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! tOro-3anagHblii rocyjapcTBEHHbIN YHUBEPCUTET
2 WHTepHeT-noptan BOINC.ru
3 IHCTUTYT NPUKNaAHBIX MaTeEMATUYECKNX UCCNE[0BaHM KapenbCKoro Hay4uHoro LeHTpa PAH

NCMOMNb30BAHUE X-OBPA3HbIX ANATOHANbHbIX 3ANONTHEHUI 1 ESODLS
CMS CXEM AN1A NEPEHNCTIEHNA TTTABHBLIX K/TACCOB ANAT OHAJIbHBIX
NATUHCKNX KBAOPATOB

KntoueBble c/ioBa: nepevmcinTesibHas KOM6I/IHaT0pI/IKa, AnaroHajibHble€ NaTUHCKWUE KBajparhbl,
rNaBHblE KNacCbl, CXEMbI 0To6pa>|<eva Ayeek, LenovncneHHble nocnepgosatensHoctu, OEIS,
BOINC.

AHHOTaumsa. B craTbe BBeAeHO MNOHATME X-00pasHblX AMarOHasbHbIX 3arofiHEHUA B
AMaroHanbHbIX NaTUHCKMX KeagpaTax (AJ1K), npownsBefeHO UX MNepeyvnciieHve, MoCTPOeHue
K/1acCoB M30MOp(13Ma ¥ MoKasaHa CBA3b C 3aJa4yaMmn Ha 6a3e KapTOYHbIX 4EeKOB. Ha ux ocHoBe
Npes/ioKeH Cnocob reHepauuMm CUbHO HOPMasM30BaHHbIX KaHOHWYeckux opm AJIK ¢
MCNOMb30BaHNEM OrpaHnyeHHOro MHoxectBa ESODLS CMS cxem, NO3BOMSIHOLLMIA COKPaTUTb
HeobX04MMble BblYMC/UTENIbHbIE 3aTpaTbl HA 3—-4 Mnopsgka Mo CPaBHEHWKO C MPOrPamMMHONA
peanm3auvein Ha 6ase nonHoro nepe6opa [AJIK. C  wucnonb3oBaHMEM pas3paboTaHHbIX
NMporpaMMHbIX — peasM3auuici - M MNpoekTa [06POBOJbHLIX — PacnpefesieHHbIX — BbIYUCIEHWIA
Gerasim@Home Ha nnatthopme BOINC ocyuecTs/ieH NOACYET Yncna rnasHbIX knaccos AJ1K
nopsaka 9, 4icno KoTopbIx paHee 6b1/10 HEM3BECTHO M cocTaBmio 3 292 326 155 394.

BBepeHme

NaTtvHckne kBagpatbl (JIK) npeactaBnatoT COOG0M M3BECTHLIA KMacC KOMOMHATOPHbLIX
00bEKTOB, WCCNEAOBaHMIO KOTOPbLIX MOCBAWEH A0CTAaTOMHO O60/MbLUON 06BEM Hay4HOW
nutepatypbl [1]. OgHMM U3 cneyuanbHbiX TUNOB JIK ABNAIOTCA AuMaroHa/lbHble NaTUHCKME
kBagpatbl (4J1K), y KOTOpbIX B A4ONOMHEHNE K TPeOOBaHUIO YHUKA/IbHOCTM 3HAYEHWUIA B CTPOKAX
1 cTonbuax [06aBNAOTCA aHa/orMyHble TpeboBaHWSA ANA FNaBHOM M NOGOYHON AmaroHanei.
NaTuHCcKme KBaapaTbl MOTYT ObITb Pa3buTbl Ha pa3/IYHbIE KNacChl 3KBUBa/IEHTHOCTM Gnarogaps
TOMY, YTO CYLLECTBYET Psij, 3KBMBASIEHTHBIX Npeobpa3oBaHuii (HopManusaums, KoMouHauum M-
npeobpasoBaHuii [2, 3]), nepesogawmx pasnuyHble OJIK gpyr B gpyra. B psge 3agad,
CBA3aHHbIX C wuccneposaHvem [AJIK (mepeyncreHne, MOWUCK KBagpaToB C 3KCTPEMasIbHbIM
3HaYeHMeM BbIGPAHHONM YMCMOBON XapaKTepUCTMKM, MOCTPOEHME CMEKTPOB U Np.), AOCTATOYHO
NMpoaHa/M3MpPoBaTb CBOMCTBA /MWL OAHOIO KBajpaTta W3 COOTBETCTBYHOLLEro —Kacca
n30Mopdm3aMa, YTO, Kak MNpaBuo, CyLLEeCTBEHHO (Ha 3—4 nopsfka) CHUMXaeT HeobXoAuMble
BblUMC/IUTE/NbHbIE 3aTpaTbl. B c/iyyae, ecinm  BbIYACIUTENbHbIE 3aTpaTtbl MO  MPeXHeMy
OKas3blBatOTCS BbICOKM A/ BbINOSHEHWS pacyeTa Ha OAHOM MalluvHe, [OMyCcKaeTca pasbueHune
COOTBETCTBYIOLLMX NPOLEAYP Ha HECBA3aHHbIE MO AaHHLIM 1 YMPaBIeHWIO YacTu (nog3afaun) C
nocnefyowmM UxX BbINOMHEHWEM B Mapasifie/ibHOM PeXKume C UCMO/b30BaHWEM [L06POBO/bHbIX
pacrnpefeneHHbIX BbluucneHnin. Hanbonee aththeKTUBHOA 1 LLMPOKO NCNOMb3YEeMOi B HacTosLLee
BpeMsi B AaHHOM nnaHe ssnsetcAa nnatpopma BOINC [4]: ¢ ee ucnonb3oBaHWEM YyAaeTcs
CHU3UTb HEOBXOAMMbIE 3aTpaTbl BPEMEHU eLLe NPUOAN3UTENBHO Ha 2 nopsiaka. B faHHOR cTaTbe
npuvBeAeHbl TEOPETUYECKME OCHOBbI M 6a3npyIOLLMECs HA HUX Pe3ysibTaTbl BbIYUCAUTENIbHbLIX
9KCMEPVMEHTOB, HamnpaB/ieHHbIX HAa MOCTPOEHME reHepaTopa KaHOHWYeCKMX qopm (cokp. Kd)
rnaBHbIX Knaccos AJIK € Ueblo UX MEpedncrieHns U opraHmsaumm psiga CBA3aHHbIX C HUMU
3KCMEPVMEHTOB B NepCreKTuBe.

OCHOBHbIE MOHSTMSA 1 ONpeaeeHns



JlaTYHCKVM KBagpaToM nopsgka N 6yem MMeHoBaTb KBafpaTHYH Tabnmuy A4 = [%—] n3

NXxXN AYeek, i=0,N-1 ;=0,N-1, 3aMO/IHEHHY0  3HAYeHUAMU anasnTa
U:{O, 1., N—l} TakuMm 06pa3oM, YTO B CTPOKax M CTONOLAX MCMOMb3yeMble 3HaYeHUs He

nosTopstoTca (g5 JIK), a Takke He MOBTOPSAKOTCA Ha rN1aBHOW M NMOGOYHON AmaroHanax (4ns
ONK). TlyTem nepeHymepauun 3HavyeHUii B sAderikax [OJIK MOXHO nony4nTb Knacc
nsothopmmama m3 AJ1IK MowHOCTb0 N'! B COOTBETCTBUM C YMC/IOM MEPECTaHOBOK MOLLHOCTA N,
KOTOpbIA OyfeM HasblBaTb K1accoM mM3omopdmsama AeHopMann3oBaHHbix AJ1K. B ero coctase
MOXXHO BbIAeNNTb B TOYHOCTM oauH [AJIK, y KOTOpOro nepsas CTpOKa YnopsgoyeHa Mo
BO3pacTaHuto, ero 6GyaemM HasblBaTb HOPMa/IM30BaHHbIM MO MEpPBOM CTPOKe. AHaNOrMYHbIM
06pa3oM MOXHO BblbpaTb B TOMHOCTM Mo ogHomy [JIK, HOpmanu3oBaHHOMY MO NHO60A 13
CTPOK, NMto6oMy K3 CTON6GUOB MAM NO6OM M3 AmaroHanein. Hambonee 4acto MPUMEHSIOTCS
HOpMa/IM3aLms Mo MepBOM CTPOKE W MO TNaBHOW [AMaroHaIv, SABNAKOLLMECH 3KBUBASIEHTHLIMU
cnocobamu tmkcauumn ogHoro u3 AJ1IK B paMKax Knacca M3omopduama AeHOPMasn30BaHHbIX
OJ1K 1 N03BONAOLWME CHU3MTbL MOLLLHOCTL Nepebopa B N'! pas.

MyTem NpyMeHeHNs KoM6UHaumin M-npeobpa3oBaHnii ¢ NocefytoLLein HopManmnsaumei
MOXHO  MOMyYMTb  [PYrod  Knacc  M30MOP(U3Ma, WUMEHYEMbI  NaBHbIM  KNacCoM.
Jlekcukorpagmyeckn MUHUManbHOE CTPOKoBoe npeacTasneHne OJIK, cnegys [3], 6yaem
HasblBaTb KaHOHMYecKoi hopmoii (K®P). Kaxkaomy rnaBHOMY Knaccy COOTBETCTBYET B TOYHOCTY
ofHa Ko®.

Cxemoir cooTseTcTBus Ayeek (aHrn. Cells Mapping Schema, cokp. CMS) B
COOTBETCTBMU C [5] 6yaem HasbiBaTb NepecTaHoBKY p Aveek OJIK. Cxemy, COOTBETCTBYHOLLYHO

eAMHNYHOIN NepecTaHOBKe fYeeK i|=1), 6yem Ha3blBaTb TPUBMANbHON. [TyTeM NPUMEHEHNS
p

BCEX BO3MOXHbIX KOMOGWHauUMini M-npeobpas3oBaHuii K TpuBuanbHOW CMS MOXHO NOMy4YnTb
MHOXECTBO CXeM, WMeHyembiXx ESODLS CMS (Ha3BaHWe B3ATO OT OLHOMMEHHOro Tuna
opToroHanbHbix AJIK (OAJIK) ocob6oro Tuna [6], B KOTOpbIX OAMH W3 KBaApaToB
OPTOrOHa/IbHOM Napbl MOJlyYaeTCa M3 ApYyroro nyteM MpUMEHEHUs K HeMy COOTBETCTBYHOLLENA
ESODLS CMS, TpaHcBepcanu [14] n 6asupytowmiics Ha HUX MeTog diinepa-Mapkepa [7] npwu
3TOM He MCMOo/b3YHTCH).

MoHsATME X-06pasHbIX AvaroHa/lbHbIX 3aMoHEHNI

X-06pasHbIM AparoHa/bHbIM 3anofHeHneM OyaeM HasblBaTb 4aCTMYHO 3arofIHEHHbIN
3HaveHnaMn [OJ1K, B KOTOPOM 3aro/fiHeHbl TO/IbKO AuaroHaiun, npuyeM WMCNo/b30BaHHbIe A1
3TOro 3HayeHus yA0BMETBOPAIOT onpedeneHnto ASIK (He LybnupytoTca B CTpPOKax, CTonbuax u
Ha AguaroHansx). X-06pasHbiM AuaroHabHbIM 3anofHEHNEM C (PUKCUPOBAHHOMN AuaroHasbio Un
HOPMann3oBaHHbIM  X-06pas3HbIM  AMaroHabHbIM  3anofiHEHVEM OyAeM HasblBaTb  TakKoe
3anosiHeHue, B KOTOPOM rNaBHas AuaroHasib 3afUKcMpoBaHa KaknM-imbo obpasom (Hanpumep,
yrnopsiioyeHa no BO3pacTaHuto). HecnoXHo nokasaTb, YTO, aHa/l0rMYHO HOPMaIM30BaHHbIM U
AeHOpMann3oBaHHbIM /1K, 4Mcno 3anofiHeHMn ¢ (PUKCUMPOBaHHOM AuaroHasiblo B N! pa3
MeHbLUE 4YMCna 3arnofHeHN 0bLLero Bmaa, a M3 Nboro NpPou3BOIbHOIO 3aro/HEHUA MOXHO
nofy4nTb  (DMKCMPOBAHO-AMAroHalbHOe  (AMaroHasibHO-HOPMasiM3oBaHHOe). [Mpumepbl  X-
06pasHbIX 3ano/IHEHNIA YKa3aHHOr 0 Bja NpyBefeHbl Ha puc. 1.



a) 6)
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Puc. 1. OaHo 13 X-06pasHbIx AuaroHanbHbIX 3anoHeHnin 41K nopsgka 6 (a) n
COOTBETCTBYIOLLEE EMY HOPMa/IM30BaHHOE 3arno/iHeHue (6)

MMpousBefeM NOACYET umMCna HOPMaM30BaHHbIX — X-06pasHbiX  AMaroHasIbHbIX
3arnofIHeHuiA B 3aBMCMMOCTM OT nopsgka OJ1K N. [ns pasmepHocTeid N <13 3Ta npouegypa He
TpebyeT CyLeCTBEHHbIX BbIYUCIUTENbHLIX 3aTpaT, AN KaKAon n3 pasmepHocTed N =14 u
N =15 Ha nogcyet notpebosasioch 1,5 yaca pabotbl npoueccopa Core i7 4770 B 1 NOTOK, B
pesysnbTare Yero 6b110 NOMYYeH Creay LA YACIOBON PAL:

1,0,0,4, 4,80, 80,4752, 4752, 440192, 440192, 59245120, 59245120, 10930514688,
10930514688.

[aHHbIN YnMCNOBON psig paHee He Obln 13BecTeH (Mo KpaiHein Mepe B NpUBELEHHOM BbliLUe
npeAcTaBneHUn), OH Mpollen anpobaunto n 6bin  fobaBneH B OHMANH-3HUMKNONEAUIO
LieNoumMCrIeHHbIX MocnefoBaTensHocTeli (cokp. OEIS) [8] nog Homepom A337302'. YMHOxas
ero 3HayeHuss Ha N!, MOXHO MOMY4YUTb YMC/IOBON Psifd, COOTBETCTBYIOLIMIA KONMyecTBy X-
06pasHbIX AuaroHa/bHbIX 3aro/IHeHWn 00LLLEro B1aa:

1,0, 0, 96, 480, 57600, 403200, 191600640, 1724405760, 1597368729600, 17571056025600,
28378507272192000, 368920594538496000, 952903592436341145600,
14293553886545117184000.

Mony4YeHHbIA 4YUCNOBON psg Takxke He Obln npeactaBneH B OEIS, oH npolen
anpobauunto 1 6bin fobasneH nog Homepom A337303. Kak yxxe OblI0 OTMEYEHO BblLLe,

A337302(N)-N!= 4337303(N).

MprMepbl BCEX BO3MOXHbIX HOPMa/IM30BaHHbIX AuaroHasbHbIX 3anonHeHuin ans OJ1K
nopsaaka 4 npueeaeHsbl Ha puc. 2.

0 1 0 1 0 2 0 2
110 113 110 113
3|2 0|2 3|2 0|2
2 3 2 3 1 3 1 3

Puc. 2. Bce BO3MOXXHble HOPMa/In30BaHHble AuaroHasibHble 3anonHeHusa ana AJ/1K nopsgka 4 ¢
yMNopsiA0YEHHO Mo BO3pacTaHWUIO FNaBHON AnaroHanbio (A337302(4) = 4).

HecnoXKHo 3ameTuTb, YTO NOMYYeHHbIA uncnoBol psg A337302 ob6pa3oBaH NapHbIMU
3HaYeHMAMM 3a UCK/KOYEHMEM CaMoro MepBoro, OTKyza CrefytoT aMNUpUYecKoe HabnaeHue:

A337302(2t)= A337302(2t+1) pana  ¢>0. TIoKaXeM TeOpeTUYecKM, YTO  [jaHHOe
COOTHOLLIEHWe CTpaBeANMBO Ans Beex ¢ >0 (npu ycnosum uto A337302(0) = 4337302(1) =1).

Paccmotpum [AJIK nopsigka N =2¢t. B HeM rfnaBHas AuaroHalb (HUKCUpOBaHa W ANs
onpeaeneHHOCTU 3anonHeHa 3HadeHuamu 0,1,..,2¢—1 (Bcero 2¢ 3HauvyeHWii). obouyHas

[ViaroHasib 3anosHAeTCA 3HaueHuAMI n3 MHoxectBa U, ={0,1,..., 2/ —1} mowwHocTblo |U,| = 2t
BCEMW BO3MOXHbIMW CMOCOGaMM, MpUYeM N7 KaxAoro M3 N =2¢ 3/1eMeHTOB MO6OYHOVA

! https://oeis.org/A337302




AVaroHa/ M 3anpeLieHo MCMo/b3oBaTb POBHO [BAa 3HAYeHWs M3 U,: OfHO U3 HUX YXe

1CMNOJIb30BAHO B CTPOKE Ha rNMaBHOM AyaroHain, BTOPOe — B CTON6LE Ha [NTaBHOW AuarOHa/u.
Tenepb paccMOTPUM Cfy4ail pasmepHocTM N =2¢+1. B Hem rnaBHas [AvaroHasib
3anofiHeHa 3HadyeHusmu 0,1,..,2¢ (Bcero 2¢+1 3HayeHWid), a B MOBOYHOW AmaroHa u

3a()MKCMPOBAH eNHCTBEHHbIV (LeHTPa/IbHbINA) 3N1EMEHT, B KOTOPOM [MaroHany NepecekaroTcs B
LUeHTpPe KBagpaTa. 3anofiHMTb 3HAYEHWSIMW BCEMU BO3MOXHBLIMK CMOCO6aMU  Heo6X0AMMO
ocTaBliMecs N —1=2¢ 3/eMEHTOB, KO/MIMYECTBO 3aro/iHSEMbIX 3/1EMEHTOB COBMajaeT.
BO3MOXHbIE 3HAueHWs, KOTOpble MOXHO MOCTaBWUTb B HE3ano/IHEHHble SYEKU MOGOYHON

AvaroHanu,  06pasyloT  MHOXECTBO U,={0,1,...,2e}\{t} ={0,1, ...t =L r+1 ..., 2t}
MOLLHOCTbIO |U,| =27, MOLLHOCTU MHOXECTB U, M U, TaK e COBMajaloT. Ha Kaxablii u3

HEe3amno/IHEHHbIX 3/1EMEHTOB NOGOYHON AMaroHa/IM TaK XKe HakK1aAblBaeTCs ABa 3arnpeTa C Lenbho
n36exarb Ay6/1MpoBaHNA 3HAUYEHUA B CTPOKAxX M CTOMOLAX CO 3HAYEHWUSMU C FNaBHOW AuaroHanm
(4ncno 1 cocTaB OrpaHMYeHWn coBNataeT).

Takium 006pa3oM, 3agayv 3anonHeHWs [uaroHanen pAns nopagkos 2t un 2t+1
9KBUBA/IEHTHbI: HEOOXOAMMO 3aroNHUTL 2¢ K/IETOK 3HAYeHUSIMW MHOXECTBa MOLLHOCTbIO 2¢
6e3 NOBTOPEHWIA, NPUYEM Ha KaXKAyH KNETKY ecTb [Ba 3anpeTa Ha UCMO/b30BaHUE 3HAYEHWA,
OT/INYAETCA NLLL COCTaB 3/IEMEHTOB MHOXECTB U, 1 U, , YTO Ha YMC/O 3amno/IHEHWIA He B/INSET.

COOTBETCTBEHHO, YMCO 3aMo/IHEHWI COBMAAAET, YTBEPXKAEHME JOKa3aHO.
MyTem yaaneHns gy6amMpyoLLmMXcs 3Ha4YeHNIn MOXXHO NOTYUYNUTb YUCNIOBOW PS4
1,0, 4, 80, 4752, 440192, 59245120, 10930514688,
KoTopblii npucyTcTByeT B OEIS nog Homepom A000316, cBA3aH C KapTOYHbIMU JeKamu U UMeeT
PS4, W3BECTHbIX aHAIMTUYECKMX (HOPMY/ ANA BbIYUCIEHUA 3HAYEHWUIA ero YneHoB [9-11], uTo
no3BonseT pacwmputb psg A337302 B CTOPOHY O6ONbLUNX 3HaYeHW i 6e3  BbINOMHEHUS
BbIUYMC/IMTENBHO CNOXHOMO NnogcyeTa yucna 3anosiHeHU NoHbLIM NepebopoM M Mokasatb, YTO

A337302(N) = A000316[ %

] (AaHHbIE OCOBGEHHOCTM GbINM OTMeYeHbl COBMECTHO ¢ Andrew

Howroyd n Alois P. Heinz B xoge anpobauuy npaBoK, CBA3aHHbIX C [06aBneHWEM HOBbIX
yucnosbIx pagos B OEIS).

Knaccbl 3KBMBa/IEHTHOCTU X-06pa3HbIX AnaroHas1IbHbIX 3ano/IHEHNI

[ns 3apaHHOro X-o6pasHoro AuaroHa/IbHOrO 3arofIHEHUS MOXHO MOCUMTaTb YMCNO
BO3MOXHbIX [03anO/IHEHWIA [0 KOppeKTHbIX [JIK. AHanm3upys [aHHble BeMYMHbI  4/1s
pasnnyHbIX X-06pa3HbIX 3aro/IHEHWA, MOXHO 3aMeTUTb, YTO AOBO/ILHO 4acTO Pas3/IMyHbIM X-
06pasHbIM 3anoIHEHNAM COOTBETCTBYHOT OAMHAKOBbIE MOLLHOCTM MHOXECTB COOTBETCTBYHOLLMX
uMm OJ1K, 4TO CBA3aHO C TeM, 4YTO pa3/iMyHble X-00pas3Hble [uaroHaibHble 3amnosIHeHUs
N30MOPMHbLI APYT APYrY.

MocTpoeHne KNaccoB 3KBMBAIEHTHOCTU Ans X-06pasHblX AuaroHasbHbIX 3arno/HEHWIA
MOXHO BbINOMHUTL CNefytowyM 06pa3oM: COPMUPOBaTL BCE BO3MOXKHblE 3arofIHeHUs C
(PMKCUPOBAHHOW NaBHOW AMAaroHasIblo, K KaX4OMy 3arno/IHEHWUIO NMPUMEHUTb BCE BO3MOXKHbIE
KOoM6rHaumm M-npeobpa3oBaHuil (MK, YTO TO Xe camoe, — BCe BO3MOXHble ESODLS CMS) ¢
nocneayowen Hopmanusauueid no rnaBHOW AMaroHaiM W BbIGOPOM NIEKCMKOrpaduyecKu
MVHUM&/IbHOTO  MPeACTaBUTENs B KaXKAOM M3 cny4vaeB.  [MoflyyeHHOE  MHOXECTBO
NEKCUKOrpathmyeckn MMHUMaNbHbIX X-00pa3HbIX AMaroHa/bHbIX —3arofiHEHWA  0bpasyeT
MCKOMbIe KnacCbl n3omoppumamMa. X KonmyecTso B 3aBMCUMOCTM OT nopagka OJ1IK N obpasyet
4MC/IOBOW pAf,

1,0,0,2,2,3,3, 20, 20, 67, 67, 596, 596,
KOTOPbIA Ha MOMEHT BbINO/HEHUA pacyeToB He Obin npefctasneH B OEIS, oH npowen
anpobauunio n 611 gobasneH nog Homepom A309283. [Ins Hero cripaBef/IMBO aHa/IOrMYHOe



[l0Ka3aHHOMY Bbillle YTBepX/jeHue 0 ToM, uTo 4309283(2¢) = 4309283(2¢+1) ans Beex >0

BBUAY TOro, 4to Nobble KOMOGUHaUuM M-npeobpasoBaHns (M cooTeeTcTByOWME UM ESODLS
CMS) ocTaBnsoT LeHTpa/ibHbIA 3/1eMeHT KBagpaTta HEYeTHOro nopsagka Ha MecTe, MeHss
MecTamy INLb OKPY>KatoLLMe ero 3/1eMeHTbl AMaroHanein oanHaKoBbIM KONMYECTBOM COCO60B
ANns nopagkoB 2t n 2¢t+1. COOTBETCTBYHOLLMIA YMCNOBOIA psg 6e3 Ay6aMpoBaHUA 3HaYeHWiA
Takke 6bin go6asneH B OEIS nog Homepom A338084. Ana nopsgkos N <10 nofcyeT yucna
KMaccoB 3KBMBAJIEHTHOCTU MPOU3BOAUTCA MNPAKTUYECKM MrHOBEHHO, 4n1a nopsafka N =11
noTpe6oBanock 2,5 yaca BblYMCIUTENLHOIO BpeMeHU npoueccopa Core i7 4770 B 1 NOTOK, Ans
KaXaoro mM3 nopsgkos N =12 n N =13 — nNpubnusuTensHO 2 [HA pacyeToB B MPOEKTE
[06POBOMLHBLIX  pacnpefeneHHbIX  BbluMcnenuii  Gerasim@Home®  npu  peanbHoit
npoussoanTensHocT nopsgka 7 TFLOP/s n Tpex napannenbHO paboTarolimx NoAnpoekTax
(aHanornyHble 3HaveHus OblnnM nonyyeHbl Harry White ¢ m“cnonb3oBaHWeM He3aBUCUMON
MHOTrOMOTOYHOIN NPOrpaMMHOI peannzauum).

Knaccbl mn3omopgmnsma X-06pasHbiX AuarOHa/lbHbIX 3ano/iHeHWin OyaeM  HasblBaTb
NMHeNKaMu, a Npo cooTBeTCTBYOWMe UM AJIK roBopuTb, YTO OHW MpPUHAANEXAT K O4HON 13
NMHeeK. TlyTemM BbIMOMHEHUS BCEX KOMOMHauuiA  M-npeobpas3oBaHuWii K 3afiaHHOMY
npoussonbHomy [JIK c nocnegylowmin  Hopmanmsaumein No rnaBHOM AnaroHasM MOXHO
onpefennTb  ero  MNPUHALNEXHOCTb K  OAHOM W3  JIMHEeK, a  COOTBETCTBYHOLLMIA
NeKcMKorpamyeckn MuHUmManbHbld OJIK 6yaeM HasblBaTb CUIbHO HOPMasiM30BaHHON K®
(cokp. CK®). CneayeT 0TMETUTb, Y4TO NPOCTO HopManu3aums OJ1IK no rnaBHOW AuaroHann B
006LLEM cnyyae He NpMBOAMT K nony4deHnto CK®, ana kotopoi Ha amaroHanax AJ1K Tpebyetcs
MoslyyeHne NeKCMKOrpaMyeckn MUHMMAIbHOrO NpPeACcTaBUTENA COOTBETCTBYHIOLLEro Kracca
n3omopmaMa  X-06pasHblX  AuAroHasIbHbIX  3anofHEHWA  MyTeM  BbINOMHEHUA M-
npeobpasoBaHuii (CM. puc. 3).
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Puc. 3. OkBMBaneHTHble npeacTasneHmsa AJ/1K: npumep npoms3BoILHOIO AeHOPMaIM30BaHHOI 0
ONK nopsigka 8 (a), nsomopHoro emy 41K, HOpMannM3oBaHHOIO NO rNaBHOW AvaroHanu (6) n
cooTBeTcTBYOWMX eMy K® (B) 1 CK®D (r). XXNpHbIM BblfeNeHbl A4EKKM, N0 KOTOPbIM

2 https://gerasim.boinc.ru




MPON3BOAMTCSA HOPMa/IM3aLLMs, TEMHO CepbIM MoKa3aHa NoboYHas AuaroHasib, onpeaenstoLLas
npuHagnexxHocTs AJ1K K 15-i nuHelike

O6LLee UMcno HopMann3oBaHHbIX AJTK B TaKoM C/lyuae MOXHO MOCUMUTaTb Yepes Knacchl

n3omopdr3Ma X-06pasHbIX A1aroHabHbIX 3aMoNHeHNi Kak K, = A274171(N)= Z|C,.|fi , TAe
i=1

m = A309283(N) — unMCcno Knaccos W13oMop(M3Ma X-06pasHbiX AMaroHabHbIX 3anonHeHwi

(uacno nuHeek Ans BbiGpaHHoro nopsgka AJIK N), |C| — MowHocTs i-ro knacca (T.H.
KPaTHOCTb /IMHEKN MM Yncno X-06pasHbIX AMarOHa/IbHbIX 3anofIHEHWIA, NPUBOAUMBIX M-
npeobpa3oBaHMsS MM K OAHOMY WM TOMY >XXe NIEKCUKOrpagmyeckn MUHUMaNbHOMY X-06pa3HOMY
AnaroHalbHOMY 3amno/IHEHWNIO), £, — YMC/IO [J03an0NIHEHNIA NEKCUKOrpaPuyeckyn MUHUMaIbHOTO
X-06pa3HOro  AMaroHasIbHOro  3anojiHeHWs A0 KOppekTHbiX  AJIK  (umMcno  cunbHO
Hopmann3oBaHHbIx /1K, cokp. CHAJTK), a o6iyee uncno /1K Kak K, = 4274806(N)=K,- N'!
. YKa3aHHOe pa3bveHne Ha Kfaccbl 1M30MopmaMa Obl10 MCMonb30BaHO B [12] ana 6bICTPOro
nogcyeta umcna OJ1K nopsigka 9, UTO NO3BO/INIO COKPATUTL HEOOXOAMMbIE BbIYMCAUTENbHbIE

3aTparbl NPUGIM3NTENbHO Ha 3 NOPALKa.
Mpumepsbl NnHeek ana OJ1K nopaakos 4 1 5 nprBeaeHbl Ha puc. 4.




1 [110121413] 2 2 2X2:4
2 [1,4,2,0,3] 2 2 2x2 =4
O6ulee uncno HopmannsosaHHbIX OJ1K: 8

Tabnvua 3. JlnHerikn AJ1K nopagka N =6

Homep KpaTHOCTb o
o MoboyHas NVHEKN Yuncno go3anonHeHuin go | Yncno HopMannsoBaHHbIX
I'II/IH(;I/IKM [aroHanb | ANK f; ANK B nuHeiike |C,|x f;
1 [1,04,52,3] 16 8 128
2 [1,04,53,2] 48 0 0
3 [1,2,0,53,4] 16 0 0
O6uiee Yncno HopmannsosaHHbIX OJ1K: 128
Tabnuua 4. NuHelikn OJ1K nopsgka N =7
Homep KpaTHoCTb o Yucno
nerixy | T10004HaA NUHEAKN Hucno AO3E':<0”HGH”M A0 | HopmanmsoBaHHbIX /1K
i AnaroHant C| MK/, B NHelike |C,|x f;
1 [1,0,5,3,6,2,4] 16 1 800 28 800
2 [1,0,5,3,6/4,2] 48 2008 96 384
3 [1,2,0,3,6,4,5] 16 2 876 46 016
Obuiee yncno HopmannsoeaHHbIX J1K: 171 200

Tabnmua 5. lnHerikn J1K nopsgka N =8

Homep Mo6 KpatHoCTs | ) nosanonmennii go cno
NNHETKY 000HHaA NNHETKN A K A% | HopmannsosanHbix 41K
i AnaroHans C| ANK /. B /HeiiKe |C,|x f;
1 [1,0,3,2,5,4,7,6] 12 855 680 10 268 160
2 [1,0,3,2,5,6,7,4] 192 1 087 936 208 883 712
3 [1,0,3,2,6,7,4,5] 96 2 079 952 199 675 392
4 [1,0,3,2,6,7,5,4] 192 1701792 326 744 064
5 | [1035,247.6] 24 607 872 14588 928
6 [1,0,3,5,2,6,7,4] 384 1075784 413 101 056
7 [1,0,3,5,6,7,2,4] 768 1673128 1284 962 304
8 [1,0,3,5,6,7,4,2] 384 1621 760 622 755 840
9 [1,0,3,6,5,7,2,4] 192 1714 248 329 135 616
10 [1,0,3,6,5,7,4,2] 192 1537 024 295 108 608
11 [1,0,3,6,7,4,2,5] 384 1675 696 643 467 264
12 [1,0,3,6,7,4,5,2] 384 1739 980 668 152 320
13 [1,2,0,5,6,7,3,4] 384 1678 124 644 399 616
14 [1,2,3,0,7,4,5,6] 48 1607 168 77 144 064
15 [1,2,3,5,0,7,4,6] 384 1656 184 635 974 656
16 [1,2,3,5,6,7,0,4] 384 1 649 308 633 334 272
17 [1,2,3,5,7,4,0,6] 192 1072 016 205 827 072
18 [1,2,3,7,0,4,5,6] 48 1472 416 70 675 968
19 [1,2,6,5,7,4,0,3] 96 1641 968 157 628 928
20 [1,7,3,5,2,4,0,6] 12 480 000 5 760 000
O6ulee yncno HopmannsoeaHHbIX OJ1K: 7 447 587 840

Tabnumua 6. TuHerikn OJ1K nopsgka N =9




Homep Mo6 KpaTHOCTe | 1) 6 nosanonHenuii o mcno
AIMHETiKN 0b04HaA NHETiKN A A% | HopmanusoBaHHbIX AJTK
i Anarorare C| ANK B MHelike |C,|x f;

1 [1,0,3,2,4,6,5,8,7] 12 709 086 781 440 8 509 041 377 280
2 [1,0,3,2,4,6,7,8,5] 192 974 677 273 856 187 138 036 580 352
3 [1,0,3,2,4,7,8,5,6] 96 1 055 969 508 864 101 373 072 850 944
4 [1,0,3,2,4,7,8,6,5] 192 1110 308 250 368 213 179 184 070 656
5 [1,0,3,6,4,2,5,8,7] 24 685 740 255 232 16 457 766 125 568
6 [1,0,3,6,4,2,7,8,5] 384 955 718 665 632 366 995 967 602 688
7 [1,0,3,6,4,7,8,2,5] 768 1 098 599 343 136 843 724 295 528 448
8 [1,0,3,6,4,7,8,5,2] 384 1031 276 411 456 396 010 141 999 104
9 [1,0,3,7,4,6,8,2,5] 192 1110075761 408 213 134 546 190 336
10 [1,0,3,7,4,6,8,5,2] 192 1 029 535 024 256 197 670 724 657 152
11 [1,0,3,7,4,8,5,2,6] 384 1116 973 550 464 428917 843 378 176
12 [1,0,3,7,4,8,5,6,2] 384 1117 216 705 792 429 011 215 024 128
13 [1,2,0,6,4,7,8,3,5] 384 1105 080 908 576 424 351 068 893 184
14 [1,2,3,0,4,8,5,6,7] 48 1081 071 822 848 51 891 447 496 704
15 [1,2,3,6,4,0,8,5,7] 384 1105414 783 232 424 479 276 761 088
16 [1,2,3,6,4,7,8,0,5] 384 1 086 754 151 040 417 313 593 999 360
17 [1,2,3,6,4,8,5,0,7] 192 937 027 424 256 179 909 265 457 152
18 [1,2,3,8,4,0,5,6,7] 48 1 081 947 743 232 51 933 491 675 136
19 [1,2,7,6,4,8,5,0,3] 96 1 010 590 517 376 97 016 689 668 096
20 [1,8,3,6,4,2,5,0,7] 12 664 832 014 336 7977984 172 032
Obulee Yncno HopmannsosaHHbIX OJ1K: 5 056 994 653 507 584

3ameuaHne. CymmMa KpaTHOCTeW NMHeeK Ans BblGpaHHoOlV pasmepHocTn OJIK N (cton6el, 3
NpPUBEEHHbIX Bbillie TabMLL) NpeaCcTaBiseT co60l YNCN0 HOPMAIM30BaHHbIX AMaroHa/IbHbIX X-

06pa3sHbIX 3aMoHeHni nopsaka N-: Z|C| = A337302(N).

i=1

Ha nogcueT uncna HopmannsoBaHHbIX JJIK nopsgka 8 ¢ ncnonb3oBaHneM X-06pa3HbiX
AMaroHaNbHbIX 3aM0/IHEHWI Y UX KNAaCcCOB 3KBMBAIEHTHOCTM NOTpeboBanoch 79 ¢ (NporpammHas
peanu3aumsa 3.M. BatytuHa, Delphi) n 90 ¢ (nporpammHas peanusaumsa A.L. benbiwesa, C++)
npu 3anycke B 1 noTok. PaHee [13] noacyeT Obl1 OpraHM3oBaH B paMKax MpoekTa
Gerasim@Home 6e3 1CMo/b30BaHUA K/1aCCOB 3KBMBAIEHTHOCTW, PacyeT 3aHA/M OKOJ/I0 2 CYTOK.
Takom 06pa3oM, B JaHHOM C/lyyae BbIUIPbIL BO BPEMEHMW COCTaBNAET BeIMUMHY nopsaka 400
ThIC. pas.

"eHepaTop CK® OJTK

PaccmMOTpeHHOe Bbile pa3bueHme X-06pasHbiX AuaroHasbHbIX 3anofHeHnin OJ1K Ha
NHenKn yaobHo ana nogcdveta AJ1K, ofHako Ans Apyrux 3agad (Hanpumep, nouck OJIK ¢
3aflaHHbIMU CBOMCTBaMM, HePa3NMUYMMbIMK B paMKax r1IaBHOrO K/acca) OH Nydlle, YeM MpocTo
nepebop BCEX BO3MOXHbIX HOpMann30BaHHbIX [JIK, HO U B TO e BpeMs He cnacaeT OT
MOBTOPOB NMpY 06paboTke M3OMOP(HBLIX KBaJpaToB, T.K. B KaX4oW NuHelke OJ1K ¢ ogHUMU 1
TEMW >Xe CBOWCTBaMM U OAHOM K Tol Xe K® 6ygeT ob6paboTaH HECKOMbKO pa3 noapsg (3a
NCK/IIOYEHNEM CNy4YaeB, B KOTOPbIX A5 HEKOTOPbIX pa3mMepHOCTeN N CYLLeCTBYHOT JIMHENKN
MaKCMMasbHO BO3MOXHOW KpaTHocT C,. , B KOTOPbIX cogepxatca Torbko CK®). YUTobsbl

3TOro M36exarb, HE06XOAUMO rapaHTMPOBaHHO 06pabaTbiBaTh N0 OAHOMY KBAAPATY U3 KaXA0ro
rNaBHOrO Knacca, T.e. peannsosartb reHepatop CK® AJ1K.



MpocTeiwen peanusaument Takoro reHepatopa MOXeT ObITb cregylowas: Ans Bcex
NHeeK HeobxoAMMO cgopMupoBaTh BCe [03anonHeHus o OJ1K, nNpoBepuTb Kaxaoe Ha To,
ABNAETCA NX MOMYYeHHbIN kBagpaT CK® unm Het, U BepHyTb ToMbko CK®. OpHako Temn
reHepaumn CK® Ha BbIxofe Takoro reHeparopa OyfeT HeBbICOK (HECKO/IbKO COTEH — ThICAY
CK®/c), oH ByfeT NMMMUTMPOBATLCA He CKOPOCTHbIMU XapaKTepMCTMKaMK reHepatopa (COTHM
TbiCAY — MuNAMoHbI AJ1K/c), a npoBepkoi Ha CK®.

C vncnonb3oBaHvem ESODLS cxem Temn chopmmpoBaHns CK® Ha BbIxofe reHeparopa
MO>XHO MOBbLICUTb KaK MUHUMYM Ha NOPSAAO0K. HecnoXHo 3ameTuTb, YTo npumeHeHne ESODLS
CXeMm (4MCNo KOTOPbIX COBMAZLaeT C YMC/IOM KOMOMHaLmMii M-npeobpa3oBaHuii) K BbIOpaHHOMY
X-06pa3HOMyY AuaroHabHOMY 3anofiHeHUO X, C MOCneAytoLLei HopMain3aumen no rnasHon

ESODLS CMS,

AnaroHasin U nNosiy4eHnem X-o6pa3Hor0 3arnonHeHns Xo X' moxet npnBoanTb K

[BYM MCXOfjaM:
1. monyyeHHoe X-06pasHoe 3anosiHeHe X' GyfeT coBnafaTh € UCXOAHbIM: X, = X';

2. 6yaeT nonyyeHo pyroe X-06pasHoe 3ano/IHEHNE M3 TOTO XKE Kacca SKBUBANEHTHOCTH,
N30MOP(HOE UCXOAHOMY: X, = X .

MpUMepbl, UNNKCTPUPYIOLLME AaHHbIE CUTYaLIMK, NPUBEAEHbI Ha puC. 5.

X'= Xo
0 3 0 1
2 2 1 0
3 1 HOopMann- 2 3
Xo oS A0 1|0 sawma 3|2
5 1l W 7|6 > 5[4
T 5 4 4 6 5
5 3 5 5 7 6
313 6 7 4 7
54 X' # Xo
6 5 0 1 0 3
; 7 6 . ESODLSCM 2 3 1 2
Nﬁ 3 2 HopmMmanun- 2 1
110 3auma R 310
7|6 4 704
5 4 6 5
6 5 4 6
4 7 5 7

Puc. 5. Mpumepbl pasnnyHbix ESODLS cxem, NprBOAALLMX K NONYYeHUs pasHbIX X-00pa3HbIX
AMaroHaNbHbIX 3arosIHeHUI

C Yy4YeTOM W3MIOKEHHOrO BbIlle HEC/IOXHO MoKasaTb, YTO A9 Kax4oro w3
NEKCMKOrpathmyeckn MUHUMaIbHbIX NPeACTaBUTENE KNacCoOB 3KBUBaNEHTHOCTM X-06pa3HbIX
ANaroHasIbHbIX 3anofiHeHUIA MOXKHO oTobpaTb Takume ESODLS cxembl, MPUMEHEHNE KOTOPbIX
npuBoauT K ncxofy 1 n CK® Haxogutca cpean pesynbtatoB UX MPUMEHeHUs, NMpuyeM yem

BblLle KPaTHOCTb |C,.| NMHENKW i, TEM MEHbLLE YMCNO TaKUX CXEM, PaBHOE TgT (NpmeHeHwue
APYTUX CXem fAaeT «b6ofbliee 3HayeHue» MnobouHol auaroHanm [AJIK, 4To 03HavaeT
HEBO3MOXHOCTb nonydveHns CK® nocne npeobpas3oBaHuss, T.K. No onpegeneHnto CK®
NeKCUKorpagmyeckn MMHUMasbHa B COOTBETCTBYIOLLEM NTaBHOM Kracce). COOTBETCTBEHHO Mpu
nposepke AJIK Ha npegmeTt TOro, Aensdetca AM oH CK® mnuM HeT, YMCno BbINOHAEMbIX
AericTeuii (oTobpaxxeHuid nposepsiemoro AJ1K ¢ ncnonb3osaHmem ESODLS cxem) cokpalyaeTcs



(o C
c C,. fho %—1, Te. B n=—"%—~|C| pas (-1 B (popMynie NOSBNSETCA MOTOMY, YTO

C Crax g

el
npumMeHeHne TpusnanbHoi ESODLS CMS He nMeeT cMbIcna, T.K. X-006pa3Hoe 3anosiHeHVe OHa
He M3MEHSeT, 0TOOpaXKas Kaxpblil afeMeHT caM B cebs). HeCNOXHO 3aMeTUTb, YTO /1 JIMHEEK

MaKcuManbHoii kpatHocTH |C | = C,,, BCe COOTBETCTBYHOLME fo3anonHerus fo [JIK senstoTcs

CKo.

OTTasIKMBasACb OT TEOPETUYECKUX BbIK/IA[O0K, PACCMOTPEHHbIX Bbile, Hbiia pa3paboTaHa
nporpaMmMHas peanusaums redeparopa CK® AJ1K 3agaHHoro nopsgka (aBtop — BatytuH 3.11.),
pe3ynbTaTbl ee paboTbl NpMBeAeHb! B Tabs. 7-11.

Tabnmua 7. Mepeuncnenne CK® AJ1K nopagka N =4

Homep | KpathocTb Yncno [03anonHeHNiA 4o Uncno CK® AS1K B
TREVKA | nveiikn || ANK f, NnHeliKe n,
1
1 2 1 1
2 2 0 0
O6uee uncno CK® AJ1K (rnaBHbix Knaccos AJ1K) 1

Tabnvua 8. Mepeuncnenne CK® AJ1K nopsgka N =5

Homep | KpathocTb Yncno [03anonHeHNiA 4o Uncno CK® A/1K B
””H?”K” nuHeitku |C,| ANK f; NnHelike n,
1 2 2 1
2 2 2 1
O6uiee uncno CK® AJ1K (rnaBHbix Knaccos AJ1K) 2

Tabnuua 9. MepeuncneHme CK® OJIK nopsigka N =6

Homep | KpathocTb Yncno [03anonHeHNiA 4o Uncno CK® A/1K B
””H?”K” MHeiikn |C,| ANK f, NnHeiiKe n,
1 16 8 2
2 48 0 0
3 16 0 0
O6uiee uncno CK® AJ1K (rnaBHbix Knaccos AJ1K) 2

Tabnuua 10. MepeuncneHne CK® AJ1K nopsgka N =7

HOMEp | KparHocTs Yncno f03anonHeHuit 4o Uucno CK® /1K B
“”H?MKM nuHeiikn |C,| ONK f NnHelike n,
1 16 1800 181
2 48 2 008 530
3 16 2 876 261
O6uiee uncno CK® AJ1K (rnaBHbIx Knaccos AJ1K) 972

Tabnuua 11. MepeuncneHre CK® AJ1K nopsgka N =8

K o
HOpr an?J:V?E;b Uucno posanonHeHuii 4o | Yucno CK® ASIKB | Temn reHepauuy,
flVIH?I/IKVI c| ANK f NNHelKe n, Tbic. CK® AJ1K/c
1 12 855 680 8 148 30




2 192 1 087 936 137 801 843
3 96 2 079 952 135 595 1926
4 192 1701792 213 166 2 530
5 24 607 872 10 092 50
6 384 1075 784 270 633 5 146
7 768 1673128 837 748 3723
8 384 1621760 405 668 35 455
9 192 1714248 214 433 3 369
10 192 1537 024 193 044 847
11 384 1675 696 419 434 3 889
12 384 1739980 437 267 1 669
13 384 1678 124 421 525 2675
14 48 1607 168 51 530 207
15 384 1 656 184 414 374 11 826
16 384 1649 308 412 695 2318
17 192 1072 016 135 729 908
18 48 1472 416 46 301 1858
19 96 1641 968 103 873 543
20 12 480 000 4 040 26
O6wee uncno CK® AJ1K (rnasHbix Knaccos AJ1K) 4 873 096

MpvBeaeHHbIe B Tabimuax ymncna B TOYHOCTM COBMaIM C MOYYEHHLIMU paHee yuciamu
rnaBHblx Knaccos AJIK (cm. umcnosoin psg A287764 B OEIS) [3]. Ana 60NbLUNHCTBA /IMHEEK

/i

- C o
MMEET MECTO COOTHOLLUEHME - = |gai< , KOTOPOE HE MnpeacrtaBndgeT cobori ToYHoe paBeHCTBO
n, i

TOMbKO BBMAY PasHOMOLLHOCTW pas3/inyHbIX raBHbIX KnaccoB AJIK. V13 gaHHOro COOTHOLLEHUSA
cnepyet, uTo uncno CK® /1K B fMHeiiKe NPonopuuoHaibHO Kak ee KpaTHOCTU, TakK U Yncny

o o 1
COOTBETCTBYIOLMX €1 ao3anonHeHnn ao AS1K: n, ~ C_X|Ci| fi

max
—

const
MoacuyeT rnaBHbIX Knaccos AJ1K nopsagka 9

C wucnonb3oBaHveM paspaboTaHHoro reHepartopa CK® [OJIK MOXHO OCYLLeCTBUTb
nogcyer umcna CK® [AJIK nopsgka 9. [nd 3TOro  BbIYUCAUTENIbHLIX BO3MOXHOCTEN
OJHOMOTOYHOW NPOrpaMMHON peannsaumy HeaoCTaTOYHO, BBMAY Yero Obl10 NpPou3BEAEHO
pasfeneHve WCXOLHOW 3afayy Ha He3aBUCKMMble MoA3ajayn, KoTopble Obln 0bCcUMTaHbI
MallvHamy [06pOBO/bLEB, NMPUMHUMABLUMX yyacTve B npoekTe Gerasim@Home. B kauectse
MCXOMHbIX [aHHbIX O4HOro pacuyeTHoro 3agaHusa (aHrn. Work Unit, cokp. WU) Ha mawuHy
KpaH4yepa nepefaBaiucb HOMeP IMHENKM (hakTuyeckn X-06pasHoe AmaroHasibHOe 3arno/IHEHWE)
1 OHO M3 BO3MOXHBIX 3aronHeHnn d =10 ayeek opmupyembix OS1K. Yucno 10 (akTuuecku
MakcumanbHasa rnybuHa pekypcum npu reHepauyumn WU'LLek) 66110 onpeaeneHo 3MNnMpUYecKiu
Kak 6anaHc mexzay umcnom WU'leK 1 BpemeHeM MX cyeTa (YMEeHbLUEeHMe AaHHOTO 3HaYyeHus
BefeT K yMeHbleHnto ymcna WU'LeK npy 04HOBPEMEHHOM YBE/IMYEHWUM BPEMEHWN WX CYETa),
ob6Lee KOMMYECTBO pacyeTHbIX 3afaHuili npu BblGpaHHOW rnybuHe d coctasuno 633 300.
Homepa 3amno/niHAeMbIX HeguaroHalbHbIX f4YeeK Onpeaensnvcb B COOTBETCTBUMU C MPUHLMMOM
MWHMMyMa BO3MOXHOCTeid [13]. [pumep OAHOMO U3 HayasbHbIX 3anonHeHnnd AJ1K,
rnepeAaBaemblil Ha MaLLVHY KpaH4yepa, NpyBeAeH Ha puc. 6.




7 8

Puc. 6. Mpumep HayanbHOro 3anonHeHus AJ1K, nepegasaemMoro Ha MallMHy KpaHyepa: XXMPHbIM
Bblfe/ieHbl AYeiiky X-06pa3HOoro AuaroHa/IbHOro 3anosiHeHus, cepbiM — d 3apaHee 3anosIHeHHbIX
Aueek AJIK

[ns  nNofyyeHHOro j-ro  HayasibHOro  3anofiHeHms  [AJIK  nonHbiM - nepe6opom
onpeaenssnch ABe BeNMUMHbI: uncno a; CK® AJIK ¢ ncnonb3oBaHMeM pacCMOTPEHHO Bblle

COKpaLleHHoNM npoBepkn Ha CK® ¢ ncnonb3oBaHvem nogMHoxectBa ESODLS cxem u uncno
fi03anofiHeHuiA Ao koppekTHoro /1K b, . ins npuBefgHHOTo Ha puc. 6 npumepa a, =1536 075

n b, =12783424. IKCNEPUMEHT 3aHAN NPUBAM3UTESIbHO MeCsL, pacyeTa Mnpu peasibHOA

NPOu3BOANTENBHOCTU MpoekTa nopsgka 7 TFLOP/s u AByx napasinenbHO paboTaromx
MoANPOeKTax.

MapannenbHo € BbIMNOMHEHWEM  3KCMEepMMeEHTa  Mpou3BOAMNacL  MporpammHas
oNTMMM3aLMA pacyYeTHOro KOfAa, KOoTopasd B WTOre Mo3BO/MMMNA CHU3WUTL Bpems pacyeTa
npnban3nNTeNbHO Ha MOPSALOK, BBUAY Yero obLiee MHTerpasibHOe BPeMS 3KCMepUMeHTa MOr/io
Obl ObITb M MeHblle. B WTOroBoW Bepcuu Koga NpubAM3UTENbHO 2/3 BpeMeHW 3aHUMaeT
reHepatop AJIK, ocTanbHble 1/3 — oTobpaxeHue yepe3 ESODLS cxembl, HOpManusaums no
rNaBHOM AuaroHann u cpasHeHue napbl AJIK Ha MeHblle. M3 nocnefHuX Tpex [eicTBuiA
HOpMa/In3auUms 3aHMMaeT NMPUMEPHO NOMOBUHY BpeMeHW. [Npu HeobxoaumocTun reHepaTtop OJ1K
MOXHO peann3oBaTb ObICTPee C WCMOMb30BAHWEM MPOrPamMMHON peanv3aumm Ha 6ase
B/IOXKEHHbIX LMK/IOB M GUTOBOIN apu(METUKN, OCTasIbHbIe OMepaLmmn SBNSKOTCA 31eMeHTapHbIMY,
CYLLLECTBEHHOI 0 YCKOPEHMs 0T UX Aa/lbHeNLLed onTUMm3aumnm ooMTbCsA CNOXHO.

B pesynbTaTe aKcnepyMeHTa Obinn NoyyYeHbl 3HAYeHWs a, U b, [N BCEX HaYaslbHbIX

sanonHeHunii OJ1K. Oanee umcno CK® AJIK B nuHelike 6biN0 OMpeaeneHo Kak Eaj ans
J

COOTBETCTBYIOLMX el pacyeTHbIX 3afaHuii, a obluee uncno Ao3anonHeHuidi go AJIK (umcno

CHANK) — Kak ij. [MonyyeHHblE B XOfe BbIYMCANTENBHOIO 3KCNepuMeHTa pe3ynbTaThbl
j
npuBefeHsbl B Tabn. 12,

Tabnuua 12. MepeuncneHne CK® A/1K nopagka N =9

Homep KpaTHPCTb U0 pacueTHbIX Uncno gosanonHeHnii | Yucno CK® A/1K B
}'IVIH?I/IKVI I'IVII|-ICEI/|IKVI sanan no ANK f = ij NVHeliKe n, = Zaf
i J J

1 12 29 148 709 086 781 440 5540 161 690

2 192 30 210 974 677 273 856 121 835 130 652

3 96 30 946 1 055 969 508 864 65 998 993 664

4 192 30 902 1110 308 250 368 138 788 845 312

5 24 29 346 685 740 255 232 10 714 968 132

6 384 30 752 955 718 665 632 238 930 442 470

7 768 31669 1098 599 343 136 549 299 969 552

8 384 31178 1031276 411 456 257 819 693 456




9 192 31 336 1110075 761 408 138 760 018 564
10 192 30 892 1 029 535 024 256 128 692 729 396
11 384 31175 1116 973 550 464 279 243 953 632
12 384 31222 1117 216 705 792 279 304 740 800
13 384 33109 1105 080 908 576 276 271 823 858
14 48 34 955 1081071 822 848 33784 169 152
15 384 33672 1105414 783 232 276 354 111 228
16 384 33 966 1 086 754 151 040 271 688 772 740
17 192 32794 937 027 424 256 117 129 393 532
18 48 34 323 1081947 743 232 33811 009 926
19 96 32 348 1 010 590 517 376 63 163 016 100
20 12 29 357 664 832 014 336 5194 211538

O6uwee uncno CK® AJ1K (rnasHbIx Knaccos AJ1K) | 3292 326 155 394

AHaNornyHble NpuBeAeHHbIM B Tabn. 12 pe3ynbTaTbl O6blIM MOMYYEHbl HA HE3aBUCUMO
nporpamMMHoNn peanunsaumm (astop — A.[. benbiles), B KOTOPO TakxKe NMPOU3BOANIIOCH fefeHne
obuero mHoxectea CK® [OJIK Ha NMHERKW, OfHAaKO B COCTaBe JIMHEEK BblAeNsINCh
cyb6nHenkn B pamkax T.H. «HOHMOH [KeK» 3amnosHeHMIn (3anonHeHWe [BYX [uaroHanei,
LIeHTpasibHOro cToNbua 1 LeHTpasibHoM cTpokn AJIK HeueTHOro nopsaka), ANs HUX aHanorMyHo
paccMOTPeHHOMY BbliLLe NMPOM3BOAMIOCH pa3bueHne Ha KiacCbl M30Mopgun3ma.

Uncno rnaeHbix Knaccos (CK®) AJIK nopsgka 9 paHee 661710 HEM3BECTHO, OHO MPOLL/IO
anpobauuio 1 6b110 106aBNEHO B COCTaB uMCNoBOro psga A287764 B OEIS. Takum obpasom,
OTTa/IKMBAACb OT M3/I0XKEHHBIX BbILLE TEOPETUYECKMX MOMOXKEHWIA, 6bIn pa3paboTaH reHepartop
CK® /1K, 6asmpytowpiics Ha Knaccax nomopguama X-o06pasHbiX gnaroHaslbHbIX 3ano/IHEHUI
M NPUMEHEHUW OrpaHuyeHHoro uymcna ESODLS cxem M 06najatolimii TeMMOM reHepaumm
nopsfka AecATkoB — coTeH Tbicady CK® [J1K/c. Kpome 6bICTpOro nogcuyeta HernocpeacTBEHHO
yucna rnasHblx Knaccos AJ1K, HopmanmsoBaHHbIX AJIK n AJIK 06Lwero suga oH MOXeT ObITb
MCMo/b30BaH B MePCreKkTBe B COCTaBE BbIYMCINTENbHBLIX 3KCTMEPUMEHTOB, HarpaB/ieHHbIX Ha
novck OJ1K ¢ MHTepecHbIMW CBOMCTBaMU.

ABTOpbI CTaThb Bblpa>XKalT 6narofapHoCcTh BCEM KpaHyepam, NPUHABLLMM yYacTue B
NpoeKkTe LOOPOBO/bHBIX pacnpefeNneHHbIX BbluMCNeHUid Gerasim@home, a TakK>Ke y4aCTHUKaM
citerra W SerVal (KomaHfa Russia Team) WHTepHeT-nopTana BOINC.ru 3a NOMOLWb B
opraHusauum BbIUNCANTENbHBIX IKCNEPUMEHTOB U KOHCTPYKTUBHOE 06CY>K/EHVE X feTaneil.
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