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Crarbs IOCBAIIEHA [TOUCKY TPOEK B3aMMHO YaCTHYHO OPTOrOHAJBHBIX JUAIOHAJBHBIX JIATMHCKUX KBaJIPATOB
mopsanka 10. g kayk7oif M3BECTHOI I1apbl OPTOrOHAJBHBIX JIMArOHAJIBHBIX JIATHHCKUX KBaJparoB mopsika 10
JIOCTPAMBaETCs TPETHUil JIMArOHAJBHBINA JIATMHCKWI KBaJpPAT TAKUM 00pa3oM, 4TOObI yCJIOBHE OPTOrOHAJILHOCTH
MEeX/JIy HUM U KBaJ[paTaMd M3 PACCMATPUBAEMOli Hapbl HAPYIIAJIOCh B KAK MOXKHO MEHbBIIEM KOJIMYECTBE s9eeK.
Wcnonp3ytorest Ba MOAXOMa: TIEPBBI OCHOBAH HA CBEJIEHWN MCXOTHON 3a1a4d K 3a/a9e O OyJIeBOI BBIMOJTHIUMOCTH,
a BTOpPOI — Ha WCIOJH30BAHUU METOa TPy0oit cubl. [locTpOEHO HECKONBKO TPOEK YKA3aHHOTO BUJA C PEKOPIHBI-
MU XapaKTePUCTUKAMU. JKCIEPUMEHTHI OBLIN MTPOBEIEHBI B IPOEKTE JOOPOBOJBHBIX PACIPEIETEHHBIX BBIUNCIEHUIH
SAT@home, a Tak:ke Ha BBIYUCIUTEILHOM KJIACTEPE.
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BBenenue

Jlarunckuii KBagpaT mopgaka N — 9TO KBaJpaTHasd TabauIa pasMepoB N X N, 3aloJIHeH-
Has dJIeMEeHTaMKM HEeKOTOpOoro Muoxkectsa M, M| = n takum 06pa3oMm, 9TO B KaxKIOH CTPOKE M
B KayKJIOM CTOJIONE TabJIUIbl KK Iblii djieMeHT u3 M Berpedaercss B Tounoctu ojut pas [1]. B
JaJIbHefieM B HaCTOAINEH craThe B KadecTBe M OyJlieT MCIosb30BaHO MHOXKeCTBO {0, ...,Nn —
1}. JlatuHcKue KBaJpaThl M CUCTEMBI, MOCTPOEHHBIE HA UX OCHOBE, MPUMEHSIOTCS B MHOTUX
HIPUKJIAIHBIX 00JIACTSX: TEOPUU KOAUpOBaHus (CM., Hanpumep, |2|), kpunrorpadun (cMm. [3]) n
1.1 JuaroHabHbIi JIATHHCKUI KBaJpaT MOPSAIKa N — 3TO JATUHCKHUNA KBaJpaT, B KOTOPOM
Kaxkaplii sseMenT u3 M, [M| = n Bcrpedaercss B TOYHOCTH OJMH Pa3 HE TOJBKO B KayKIOH

CTPOKE M KaXKIOM CTOJIOIE, HO W B TJIABHON 1 ITOOOYHON IMarOHAJITX.

* v v
CraThs peKOMEH/IOBaHA K Iy OIMKAIMU MPOrPaMMHBIM KOMUTETOM MEXIyHApOIHOW HAYYHOI KOH(EepEHIINN
«[lapannenbHble BBIUUCIUTENbHbBIE TEXHOIOTUN — 2016»
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[Tapa JsraTMHCKMX KBaJ[pATOB OJIMHAKOBOI'O IIOPsJIKA HA3bIBAETCS OPTOrOHAJBHOW, €CJIu
Pa3IMYHBbI BCe YIOPsIOUEHHBbIE MTaphbl 3jieMeHTOB (a,b), re a — 3/1eMeHT B HEKOTOPO# sueiike
IEPBOTO JIATUHCKOTO KBaJpaTa, a b — sjeMeHT B gueifke ¢ TeM yKe HOMEPOM BTOPOTO JIATHH-
cKkOoro KBajpara. pyrumm cioBamu, JBa JIATMHCKHAE KBaJpaTa MOPAIKA N OPTOrOHAJILHEI,
€CcJIM TIPY HAJIO’KEHUU OJIHOTO KBaJipaTa Ha JPyroil obpal3yeTcd HOBBI KBaJipaT, B KOTOPOM
Bce n? seMeHTOB OyIyT pasmMdHBLl (TaKoil KBaJpaT HA3BIBACTCS TI'PEKO-JATHHCKUM). Ecam
nMeeTcs HADOp M3 M PA3JIUYHBIX JATUHCKUX KBaJPATOB, JIOOAs Mapa KOTOPHIX OPTOTOHAJIb-
Ha, TO TOBOPAT O CHCTEME M3 M B3AWMHO OPTOTrOHAJLHBLIX JIATHHCKHX KBajipaToB. [lapa ja-
TUHCKUX KBQJIPDATOB MOPSIKA N HA3BIBAETCS JACTUIHO OPTOTOHAJIBHOM, €CJIM yCJIOBUE OPTOTO-
HAJIBHOCTH MEYKIy HUMHU MOKeT BBINIOJHSATHCS He MOJHOCTBIO, T.€. €CJIM IPU HAJIOYKEHWH O/I-
HOT'O JIATHHCKOTO KBaJpaTa HA JPYrOH cpeiu N’ 3eMEHTOB IOJIYdaeMOro KBaJPaTa MOTYT
OBITH ITOBTOPHAIONINECS JIEMEHTHI.

JuraronajibHbIe JIATHHCKHE KBaJIpPaThl opsaaka 10 moKa OTHOCUTEBHO CJIabo U3yUeHbI, TO
JKe caMoe MOXKHO CKa3aTh U PO OPTOrOHAJIbHBIE CHCTEMBI, IIOCTPOEHHBIE HA UX OCHOBe. Fcim
repBasi mapa OPTOrOHAJBHBIX JIATUHCKUX KBaJapaToB nopsiaka 10 Obuta Haiimena eme B 1959 1.
(cm. [1]), To mepBasi mapa OpPTOrOHAJIBHBIX JMATOHAJBHBIX JATHHCKUX KBAIPATOB TOpsiaka 10
6bu1a Haiimena Tosbko B 1992 1. [4]. Bosee konkpeTHo, B craThe [4] Gbutn npecTaBieHbl TPU
Takre napbl. KosmdyecTBO nUaroHaJbHBIX JIATUHCKAX KBaJIpaToB mopsanka 10 1o cux mop He-
M3BECTHO, TPU ITOM KOJMIECTBO JIATUHCKAX KBAAPaToB mopsiaka 10 ObLIO yCTAHOBJIEHO B
1995 1. (em. [1]).

OpHOM M3 caMbIX M3BECTHBIX OTKPBITBHIX 33/1a9 KOMOWHATOPUKU SIBJISIETCS CJIEITYIOIAs:
OIIPeIeINTD, CYyIIECTBYET JIM TPOHKa B3aMMHO OPTOTOHAJIBHBIX JIATHHCKAX KBAJAPATOB MOPSII-
ka 10. Dra 3a7a49a Ipe3BBIYANHO CJI0XKHA, TO9TOMY B IOCJIE/IHEE BPEMsi MHTEHCUBHO Da3BUBA-
IOTCS aJTOPUTMBI ITOMCKa TPOEK B3aWMMHO YACTUYIHO OPTOTOHAJBHBIX JIATWHCKUX KBaIPATOB
nopsiaka 10. B craree 5| npuemen Tekymmii peKopj B 9TOM HalpaBjieHun — Tpoiika A, B, C
JIATUHCKUX KBaJpaToB mopsaka 10, B koropoit A oprorounanen B u C, a B u C obpasyror 4a-
CTUYHO OPTOrOHAJBLHYIO IMapy ¢ 91 pa3iuydHbIMU YHOPAIOYEHHBIMU IMapaMu 3jieMeHToB u3 100
Bo3MOXKHBIX. [loJ peKop/ioM 37ech MOHUMAETCs TO, YTO JaHHAS TPOHKa HABJSETCH HanboJiee
6JIM3KOi K TPOIKe MOIIAPHO OPTOTOHAIBHBIX JIATHHCKUX KBaJpaToB mopsiaka 10 (u3 omybiiu-
KOBAHHBIX B OTKDPBITOH He4YaTn).

JlanHast cTaTbd TOCBAINEHA TOWCKY HOBBIX TPOEK B3AaMMHO YACTUYHO OPTOTOHAJBHDBIX
JIMArOHAJIBHBIX JIATUHCKUX KBaJIpaTOB mopsiiika 10. s 9TOro ucosib3yercs Mmojixo, COrJiac-
HO KOTOPOMY OCYIIECTBJIACTCS TOUCK IMap OPTOTOHAJIBHBLIX IUATOHAJBLHBIX JIATHHCKAX KBAJI-
paroB nopska 10, a 3aTeM JijIsd KaXKJIOM TaKO#l mapbl JOCTPAUBAECTCS TPETHUI JHATrOHAJbHBIN
JIATUHCKWI KBaJpaT TakuM 00pa30M, 4TOObI MOJIydaeMasl TPOHKA VJIOBJIETBOPSJIA 3aJaHHBIM
XapaKTepucTUKaM. BoJiblliasi 9acTh SKCIEPUMEHTOB ObLa MPOBEJIeHA B paMKaX MPOEKTa, 100~
POBOJIBHBIX pacipeieieHHbix Beraucaennit SAT@home u Ha BBIYUCIATENHLHOM KJIACTEPE.

Crarbsi UMeeT CJIEIYIOIIYI0 CTPYKTYpy. Bo BTOpoM passesie omucaHbl HOBbIE Pe3YJIbTAThI
npumenerns SAT-monxoma K MOUCKY CUCTEM JMATOHAJBHBIX JIATMHCKUX KBAIPATOB MOPSIKA
10. Omnucan 3KCIIEpUMEHT, B Pe3yJibTaTe KOTOPOr0 B IPOEKTE HOOPOBOJIBHBIX PACIIPEIEIEHHBIX
Boranciennit SAT@home ObLIM HAIEHBI HOBBIE TTAPHI OPTOTOHAIBHBIX JTUATOHAIBHBIX JIATHH-
ckux KBajaparToB nopsnka 10. [IpuBemenbl pe3ysibTaTbl MOUCKA TPOEK B3AUMHO YaCTUIHO OP-
TOTOHAJTFHBIX JUATOHAJIBHBIX JIATMHCKUX KBaapaToB mopsnka 10. 3aseprmaer BTOPOi paszies
JIOKA3aTeJIbCTBO TOr0 (paKkTa, ITO HA OCHOBE BCEX M3BECTHBIX B HACTOSIIEEe BPEMs Iap OpTO-

T'OHaJIbHBIX AUAarOHAaJIbHBIX JIATHMHCKHX KBaJApPAaTOB IIOPDAIKA 10 HEBO3MO2KHO IIOCTPOUTDH TpOfI—
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Ky B3aMMHO OPTOrOHAJILHBIX JUATOHAJIBHBIX JIATUHCKUX KBaJpaToB mopsgika 10. B rperbem
pa3iese ONMUCAHBI JiBa MEPEOOPHBIX AJTOPUTMA TMOCTPOEHUS JIMArOHAJBHBIX JIATUHCKAX KBaJI-
paroB mopsaka 10, a Takke pe3yJbTAThl IPUMEHEHHS ITUX aJTOPUTMOB K IOUCKY TPOEK B3a-

UMHO 9aCTHUYHO OPTOrOHAJIbHBIX JIHWaIl'OHAaJIbHBIX JIATUHCKUX KBaJApPaTOB IIOPDAIKaA 10.

1. Ilouck cucrem ANAaroHaJIbHbIX JIATMHCKUNX KBaJApaToOB

nopsiaka 10 kak 3aa4a o 0yJjieBoul BBITIOJTHUMOCTH

3ajlaun MoMcKa KOMOWMHATOPHBIX CTPYKTYP MOXKHO PeNiaTh ¢ HOMOIIBI0 PAa3IUIHBIX IO/
x0/10B. B mammOM paszmene paspuBaercsa SAT-mOAXOM K PEIIEHNI0 TAKAX 337189, COCTOSIINAN B
CBEJICHUM WCXOJHOI 3aiaun K npobsaeme Gysesoit BuimosanMoct (SAT) [6]. s ucrossso-
Bauusg SAT-1moaxo1a HEOOXOIMMO TEPEHTH OT MCXOIHOM TOCTAHOBKY K OyJI€BOMY ypPaBHEHUIO
Buga «KH®=1» (3mece KH® — 310 KOHbIOHKTHBHasi HOpMasbHast ¢dopma). Takoit nepexos
Ha3bIBAETCS ITPOIO3UITMOHAJILHBIM KOJIMPOBAHUEM WCXOIHOU 3aJia4yu. Bce u3BeCTHBIE aJjro-
purmbl pentenust SAT-3a/1a9 3KCIIOHEHIMAIBHBI B XyqieM ciaydae, T.K. SAT sasisercs NP-
TpyaHoit 3azadeit (NP-mosHO#t B pacnosnasaresbHoM Bapuante). HecMoTpsi Ha 9TO, COBpe-
merHble SAT-pemaresm (B ToOM 4ucie napaJiiesbHble W PACIPE/ICJICHHBIE) YCIIEITHO CIPABIIsi-
IOTCA C peIleHrneM MHOTHX TpyaHbix SAT-3aza4, KOAUPYIOMUX 3aa9d U3 PA3JIMYHBIX TIPE/I-
MEeTHBIX obsacteit. BosbmuHcTBO U3 coBpeMeHHbIX SAT-perraresieii 0OCHOBAHO Ha AJTOPUTME
Conflict-Driven Clause Learning (CDCL). BazoBble IpuHIUIBI 9TOr0 ajrOpuTMa, a TaKXKe
PHAJ, 9BPUCTUK W CTPYKTYP JAHHDBIX, UCIOJIH3YEMBIX JJIs €r0 YCKOPEHUs, PACCMOTPEHBI B 00-
sopHoit crarbe [7]. [Ipuvenenne SAT-nozxoa K MOUCKY PA3IMYIHBIX CHCTEM OPTOTOHAIBHBIX

JIATMHCKUX KBaJ[PATOB OIMCAHO B 0030pHOIL crarbe [8].

1.1. ITomuck IIap AaroHaJIbHbIX JIATUWHCKHUX KBaJApaToOB IIOpAddKa 10 xak

3aa4a 0 O0yJieBOil BBIIIOJTHUMOCTHU

B 2012 r. B mpoekre 106pOBOJILHBIX pactpejiesieHHbix Boraucaenuit SAT@home [9], mo-
crpoertroM Ha 1wiardgopme BOINC [10], 6bur 3ammyines S5KCIepUMeHT, HaIPABIEHHbIH Ha MOMCK
HOBBIX I1AP OPTOTOHAJIBHBIX JUATOHAJIBHBIX JIATUHCKUX KBaJpaToB mopsiaka 10. Pesymabrars
9TOro 3KcrnepumenTta onucanbl B [11]. CHavasa Oblia cliesiaHa IPOIO3UIMOHAJIbHAS KOJUPOB-
Ka ykazanuo#t 3amauu. llonydennas B pesyiabrare KH® cocrour mz 2000 mepemMeHHBIX U
434440 muzbionkTos, daiin ¢ KH® B dopmare DIMACS szanmmaer okosio 10 merabaiit.
[Ipumensiiach T.H. «HAUBHAS» CXeMa KOJMUPOBAaHUs, IIPU KOTOPOH KAXKJOW sdeiike KazxKI0ro
MCKOMOTO KBaJjipaTa conoctasisitorcss 10 OyseBbix mepemenabix KH®. PacnapasiesuBanue
nmosryaentoit SAT-3amaun Ha moOA3a7a49M TTPOBOIUIIOCH CyeaytormuM obpasom. [lepsas cTpoxa
[IEPBOI'0 JIUATrOHAJBHOTO JIATHHCKOTO KBaApaTa (qpukcupoBaJoch B 3Havennu «0 123456 7 8
9%, a 3HAYEHUS] NEPBBIX 8 sIY€EK BTOPON M TpeTbeil CTPOKU BapbUPOBAIUCH (T.e. mepebupa-
JIICh BCE BO3MOXKHBIE X 3HAUYEHHUs ). YIOMsHyTOe (DUKCHPDOBAHME 3HAYEHWs MEePBOil CTPOKM
BO3MOYKHO TIOTOMY, YTO JIIODOU JIATHHCKUN KBaApaT MOXKHO 3(D(MEKTUBHO MTPUBECTU K TaAKOMY
Buay. B mTore B KarxkI0#l moJIydaeMoil 1Mo13a/iavue B MEPBOM JUATOHAJBHOM JIATHHCKOM KBaJl-
pare M3 UCKOMOI mapbl Oblin u3BecTHBI 3HadeHust 26 u3 100 sveex (10 u3 mepBoil cTPoKU u
10 8 U3 BTOPOIi M TPeTbeil CTPOKH ), 3TO 06eCIIeYnBaIOCh I0ICTAHOBKON 3Hadenuit 260 u3 2000
mepemenabix KH®. B kagectse 3amanus nmpoekra SAT@home BuimaBascsa maker u3z 20 Takux
noazagad. Ha kaxkiyro nojazamady us makera Obu1 ycranosier juMuT B 2600 pecrapros SAT-
peraresiss Minisat [12| (MoaudunupoBaHHbIi BAPUAHT 3TOrO PEIIATesI UCIOJb3YeTCsI B Kave-

crBe pacderHoro npmioxkenns B SAT@home), aro mpumepHO coorBeTcTBYyeT 4 MHHYTAM pa-

56 Becrauk FOYpI'Y. Cepus «BbruuciaurenbHasi MareMaTnka u nHOpPMaTUKa»



O.C. Baukun, 9.U. Baryrun, A./l. 2Kypasaes, M.O. Mau3rok

00TBI OJIHOTO sJipa cOBpeMeHHOro Tporeccopa. Ha obpaborky 20 MUJIMOHOB 103324, Cre-
HEPUPOBAHHBIX JUJIsI JAHHOTO SKCIEPUMEHTa, HOTPedOBaJIOCh OKOIo 9 MecdreB paboThI
SAT@home (c cenrsibps 2012 roga no maii 2013 rozga). B pesysbrare 6bun Haiigenst 17 Ho-
BBIX 14D OPTOTOHAJIBHBIX JMArOHAJIBHBIX JIATHHCKUX KBaIpaToB mopsiika 10 (B monosHeHne K
TpeM paHee M3BECTHBIM IapaM KBaJ[PaTOB U3 craThh [4]).

B ampese 2015 r. B mpoekre SAT@home Hamu ObLT 3aMYINEH SKCIEPUMEHT, HATPABJICH-
HBII HA TOWCK HOBBIX AP OPTOTOHAJIHHBIX JUATOHAJBHBIX JATHHCKAX KBaIPaToB Topsaka 10.
OrMernM, 9TO pasdbWeHne MCXOJIHON 3aJa4M Ha II0J33Ja4H, UCIoJb3oBaHHoe B 2012-2013 rr.
(cm. [11]), 6bLIO BBIOpAHO M3 pa3dyMHBIX cOOOpazkeHuil. B 3roT pa3 GbLIO IPUHSITO DPelleHue
oJIoNTH K BBIOOPY THuNa pa3buenust Oosee cucremMarudno. B Tabsn. 1 ykazanbl 8 pa3buenuii u
Pe3yJabTaThI, MOJIyUYeHHbIE ¢ UX MOMOIIK. Beero ¢ 17 ampens 2015 1. mo 12 despass 2016 r.
ObLTM HAMIEHBI 32 HOBBIE MAPhl OPTOTOHAJIBHBIX IMATOHAJBHBIX JIATHHCKAX KBAJIPATOB TIO-
pszka 10 (Mbl cpaBHUBaIM UX ¢ 3 mapamu u3 crarbu [4] u 17 napamu u3 crareu [11]), Bce oHn
BBLIOXKEHBI B pasneie «Halinennsie pemenusty mnpoekTa SAT@home. Ilpu sToM 6BLIO HCITIOIH-
30BAHO TO YK€ PACUYETHOE MPUJIOXKEHUE C TEM Ke JIMMUTOM Ha, KOJUIECTBO PECTapTOB, UTO U B
2012 r. Bo Bcex pasbueHMsiX UCIOJIB30BAJIUCH [EPBbIE S9edKU B CTPOKax (T.K. MepBas CTPOKa

Bcera (PUKCUPYeTCs, CTPOKU OPAJIMCh HAYMHAS CO BTOPOIA).

Tabauma 1
PesynbraThl mpuMeHeHNsT pa3IMIHbIX pa30UEHUA I TOUCKA AP OPTOrOHAJIBHBIX JIAAr0-

HAJIBHBIX JIATHHCKUX KBaApaToB mopsiaka 10 B mpoekte SAT@home

Buna pazouenusa Haiineno dara Cratyc
nap

1 cTpoka, 9 gaeex 1 1 mecam B 2015 1. 3aBepireH
2 cTpoKwm 110 2 — 1 nenn B 2015 . 3aBeplieH
AYEUKN
2 cTpoKm 110 3 — 3 muga B 2015 . 3aBeplieH
AYEUKN
2 cTrpoxu 110 4 — 2 menesmm B 2015 1. 3aBeplieH
AYEUKN
2 cTpoOKwm 110 5 26 6 mecsnes B 2015-2016 rr. B mporiecce
sg9eeK
2 cTpoku 110 6 ) 2 mecana B 2015 1. ITpurocTanosieH
sg9eeK
2 cTpoku 1o 7 - - He zamymen
Aa9eeK
2 cTpoKm 110 8 17 9 mecsaneB B 2012-2013 rr. IIpuocTanoBeH
A9eeK

IIpoanasm3upyem taba. 1. Pazbuenune «2 cTpoku 1mo 8 sgueek» COOTBETCTBYET pa3OMEHUIO
u3 [11], pasbuenne «2 cTpoku HO 7 siueek» elle He 3allyCKaJOoCh, a OcTajbHble 6 pastueHuii
Obn 3anymensl B 2015 r. C momoipio pa3bueHnii «2 CTPOKM 10 2 S4YedKuy, «2 CTPOKH IO 3
AYeHKny U «2 cTpoku 1o 4 sdeiiku» He OBLIO HaMIEHO HUM OJHOM HOBOI mapbl. Pas3buenue
«2 CTPOKH TI0 5 si9eeK» OKa3aaoch GoJiee 3hGeKTuBHO, YeM ucnosb3osantoe B [11] pasbuenue

«2 CTPOKH 10 8 Sg9eeK», T.K. 00eCIeUnI0 HAX0XKIEHNE OOJIBIIEro KOJUIeCTBA UCKOMbBIX Iap 3a
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eJMHUIY BpeMeHH (maxke ¢ yderom Toro, 4ro B 2015-2016 1r. OPOM3BOAUTEIHHOCTH

SAT@home npumepHo B JiBa pasa Bbiire, deM B 2012-2013 rr.).

1.2. ITouck TpoeK B3aMMHO YACTUYHO OPTOrOHAJIbHBIX JHNATOHAJIbHBIX
JATUHCKUX KBaIpaToB nopsaka 10 Kak 3a/1ava o OyJieBoii

BBIITIOJTHUMOCTN

Paccmorpum TpOiiKy JguaroHaJIbHBIX JIATHHCKUX KBAJIPATOB OJHOIO U TOTO K€ MOPSIIKA.
XapaKTepUCTUKON YaCTUIHO OPTOrOHAJJIBHONW TPOMKHU J1ajiee Ha3bIBAETCS MHOXKECTBO Pa3jIntd-
HBIX YIOPSITOYEHHBIX TAap JIEMEHTOB, 10 KOTOPBIM BBIIOJIHIETCS YCJIOBUE OPTOrOHAJBHOCTH
JUId KaXKJION U3 Tpex map KBaJIpaTOB U3 TPONKU.

B crarbe [11] 6w omucan aaropuT™M IOCTPOEHUS TPOEK B3AUMHO YACTHIHO OPTOrOHAJIb-
HBIX JMATOHAJBHBIX JIATHHCKUX KBaapatoB mopsaka 10. CoryiacHO 3TOMY AJrOpPUTMY 3alryC-
KaeTcsl TeHepalus JUaroHajbHbIX JIATUHCKAX KBaJIpaToB mopsiaka 10, u Ha OCHOBE KaXKIOTrO
CTE€HEPUPOBAHHOI'O KBaJIPATa CTPOATCH YaCTUIHO OPTOrOHAJIbHBIE TPOHKHU C 3aJeiiCTBOBAHUEM
KazKJIOl M3 M3BECTHBIX OPTOIOHAJIBHBIX Iap (Ha OCHOBE KazKJIOH M3BECTHOI Mapbl CTPOUTCS
oTJlesibHAsT TPOHKa). B pesysibrare IpUMeHEHUsI STOrO aJropuT™Ma Oblla HaiijieHa YaCTUIHO
OpPTOrOHAJIbHAS TPOWKA C XapaKTePUCTUKON 62, Torja Kak B crarbe [4] mpuBemeHa 4acTUIHO
OpTOrOHAJIbHAS TPOIKa ¢ XapakTepucTukoit 60.

B crarbe [13] npemaraercst paccMaTpuBaTh 3a/ady MOCTPOEHUs] TAKUX TPOEK KaK 3a/1ady
o OyJsieBoil BbIOIHUMOCTH. KOHKpeTHee, Oblia MPEeJJIOyKEHa ITPOIIO3UITMOHAIbHAA KOJIUPOBKA
IIOMCKA TAKUX TPOEK, B KOTOPOW PEJaKTUPOBAHUEM CIIEIUAJIBHOIO IUIBIOHKTA MOXKHO 3312~
BaTh TpebyemMoe 3HAUYEHUWE XAPAKTEPUCTUKHU OpToroHajibHocTu. Keaum B nomydennyio KHO
[IOJICTABUTDh 3HAYEHUs IBYX KBaJIPATOB W3 HEKOTOPON M3BECTHON Haphl, TO 3a/1a4a CBOJIUTCSI K
[IOUCKY JUATOHAJILHOTO JIATUHCKOTO KBaJPAaTa, KOTOPBIA C IOJCTABJIECHHON Mapoil KBaPaTOB
obpa3yeT YaCcTUIHO OPTOTOHAJIBHYIO TPOUKY C 3aJaHHOU xapakTepucTukoi. C ITOMOIIBIO JTaH-
HOI'O TO/XO/Ia ObLIa HaiijleHa TPONKa B3aUMHO YaCTUIHO OPTOrOHAJIBHBIX JIUATOHAJBHBIX JIa-
TUHCKUX KBajiparoB nopsiaka 10 ¢ xapaxkrepucrukoit 73 [13]. st aroro 6bur ucnoanb3oBan
muoromnorounblii SAT-pemaresns treengeling [14], Koropslil 3amyckascs Ha OJHOM y3J€ BbI-
YUCJIMTEIHLHOIO KJIACTEpa W 33JIefiCTBOBAJI Ha HEM 32 MPOIECCOPHBIX sijpa. s kaxkiaoir us-
BECTHOM IIapbl OPTOTNOHAJIBHBIX JIMATOHAJBHBIX JIATMHCKUX KBAIPATOB (HA TOT MOMEHT TaKO-
BbIX ObI0 20) crpomsack oraesbHas KH®, moncrasiisis 3HaYeHUs JIByX U3BECTHBIX KBAJPa-
TOB B OIUCAHHYIO BBIIIE KOJIUPOBKY.

T.x. B 2015-2016 rr. B SAT@home ObLin HalifeHb! emne 32 mapbl OPTONOHAJBHBIX IHaro-
HAJIBHBIX JIATMHCKUX KBaIpaToB mopsiaka 10 (cM. pasmern 2.1), To Ha uX OCHOBE OBUIO CJIEJIAHO
eme 32 KH® B nonosuenne x 20, paccmorpenbiM B [13]. B pesyibrare 3amycka Ha HUX
SAT-pemarens treengeling 6bIM HaliIeHBI €Ie JIBE YACTUYHO OPTOTOHAJILHBIE TPONKH C Xa-
pakTepuctukoit 73. OHu ObLIM TOCTPOEHBI Ha OCHOBe 4-#f m 15-it map, HaliIeHHBIX B paMKax
9KCIIEpUMeHTa, onucanHoro B pasmese 2.1. CooreercrBytomiue mapbl B paszese «HaiigeHubie
perternsy cafita mpoekta SAT@home oTMevdenbl Kak HalifmeHHble 25 WOHS U 23 aBryCTa
2015 r. OGe Haiinenmble TPOHKHU BbLIOXKEHBI Ha calite SAT@home B pasmene «Oproronaib-
HbIE U YACTUYHO OPTOIOHAJIbHBIE CUCTEMbI JIATUHCKAX KBaJIPATOB mOpsiaka 10».

[Tpegioxennas B [13]| npormosuionasbHas KOJUPOBKA [MO3BOJIMJIA IOJIYIUTH €Ile OJIHO
cemeicTBO pe3yabTaToB. C TOMOIIBIO JAHHOW KOJWPOBKM MOYKHO YCTAHOBUTH TpebOBaHUe,
9TOOBI XapaKTePUCTUKA YaCTUYHO OPTOrOHAJILHON Tpoiiku mopsaiaka 10 oburta pasma 100, T.e.

daKTUIeCKn TeM CaMbIM MOTPEOOBATh HAXOXKIEHUE TPOMKHU IOMApPHO OPTOrOHAJBHBIX JAATO-
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HaJIbHBIX JIATUHCKUX KBaJIpaTOB nopsijika 10 6e3 kakux-inbo ociabsienuii. [Ipu srom nompcra-
HOBKa B coorBercrBytoinyito KH® 3nHadenuil KBajpaToB M3 MU3BECTHONW HApPbl CTABUT 3189y
CJIEJTYIONUM 00pa3oM: Jjid 3aJaHHON Hapbl OPTONOHAJIBHBIX JIMATOHAJBHBIX JIATUHCKAX KBaJI-
paroB nopsiyika 10 HaiiTH TpeTwil AUArOHAJIBHBIN JIATUHCKUI KBaJIpaT, 0Opa3yoIuil ¢ IepBbI-
MU JIByMs KBaJIpaTaMy B3aMMHO OPTOIOHAJIBHYIO TPOUKY, JIMOO KOHCTATUPOBATH (DAKT OTCYT-
CTBUsI TAKOI'O JMATrOHAJBLHOIO JIATUHCKOTO KBajpaTa. beumum moctpoenbr 52 KH® ¢ mosacra-
HOBKO#i B KaXK/[yl0 M3 HUX 3HAYEHUI KBAJIPATOB M3 COOTBETCTBYOMuUX nap (3 mapsr us [4], 17
u3 [11], a eme 32 O6buM HafiIeHBI B paMKax JIAHHOIO MCCJIEJ0BaHUs, CM. padziern 2.1). B kax-
ayio u3 3tux KH® 6b110 BHECeHO TpeboBaHMe «3HaUYeHMe xapakrepucTuku papao 100». SAT-
sagaun st Beex 31ux KH® 6bun pemenst SAT-pemarenem plingeling [14] B cpegnem tpu-
MEpHO 3a OJIHY CEKyHJy Ha 32 HPONECCOPHBIX sipax (6buin mcrojb3oBaHbl 2 16-sepHBIX
uporeccopa AMD Opteron 6276), u Bce orerst 6 «UNSAT». D10 03HAUaer, 4To pemia-
tesb plingeling crenan BbiBog 0 HewbimogHUMOCTH Beex tux KH®. Hamomuum, uro KHO
SABJIIETCST HEBBITIOJTHUMOM, €CJIM OTCYTCTBYeT Takoil HabOp 3HAYEHUN NEepPEeMEHHBIX W3 ITOM
KH®, xoropsiit 661 obpammasn ee B 1. Ormernm, uro B [15] 6buta hopMasbHO JOKa3aHA KOP-
pektHocth anroputma DPLL (Davis—Putnam—Logemann—Loveland) — r.e. 6buio pokasano,
uro ecu anropurmy DPLL ynaerca naiitu perenne SAT-3ama4um, TO 9T0O penreHue siBIIsieTCsI
IpaBUJILHBIM. B TOM 4mciie 3T0 KacaeTcs u ciaydasd, korga ajroputm DPLL memaer 3aksmode-
HUE O HEBBIMOJHUMOCTH AanHOU Ha BxoJ KH®. B pemarese plingeling, ocHoBarHOM Ha ajro-
purme DPLL, mobapien psii ycoBepiieHCTBOBaHUiT (Hampumep, 106aBIeHA IIPOIELYPa
CDCL), koropele, TeM He MeHee, HE HAPYIIAT KOPPEKTHOCTH Gaszooro asropurma DPLL
[14]. U3 BbumeynomsinyTbix dbakToB ciemyer, 9to Bce nocrpoennbie KH® okazasuch jeid-
CTBUTEJILHO HEBBIIIOJIHUMBIME, T.K 9TO OBLIO JIOKA3aHO UCIIOJIB3YEMbIM KOPPEKTHBIM AJTOPUT-
MOM. A m3 3TOTO (hpaKTa B CBOIO OUYEpeh CIEAyeT, 9TO Ha OCHOBE BCEX H2 M3BECTHBIX HA, JAH-
HBIII MOMEHT I1ap OPTOTOHAJIBHBIX JIMArOHAJBHBIX JIATMHCKUX KBaJIpaToB mopsiaka 10 HEeBO3-
MOKHO IOCTPOUTHL TPOHKY B3aMMHO OPTOTOHAJIBHDLIX JIMArOHAJBHBIX JIATUHCKUX KBAJIPATOB
nopsiika 10. JlomosiHUTEIBHO, HA JMAHHBIA MOMEHT JJIsi BCEX D2 U3BECTHBIX OPTOrOHAJBHBIX
I1ap OMHUCAHHBIM BBIIIE CIOCOOOM Y/IAJI0Ch ITPOBECTU JIOKA3ATEHCTBO HEBO3MOYKHOCTU ITOCTPO-
€HUS B3aMMHO YaCTUIHO OPTOTOHAJBHBIX TPOEK I CJydasl <«3HAUYEHHE XapaKTEePUCTUKHU
paBHO 87». DTH 3a/1a9UN OKA3AJNCH YK€ JTOBOJBHO CIOXKHBIMEU — permarenmo plingeling momna-
I00MJIOCHh B CpPeIHEM 8 4acoB pPaboThl st KaxKknoil takoii KH®, npu sTom on paboraa Ha 32
AJIpax.

2. Ilpumenenme MmeTojsa TpyOOI CUJIBI AJIsI TOCTPOEHUS

JANaroHAJIbHBIX JIATUHCKUX KBaJApaToB nopsaka 10

B crarbe [11] myist mocTpoeHust TPOEK B3aUMHO YACTUYHO OPTOIOHAJIBHBIX JAUATOHAJIBHBIX
JIATUHCKUX KBaJpaToB Topganka 10 mcmosb3oBajicd aJrOpUTM TOWCKa C BO3BPATOM, IIpeHA-
SHAYEHHBIA JJIsl TeHepaIluy JUATOHAJIBHBIX JIATUHCKUX KBaJparoB mopsyika 10 (cMm. pasmes
2.2). Ilpu sTOM 3aI0JHEHNE TPOUCXOIUT CJIEeBa HAIIPABO CBEPXY BHU3 IO sYefiKaM KBaJpaTa.
ITouck 3aBepinaercs, €cjau HAIEH HEKOTODPBIH JIMATrOHAJBLHBINA JaTWHCKUI kKBajpar. llocie
HOJICTAHOBKU KazKJIO0I'0O HOBOI'O 3HAYCHUdA B HEKOTOPYIO A4YeHKY OCYIIECTBIACTCA IIPOBEPKA,
HapyIlaeT JIX TEeKyIee 3alloJIHeHne TabJIAIbl YCJIOBHUSI, HAKJIAIbIBAEMble Ha 3JIEMEHTHI B JIHa-
FOHAJILHOM JIATUHCKOM KBaJjpaTe. Ecji 3amojiHeHre He TPOILIO MPOBEPKY, MPOUCXOIUT BO3-
BpaT g0 Oymrkaifieil suefiku, 3JIeMEHT KOTOPON HApPYIIAeT yCJOBUA, ITOCTE Yero dTOH ddueiike

Ha3HAYa€TCd OPYyroe AOIlyCTHUMOE 3HaYCHHE. I/ICTOpI/IH HEy Ja9IHbIX HCIIOJIb30BaHHBIX 3HAYEHUI
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XPAHUTCA TSI KAXKIOM d9efKN KBajpara. DTO HYKHO JJIs TOTO, 9TOOBI MCKIIOYUTH TTOBTOD
BapUAHTOB, KOTOPBIE TPUBOAAT K HEJOIMYCTUMBIM 3aIllOJTHEHUAM. FC/m 7151 HEKOTOPOI sueiku
Tpebyercs IMOMeHATh 3HAYEHUE, HO MCYEPIIAHO MHOXKECTBO JIONYCTUMbBIX BapUAHTOB, TO IIPO-
HUCXOJIUT BO3BPAT HA MPEIBIAYIIYIO d4eiiKy. Peanmzamusa JaHHOTO ajJropuTMa MO3BOJIUIIA, TI0-
JIy4aThb IIPUMEPHO II0 OJHOMY JIMAaroHaJIbHOMY JIATUHCKOMY KBaJpaTy B CEKYyHJy Ha OJHOM
dJpe IpoIeccopa.

Hanee onucbiBaloTCH JBa NEPEOOPHBIX AJTOPUTMA IEHEPAIUU JUATOHAJBHBIX JIATUHCKUX
kBaJipaToB nopsaka 10. Ouu ObLn pa3paboTaHbl U peain30BaHbl, BO-TIEPBBIX, JJIsi TOTO, UTO-
Obl CPaBHUTH WX II0 CKOPOCTHU T'E€HEPAIMH C YHOMSHYTHIM BBIIIE AJIOPUTMOM IIOMCKA C BO3-
BpaToM. BO-BTODBIX, C MIOMOIIBIO JAHHBIX AJTOPUTMOB IJIAHMPOBAJIOCH HAWTHU HOBBIE TPOIKH

JaCTUIHO OPTOrOHaJIbHBIX JUalrOHaJIbHbIX JIATMHCKUX KBaJApPaTOB.
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Puc. 1. Ilpumep dopmMupoBaHus IUaroHaJILHOIO JIATHHCKOI'O KBaApaTa 4-ro Mopsii-
Ka: KpeCTaMU OTMEYEHbI 3JIeMEeHTDI, JIJist KOTOPBIX Sjj = @; *KUPHBIM BbIIEJICHBI

HalJIeHHbIE pelleHud

Ornmmiiem 1epBBIi 1epebOpHBI ajsroputM. lIpocreiiiuMm crocoboM peau3aliun MeTOIa

rpy0Oil CUJIBI SIBJISIETCS IMOCJIEIOBATEILHOE 3ATIOJIHEHUE 3JIEMEHTOB (DOPMUPYEMOl CTPYKTYPhI
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JIAHHBIX (HAIIpUMEp, JIATUHCKOIO KBAJpaTa), 3HAYEHUsIMU B COOTBETCTBUU C U3BECTHBIM IIO-
pAAKOM 00xoj1a hOpMUPYEMOTO KOMOMHATOPHOrO JepeBa B riyowmnay. [Ipum aTom mocie ocy-
IIECTBJIEHNs] KOMOMHATOPHOI'O CITyCKA JIJIf KaXKJIOr0 HOBOT'O 3JjieMeHTa (DOPMUPYEMOI CTPYK-
TYPBI JJAHHBIX (B HpOCTefileM ciiydae — 3JIeMeHTa ajj JATHHCKOTO KBaJpaTa), ciejys pabore
[16], mpousBOAMTCS MOCTPOEHME MHOXKECTBA Sij MOMYCTUMBIX 3JIEMEHTOB, KOTODble He Hapy-
[IAI0T OrPAaHUYEHMI 3a/1a9n (HAIIPUMED, He BCTPEYAJINCh B -l ¢cTpoKe u j-M crosbine). Kaxno-
My 3JIEMEHTY YKa3aHHOI'O MHOXKECTBA COOTBETCTBYET IOJJEPEBO B JiepeBE KOMOMHATOPHOTO
nepebopa, JIJIsi HAX MOOYEPEIHO TPOU3BOJUTCS KOMOMHATOPHBIN CIIYCK, W IIPOIECC 3AIT0JIHE-
HUASA 3J1eMeHTOB (OPMUPYEMOIl CTPYKTYPbI JIAHHBIX PEKYPPEHTHO IpojoJiKaeTcd. Eciam Ha
KaKOM-JTHOO Imare JIOCTYIHbBIX 3JeMEeHTOB HeT (T.e. Si = @), TO NPOM3BOIUTCS PEKYPPEHTHBII
BO3BpAT Ha OJIMH APYC JlepeBa KOMOMHATOPHOTO 1epebopa BBEPX, YTO COOTBETCTBYET METOILY
BeTBeill 1 rpaHull [17]| U IPUBOAUT K CHUKEHUIO YHC/Ia aHAJU3UPYEMbIX Y3JI0B JIEPEBA M, COOT-
BETCTBEHHO, K CHIKEHHUIO 3aTPAT MAITMHHOTO BPEMEHUW TPU TMPOrpaMMHOi peasu3armu. Cxe-
MaTHUYHO IIPOIECC KOMOMHATOPHOIO Iepedopa MpU MOCTPOEHUU JIMATOHAJBHOIO JIATHHCKOTO

KBaJapaTa mopsiaka 4 n3o0pazkeH Ha puc. 1.
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Puc. 2. JlepeBo koMOHHATOPHOTO mepebOpa, COOTBETCTBYIOIIEE TUATOHATBLHOMY 3AIT0THEHUIO
9JIEMEHTOB (110 CPABHEHUIO C JEPEBOM, N300ParXKEHHBIM Ha PHC. 1, YUCI0 BETBEll 3HAYUTETHHO

MeHbI_[Ie)
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Hecmoxkuo 3aMeTUTb, 9TO HEKOTOPBIM TOJIEPEBLIM HE COOTBETCTBYET HU OJHOTO KOP-
PEKTHOIO perrieHus (HAIpUMep, [IPU HOCTPOEHUU HOPMAJIM30BAHHOIO JIMArOHAJILHOIO JIATHH-
CKOro KBajpara 4 nopsijKa ¢ ay; = 1), 0JHAKO HaHHBIH GaKT yCcTaHABIUBAETCS TOJLKO MOCJIe
nepebopa BCeX y3JI0B COOTBETCTBYIOIIETO IOJJEPeBa, Ha 9TO (DAKTUIECKU BIIYCTYIO PACXOy-
ercs MammHHOE BpeMms. [lpw dopMupoBaHnn JUATOHATBHBIX JATHHCKAX KBaJPATOB BEPOST-
HOCTBH TIOSIBJIEHUsI JJAHHOW CUTYaIlUd MOXKHO TOCTAPAThCS CHU3UTDH ITyTEM U3MEHEHUS ITOPSIIKA
3aI10JIHEeHNs 3JIeMeHTOB (opMupyemMoro ksajpara (B paborax [18, 19] mokazaHo, 4To n3MeHe-
HU€ TIOPSIKA PACCMOTPEHUs SJIEMEHTOB IPU (DOPMUPOBAHUU PEIIEHUsT MOYKET OKA3bIBATH CY-
[IECTBEHHOE BJIMSIHAE HA KAYECTBO Pe3yJIbTUPYIOEro pemienus). MoXKHO 3aMeTUTh, 9TO MaK-
CUMAJIBHOE UUCJIO0 OTPAHWYEHWI TPUCYTCTBYET Y JIEMEHTOB, PACIOJIOKEHHBIX Ha TJABHOU U
HOOOYHOMN JUaroHasiX KBajpara (YHUKAJIbHOCTh B CTPOKE, B CTOJIOIE M HA COOTBETCTBYIOIIEH
JIMATOHAJIM), B TO BpEMsi KaK OCTAJbHbIE 3JIEMEHTHI UMEIOT MeHbIee YHCIO OrpaHMYeHUil
(yHMKAJIBHOCTH B CTPOKE U B crosibie). Vexoasa u3 manHOil 0COBEHHOCTH, 3aII0JTHEHUE IEMEH-
TOB (DOPMHUPYEMOTO KBaJIpaTa ¢ MCIOJIH30BAHIHEM METOJIa, TTOJTHOTO TIepebopa MOYKHO ITPOU3BO-
JIATH B CJIEMYIONIEM TMOPSJIKE: CIepBa 3aIlOJHSIIOTCS 3JEMEHTBI TJIABHOM JIUATOHAJH, 3aTEM
TTPOM3BOINTCS 3AMOTHEHNE DJIEMEHTOB TTODOYTHOM JAMATOHANN, a yXKe 3aTeM — BCEX OCTAJbHBIX.
IIpu sTom mocturaercst 60s1ee paHHee BO3HUKHOBEHUE BO3MOYKHBIX HAPYIIEHUN, YTO TO3BOJIS-
eT TPOU3BOJINTEL paHHee OTCeUYeHWe HEMEepPCIEKTUBHBIX PeIleHnii 6e3 aHa/m3a COOTBETCTBYIO-
MIUX HOJJIEPEBbEB (CM. pHC. 2).

Bropoit anropur™m mocTpoen Ha paboTe ¢ T.H. BEPCUAMHU CTPOK KBaJpara. Bepcus cTpokm
IpeJICTaBsIeT co0O HOMED IEPEeCTAHOBKHU e€ 3jieMeHTOB. Hampumep, jisg ¢cTpoKM KBajpara, 4-

IO MOPsiJIKa BO3MOKHBIE TIEPECTAHOBKYU IIPUBEIEHBI B Ta0J. 2.

Tabaumna 2
BosMozKHBIE TIEPECTAHOBKHA U3 4 3JI€MEHTOB
Ne Bepcum Buna crpoknu
0 0123
1 0134
22 3201
23 3210

IIepen paboToit ajropuTMa MIPOU3BOIUTCH MOCTPOEHUE CJIOBAPS, BKJIIOYAIOIIETO B CBOEM
coCTaBe BCE BO3MOXKHBIE TepecTaHOBKH. Hajimawme 1mo00HOTO cjioBapsl He SIBJIsieTCS 00s3a-
TeJIbHBIM, T.K. IIEPECTAHOBKH MOYKHO T€HEepUPOBaTh W HA JIETY, OJHAKO WX OJIHOKPATHOE CO-
37aHUe U MTOCJeIyIolee MHOTOKPATHOE UCIOIB30BAHME JIeJIaeT TIOUCK ObICTpee.

B mporiecce moucka ajsropuTm onepupyer AByMs MacCCHBAMHU — MACCUBOM C JIAHHBIMU JIa-
TUHCKOI'O KBaJpaTa M MAaCCUBOM C IepedHeM Bepcuil CTpOK JAHHOTO KBajpaTta. [Ipumep mac-
CUBa JJis JUArOHAJIFHOTO JIATHHCKOTO KBaJipara 6-ro mopsjaka npusejieH B Tabir. 3.

B coorBercTBUM ¢ TpeboBaHWEM HOPMAJIM3AIINN IMOCTPOEHNE KBaJIpaTa HAUUHAETCS C Iep-
BOIl CTPOKM, BepcUM KOTOPO# 3ajiaerTcsd 3HadYenwe (), mocje TOro ajJropuTM HPOU3BOIUT pe-
KYPPEHTHBIE CITYCKU Ha CJIEYIOIIUEe CTPOKHU, MoA0Upas UX Tak, 4ToObl B y2Ke chOpMUpPOBaH-
HOW YacTU KBaJIPaTa BBIMOJHAJIUCHL YCJOBUA HECOBIQJCHUs 3HAYEHUN BHYTPHU CTOJIOIOB U
guaronasieir. [Ipy 93TOM yHUKAJIBHOCTD JIEMEHTOB CTPOKKA ABTOMATUYECKU CJIEJyeT W3 OIpe-

JeJIeHnsd IepeCTaHOBKHU.
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Tabmuma 3

[Ipumep KomupoBaHUs JIMArOHAJIBLHOIO JIATUHCKOI'O KBaJ[paTa

C UCIIOJIb30BAHUEM HOMEDOB Bepcuil (IepecTaHoBOK )

Bepcuu crpok Ksaapar
0 012345
148 120534
719 543210
466 351402
253 204153
571 435021

OmnmcaHHbBIe BBIIIE AJTOPUTMBbI OBLIM PEAJIU30BAHBI B BHIE ITOCJEI0BATEILHON IIPOrPaMMBbI
Ha s3bike C++-. Ilpu aTOM mEpBBIi U3 aJrOPUTMOB ObLI PEAJM30BAH B JIBYX BapUAHTAX Ode-
pemaHOCTH 00XO0/Ia T9eeK KBaIpPaTa, OMUCAHHBLIX BbINIE. 1'€CTUPOBAHHE ITUX AJTOPUTMOB ITPO-
poamiock Ha ITK ¢ mpomeccopom AMD Phenom II X965. Tecruposanue IpoBOAMIOCHL B TeUe-
Hun 1 vaca. C HOMOIIBIO BTOPOrO aaropuTMa (OIEpUPYIOIIEr0 CO CTPOKAMHU) HE YIAJI0Ch
HaMTU HU OJHOTO JUATOHAJBHOTO JIATMHCKOrO KBajpaTa mopsiaka 10. Ilepsberit aaroputm c
BAPUAHTOM OYEPETHOCTH 00XO0Ja f4ueeK TOAps (CIeBa HAIPABO CBEPXY BHH3) OOECIEYUI Te-
Hepaiuio 422 JuaroHaJbHBIX JIATUHCKUX KBAJPATOB B CEKyHIy, & BO BTOPOM BapuaHTe (C
[IEPBOOYEPEIHBIM 00XOJOM siYeeK TIJIABHOW M HMOGOYHON JumaroHaseii) — 5120 auaroHaabHBIX
JIATHHCKUX KBAApaToB B ceKyHay. OTMETHM, 4YTO aJlOPUTM IIOMCKA C BO3BPATOM H3 CTATHHU
[11] obecreunBas rerepaluio IPUMEPHO 1 MATOHAIBHOTO JIATUHCKOIO KBaJpaTa B CEKYHIY Ha

noxoxkeit kouduryparun 11K.

0123456789 0123456789 01234567809
1204579836 6831795402 7452103968
4815962073 2390874165 1034265897
2069847351 5706138294 2301894576
A:83467159ZOB:7984521036 C:5867920314
7591630248 1278349650 6945781032
3652198407 8567012943 9680537241
6987304512 9452680371 4219078653
9478023165 3649207518 8576319420
15730281609 4- 14015963827 1379864210 5-

Puc. 3. Tpoiika B3auMHO YaCTHIHO OPTOTOHAJBHBIX JUATOHAJBHBIX JIATHHCKUX KBAJIPATOB

nopgjika 10 ¢ xapakTepucTukoit 66

Ha ocuose mepsoro anropurma Obiia caenana MPI-mporpavmva ma s3pike C++-. Bt wc-
IT0JIb30BaH BapUaHT 0OXO0/a siueeK IIOJIPsi/i CJIeBa HAIpaBO CBepXy BHU3. B 3Toit mporpamme
HCXOHAs 3aJava pa30uBaJiach HA CEMEWCTBO TO/33Ja4d IyTeM BapbUPOBAHUS TEPBBIX IHATH
siUeeK BTOPOW M TPeThell CTPOKK KBajpaTa (110 aHAJOIMU C aJIFOPUTMOM pa30UeHUsT 3a/1a49u U3
pazgesa 2.1). B pamkax 3Toif mporpaMmbl T€HEpanus JUArOHAJIbHBIX JIATHHCKUX KBAJIPATOB
OblLjIa MCITOJIb30BAHA JIJIsI TOCTPOEHMS TPOEK B3AMMHO YACTUIHO OPTOIOHAJIBHBIX JIUATOHAJIb-
HBIX JIATHHCKAX KBaJpaToB mHopsiaka 10 Takum ke obpasom, Kak Obuio ciesnano B [11] (cm.
pazges 2.2). MPI-nporpamma 6Oblia 3amyineHa #Ha 96 wacoB Ha 10 y3/1aX BBIYHCIUTEIHHOTO
kimactepa «Akamemuk B.M. Matpocos» Upxkyrckoro cymepkommbioreproro meatpa CO PAH.
Kazxapiit yses aroro kjacrepa BKJO4aeT B ceba 2 16-amepubix mpomeccopa AMD Opteron
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6276, T.e. cymmapHo nporpamma paborasia Ha 320 giapax. B pesysbrare Obura HalieHa 4a-
CTUYHO OPTOrOHAJIbHAS TPOIKA ¢ XapaKTepucTukoit 66 (cm. puc. 3).

Ormerum, yro B [11] momobHbIM TOAXOZOM ObLIa HalEHA YACTHMYHO OPTOrOHAJIbHAS
TPpOiKa ¢ XapaKTEePUCTUKON 62, mpu 3TOM ObLI 3aJeiCTBOBAH IPUMEPHO TAaKOH Ke 00beM BbI-
YUCJIUTEIbHBIX pecypcoB. JlaHHbIil pakT 00bACHIETCA TeM, UTO, KaK ObLIO YIOMSIHYTO BBIIIIE,
IIPE/IIOXKEHHBIN 11IepeDOPHBI aJrOPUTM JlaXke B CBOeM 0ojiee MeJJIEHHOM BapHaHTe 00XO01a
sddeeK 0DecIieunBaeT 3HAYUTENHHO 00Jiee BBICOKYIO CKOPOCTb I'€HEPAIMH, YEM aJITOPUTM IIOUC-
Ka C BO3BPATOM.

Ucxonst u3 Toro, 4ro B paziesie 2.2 IPUBEJEHBI YACTUYHO OPTOrOHAJbHBIE TPOUKH C Xa-
PAKTEPUCTUKON 73, MOXKHO CIeJaTh BBIBO, 9TO0 SAT-m0AX01 KOHKPETHO JIJIsT 9TON 3a/a4n
HOJXO/UT JIydIlle, YeM [epeOOpHbIe aJrOPUTMbI, IPE/JIOKEHHbIE B JIAHHOM pasjese (u TeM
GoJiee Jrydrie, 4YeM aJrOPUTM IOWCKA C BO3BpaToM). Tem He MeHee, JajbHeiiniee ycoBepIeH-
CTBOBAaHME IIPE/JIOKEHHBIX AJIOPUTMOB, a Takxke nx peaimsarus Ha GPU (mepebophble aj-
ropurMbl Xopoio moaxoadar g GPU, B orsmmane or CDCL-aaropuTMoB, JieXKaliux B OCHOBE
6ospmmacTBa SAT-pernareseit), mMoxker npuBecTu K 0osiee xopommM pesysbraram. Kpowme
BCEro mpodvero, B Oymkaiiiiiee BpeMs MbI ItaHupyem BcTpouTb B MPI-mporpammy mepebop-
HBIIl AJITOPUTM C TIEPBOOYUEPEIHBIM OOXOIOM sII€eK U3 TJIABHOW U MOOOYHON JMaroHaJieil, ITo
TaK>Ke MOXKET IIPUBECTH K HAXOXKJIEHUIO YACTUYHO OPTONOHAJILHBIX TPOEK C 00Jiee€ BHICOKUMHU

XapaKTEepUCTUKaMM.

3akJiroueHue

B crarbe ommcaHbl ajqropuTMbI, ¢ IIOMOIMBIO KOTOPBIX ObLIM HAailJleHbBI HOBBbIE KOMOWHA-
TOpHBIE OOBEKTHI: 32 Mapbl OPTOTOHAJBHBIX JUATOHAJIBHBIX JIATHHCKUX KBAJAPATOB MTOPSIKA
10 (B momosinenuwe K 20 TaKMM mapaMm, U3BECTHBIM DaHee) W J(Be TPONKN B3aUMHO YACTUIHO
OPTOrOHAJIBHBIX JIMATOHAJIBHBIX JIATUHCKUX KBaJpaToB mnopska 10 ¢ xapakrepuctukoit 73 (B
JIONOJTHEHME K OJIHOIM Takoil Tpoiike, u3BecTHO panee). [IpuHIMINAILHO HOBBIM PE3YJILTATOM
CTaJI0 J0Ka3aTeJbCTBO TOrO (paKTa, UTO HA OCHOBE BCEX D2 M3BECTHBIX HA JAHHBI MOMEHT
nap OPTOrOHAJIbHBIX JMATOHAIBHBIX JIATMHCKUX KBaJApaToB TOpsiika 10 (JIOMoJHssT KaxKIyio
napy NIPOU3BOJBHBIM TPETHUM JMATOHAJBHBIM JIATHHCKAM KBAJPATOM) HEBO3MOXKHO IIOCTPO-
UTh TPOWKY B3AUMHO OPTOTOHAJBLHBIX JIUATOHATHHBIX JIATHHCKUX KBaJApaToB mopsaka 10.
Tax>ke ObLITU TPOTECTUPOBAHBI TIePeOOPHBIE AJTOPUTMBI TEHEPAIMH JTUATOHAJIBHBIX JIATUHCKAX
KBaIpaTOB. Pe3y/bTaThl MOKA3BIBAET, UTO y ITUX AJTOPUTMOB €CTh OOJIBINON TOTEHIHA, B
TOM YucJie u B Hanpasieraun nx peajmsaruu Ha GPU. Ilpu mosmydyenun Bcex IepedncieHHBIX
PEe3yIBTATOB OBLIN UCIIOJIH30BAHBI BHICOKOTIPOU3BOTUTETLHBIE BBIIUCICHUS.

Paboma 6vina wacmuuno noddeporcana PODPU (eparmu N 14-07-00403-a, 15-07-07891-a
u 16-07-00155-a) u cosemom no epawmam Ipesudenma PD (cmunendus Ne CII-1184.2015.5,
eparwm MK-9445.2016.8). Paboma 6wvinoanena 6 pamkaxr 20cy0apcmeento2o 3a0aHusA 0Nk
[020-3anadnozo zocydapcmeennozo yrusepcumema wa 2014—2017 2e., Noe HUP 2246.

JIuteparypa

1. Colbourn C.J., Dinitz J.H. Handbook of Combinatorial Designs. Second Edition. Chap-
mand&Hall, 2006. 984 p.

2. Mauprx A.E., Jlanumosa B.M. O6 mcTropudeckoM mporecce pa3BUTUsS TEOPUU JIATHHCKUX
KBaJPATOB M HEKOTOpHIX uX npuioxkenusix // Becrauk Ilepmckoro yumsepcurera. Ce-
pust: Maremaruka. Mexanuka. Uudopmaruka. 2010. Ne 4. C. 95-104.

64 Becrauk FOYpI'Y. Cepus «BbruuciaurenbHasi MareMaTnka u nHOpPMaTUKa»



O.C. Baukun, 9.U. Baryrun, A./l. 2Kypasaes, M.O. Mau3rok

10.

11.

12.

13.

14.

15.

16.

17.

18.

Tyxumn M.D. O6 ucropuu uccienoBanuii jgaruHckux Kpajapartos // O6ospenue mpu-
KJIaHOH u npoMmbiniieHHON Matemaruku. 2012, T. 19, Bem. 2. C. 226-227.

Brown J.W., Cherry F., Most L., Most M., Parker E.T., Wallis W.D. Completion of the
spectrum of orthogonal diagonal Latin squares // Lecture notes in pure and applied
mathematics. 1992. Vol. 139. P. 43-49.

Egan J.E., Wanless I.M. Enumeration of MOLS of small order // Mathematics of Com-
putation. 2015. Vol. 85. P. 799-824.

Biere A., Heule V., van Maaren H., Walsh T. (eds.) Handbook of Satisfiability. I0S
Press. 2009.

CemenoB A.A., Becnamos J/I.B. Texunomornn pereHnss MHOTOMEPHBIX 387189 JIOTHIECKOTO
noucka // Becruuk Tomckoro rocymapcrsernoro yuusepcurera. 2005. Ne 14. C. 61-73.
Zhang H. Combinatorial Designs by SAT Solvers. In: Biere A., Heule V., van Maaren H.,
Walsh T. (eds.) Handbook of Satisfiability. IOS Press. 2009. P. 533-568.

Saukun O.C., CemenoB A.A., Ilocoimkua M.A. Ilponenypsbl OCTpOeHUS JTEKOMIIO3UITHOH-
HBIX MHOXKECTB I pacipejesieHHoro pernennst SAT-3a1ad B mpoekTe 100POBOJIBHBIX
peraucstennii SAT@Qhome // Vupasienwe 6Gosnbmmmu cucremamu. M.: WITY PAH.
Beim. 43. 2013. C. 138-156.

Samkun O.C., [Tocemkun M.A., CemenoB A.A., Xpamos H.I1. Onsrr opranuzarun 106po-
BOJIbHBIX Bbruucjienuii Ha npumepe mpoekros OPTIMA@home u SAT@home // Bectauk
Hwuxeropojackoro yausepcurera um. H.U. Jlobagesckoro. 2012. Ne 5-2. C. 340-347.
Baumkun O.C., Kouemazop C.E. Ilouck map OpTOroHaJIbHBIX JIMATOHAJBHBIX JIATHHCKUX
KBaJpaToB mopsaka 10 B TpoekTe JOOPOBOJBHBIX PACHPEIECTEHHBIX BBLIYUCICHUN
SAT@home // Becrrnuk FOzkno-Ypambckoro rocymapcrserHoro yumsepcurera. Cepust:
Borancimrenpaas marematnka n uagopmaruka. 2015, T.4, Ne 3. C. 95-108.

Een N., Sorensson N. An Extensible SAT-solver // Lecture Notes in Computer Science.
2003. Vol. 2919. P. 502-518.

Zaikin O., Kochemazov S. The search for systems of diagonal Latin squares using the
SAT@home project // Proceedings of the Second International Conference BOINC-based
High Performance Computing: Fundamental Research and Development (BOINC:FAST
2015), Petrozavodsk, Russia, 2015. CEUR-WS. Vol. 1502. P. 52-63.

Biere A. Lingeling, Plingeling and Treengeling Entering the SAT Competition 2013 //
Proceedings of SAT Competition 2013. 2013. Vol. B-2013-1. P. 51-52.

Maric F., Janicic P. Formal Correctness Proof for DPLL Procedure // Informatica. 2010.
Vol. 21, Issue 1. P. 57-78.

Baryrun 9.U., 2Kypasnes A.Jl., Bankun O.C., Turos B.C. OcobeHHOCTN MCTIOTHL30BAHTST
B3BEIIMBAIOIINX 9BPUCTHK B 3a/ia49e MMOUCKA JMArOHAJBHBIX JIATUHCKUX KBaIpaToB // W3-
Bectust FOro-Bamasmmoro rocymapcrBennoro yuusepcutera. Cepus: YTpaBjeHHUe, BBITHC-
JUTeNbHAs TexHuKa, mHpopmaruka. Memunuackoe npubopocrpoenue. 2015. Ne o 3(16).
C. 18-30.

Land A.H., Doig A.G. An automatic method of solving discrete programming problems
// Econometrica. 1960. Vol. 28, No. 3. P. 497-520.

Baryrun .M., Pomamndenko A.C., Turos B.C. MccienoBanue BausiHUS TOPSIKa Pac-
CMOTpEHHs Tap Ha KadeCTBO PACIUCAHUI MPH MCHOIH30BAHUM KAIHOrO mojaxoma // W3-

Bectust FOro-3amaHoro rocynapersennoro yausepcurera. 2013. Ne 1(46). C. 58-64.

2016, T. 5, Ne 3 65



HpI/IMeHeHI/Ie BBICOKOIIPOM3BOAUTEJIbHbBIX BBIYMCJICHUI AJId ITIOMCKa TPOEK B3aMMHO...

19. Baryrun 9.U., Booeanes I.0., Pomamuenko A.C. MccaenoBanne BIUSIHUST YACTUIHOIO
YIOPATOYMBAHUS AP U JIOKAJBLHOTO YJIyUIIeHUsI OKPECTHOCTU MAPhl Ha KAYECTBO PaCIIM-
caHuil NpU WUCHOJB30BaHUKM KajHOoro mnoxaxona // Mseecrus FOro-3amamaoro rocymap-
crBenHoro yuumsepcurera. Cepusi: YIpaBjeHUe, BBIYUCIUTEbHAA TEXHUKA, WH(OOPMAaTH-

ka. Memaumnunckoe mpudopocrpoenne. 2014. Ne 1. C. 8-16.

DOI: 10.14529/cmse160304

APPLYING HIGH-PERFORMANCE COMPUTING
TO SEARCHING FOR TRIPLES OF PARTIALLY
ORTHOGONAL LATIN SQUARES OF ORDER 10

©) 2016 O.S. Zaikin', E.I. Vatutin®, A.D. Zhuravlev’, M.O. Manzyuk®
' Matrosov Institute for System Dynamics and Control Theory of Siberian Branch
of Russian Academy of Sciences (Lermontova 184, Irkutsk, 664033 Russia)
2Southwest State University (50 Let Oktyabrya 94, Kursk, 305040 Russia)
*Internet-portal BOINC.ru (Moscow, Russia)
E-mail: zaikin.icc@gmail.com, evatutin@rambler.ru, alexone07@mail.ru,

hoarfrost@rambler.ru
Received: 23.05.2016

This paper deals with the search for triples of partially orthogonal Latin squares of order 10. For every
known pair of orthogonal Latin squares of order 10 we add a third diagonal Latin square in such a way that the
orthogonality condition between it and squares from a considered pair coincides in the maximum possible number
of cells. Two approaches are used: the first one is based on reducing an original problem to Boolean satisfiability
problem; the second one is based on Brute force method. Several triples of the aforementioned kind with high
characteristics were constructed. The experiments were held in the volunteer computing project SAT@home and
on a computing cluster.

Keywords: diagonal Latin squares, partial orthogonality, Boolean satisfiability problem, volunteer computing,
brute force, computing cluster.
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