% Cytosines geometric progression. %

C1 #= C2 / 99,

C2 #= C3 / 99,

C3 #= C4 / 99,

% Guanines arithmetic progression. %
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G2 #= G1 + 99,

G3 #= G2 + 99,

G4 #= G3 + 99,

alldifferent(Nucleotides),

labeling(Nucleotides).To parap�nw dÐnei ta ex c apotelèsmata:
Nucleotides = [1, 99, 9801, 970299, 2, 101, 200, 299]

C1 = 1

C2 = 99

C3 = 9801

C4 = 970299

G1 = 2

G2 = 101

G3 = 200

G4 = 299Bþ.2 K¸dikac Epilut  IlogParak�tw antimetwpÐzoume to prìblhma mèsw diadikastikoÔ �kai ìqi logikoÔ�programmatismoÔ me periorismoÔc, qrhsimopoi¸ntac ton epilut  Ilog. Sh-mei¸netai ìti èqei energopoihjeÐ to sÔsthma elègqou laj¸n mèsw exairèsewn(exceptions).
#include <ilsolver/ilcint.h>

int main (void)

{

try {

IlcManager pm(IlcEdit);

pm.useExceptions(IlcTrue);

IlcIntVarArray Nucleotides(pm, 8, 1, 247200000);

// Cytosines geometric progression. //
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pm.add( Nucleotides[0] == Nucleotides[1] / 99 );

pm.add( Nucleotides[1] == Nucleotides[2] / 99 );

pm.add( Nucleotides[2] == Nucleotides[3] / 99 );

// Guanines arithmetic progression. //

pm.add( Nucleotides[5] == Nucleotides[4] + 99 );

pm.add( Nucleotides[6] == Nucleotides[5] + 99 );

pm.add( Nucleotides[7] == Nucleotides[6] + 99 );

pm.add( IlcAllDiff(Nucleotides) );

pm.add( IlcGenerate(Nucleotides) );

if ( pm.nextSolution() == IlcTrue )

pm.out() << Nucleotides << "\n";

pm.end();

} catch (IlcFailException& exc) {

cerr << "IlcFailException" << "\n";

} catch (exception& exc) {

cerr << "exception" << "\n";

} catch (...) {

cerr << "Unknown exception" << "\n";

}

}Bþ.3 K¸dikac Epilut  NaxosO Naxos basÐzetai sthn Ðdia gl¸ssa programmatismoÔ me ton Ilog, th C++kai to suntaktikì twn dÔo epilut¸n moir�zetai poll� koin� shmeÐa. 'Etsi oparak�tw phgaÐoc k¸dikac moi�zei arket� me autìn tou Ilog.
#include <naxos.h>

#include <iostream>
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using namespace std;

using namespace naxos;

int main (void)

{

try {

NsProblemManager pm;

NsIntVarArray Nucleotides;

for (NsIndex i=0; i < 8; ++i)

Nucleotides.push_back( NsIntVar(pm, 1, 247200000) );

// Cytosines geometric progression. //

pm.add( Nucleotides[0] == Nucleotides[1] / 99 );

pm.add( Nucleotides[1] == Nucleotides[2] / 99 );

pm.add( Nucleotides[2] == Nucleotides[3] / 99 );

// Guanines arithmetic progression. //

pm.add( Nucleotides[5] == Nucleotides[4] + 99 );

pm.add( Nucleotides[6] == Nucleotides[5] + 99 );

pm.add( Nucleotides[7] == Nucleotides[6] + 99 );

pm.add( NsAllDiff(Nucleotides) );

pm.addGoal( new NsgLabeling(Nucleotides) );

if ( pm.nextSolution() == true )

cout << Nucleotides << "\n";

} catch (exception& exc) {

cerr << exc.what() << "\n";

} catch (...) {

cerr << "Unknown exception" << "\n";

}

}
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to reduce arc consistency computation,” Artificial Intelligence, vol. 107,
no. 1, pp. 125–148, 1999.

Νικόλαος Ι. Ποθητός 91



Μέθοδοι Διάδοσης Περιορισμών και Αναζήτησης στον Προγραμματισμό με Περιορισμούς
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