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CynepKOMnmeepr, nepapxmsda rnmamMAaTm |1 IMOoTOKO-
Bad MOAeEJIb BBIYMCJICHUN

AHHOTAIIMA. CoBpeMeHHBbIE CYyMEePKOMITBIOTEPHI YCTPOEHBI He-
papxudecku, U rJyOuHa 3TOI mepapxuu Oyjer TojbKo pactu. CTpyk-
TypHas uepapxus (SApO—IMI-y3eJ-IIacCu—CTONKa—CICTeMA), CO3/aeT
3aMeTHbBIE HEOJIHOPOJIHOCTH B KOMMYHHUKAIMOHHON cetu. Mepapxus na-
MSATH TOXKE CO3/IaeT HEOJIHOPOJIHOCTH JIOCTyTa: OOJIbIlle 00beM — MeJl-
serHee Jioctyn. Ilosromy cpenu dakTopoB HeIpHEKTUBHOCTH HA ITI€p-
BBII IJIAH BBIXOJSAT 3aTPAaThl HA IEPEMEINIeHUs JAHHBIX, U COOTBETCT-
BEHHO PAacCTeT CJOXKHOCTHh HOCTPOEHUSI XOPOIIO ONTUMHU3NPOBAHHBIX IO
sromy akTopy mporpamm. BosHukarorpe TpyIHOCTH B 3HAYUTEIHLHON
Mepe SBJISIFOTCA CJIEACTBUEM TPAJUIMOHHON MapaJurMbl IPOrPAMMUPO-
BaHud, Bocxoggmeir K ¢on Heitmany. 11 xorsa 3a Hee MMeIOTCS Takue
Cepbe3Hble apryMeHThl KaK CJIOXKUBIINECH HABBIKM U HAKOIJIEHHBII
codTBep, Bce Ke IOJIE3HO XOTd Obl B TEOPUHU IIOHUMATH AJbTEPHATHBBL.
Mpb! BuIuM KOpeHb IIpodseM (hOH-HEHMAHOBCKOI'O IIPOrPAMMHUPOBAHUS B
TOM, YTO B HEM OCYIIECTBJIETCHA napaduema c60pa, U MIpejiaraeM Iie-
pefTH K MCIIOJIb30BAHUIO MOJIEJIM BBIUYUCJIEHUI C YIIPABJIEHUEM ITOTOKOM
JIAHHBIX, KOTOPOI CBOWCTBEHHA paboTa B napaduzme pa3davu, U B KO-
TOPOiI B CHJIy 3TOrO IPOOJEMBI ONTHMU3AINN IIEPEMEIIEHUsS JAHHBIX
perraroTcs u mpoine, u 3pdpeKTUBHEE.

Karouesve caosa u gﬁpaam: CyI'IEpKOMI'IbIOTep, nepapxms namMaTn, nogkKaydka fOaHHbIX, MO-
Aenb BblYUCNeHU ¢ ynpaBaeHneM NOTOKOM [AaHHbIX, Napagnrma c6opa, napagurma pasgadu,
naaHNpoBaHue BblYUC/IEH WA,

Beepexune

Peanbuast npom3BOAUTEILHOCTD CYIIEPKOMIIBIOTEPOB Y2Ke ceifuac
ompejiesigeTcd He CTOJIbKO €ro BBIYMCIUTEIbHON MOITHOCTLIO, BbIpa-
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Kaemoii meTadIoncaMu, CKOJBKO MOITHOCTBIO MEXaHM3MOB JOCTaBKU
JaHHBIX K BbraucauTeasM. (COOTBETCTBEHHO, XOpPOIMasi IMPOrPaMMa
JOJI?KHA 00eCriegnBaTh yIpaBJIeHUEe MEPEMEIEHIeM JTaHHbIX TaK, ITOObI
HY?KHBIE JTaHHBIE JTOCTABJISINCh C HANMEHBIIMMU 3aTPATaM¥ B HYKHOE
BpeMs.

B MHOrompormneccopaoii BBIYUCIATETBHON CHCTEME eCTh JIBa BHJIA
JIOCTABKHU JIAHHBIX: MEK/Iy MPOIECCOPHBIME Y3JIaMU M MEXKJy IIPOIec-
COPOM M NAMATHIO. A B DOJBIIMX U OYEHb OOJIBIIUX BBIUUCIUTEIHHBIX
cucTeMax MMeeT MeCTO HepapXusl KaK B CTPYKType COeJIVMHEHWl, TaK U
B opraHmsanuu mamsita. J[jisi coequHeHuit mepapxus I0JIpa3yMeBaer,
YTO CB#3b MEXKJIy 9JIEMEHTAMHU BHYTpU dacrell (HEKOTOPOro ypOBH)
Jiydine, jemesie (B CMbICJIE 3aTPAT BPEMEHU, SHEPIUU U JAPYIUX Pecyp-
COB), UeM MexKJly dJIeMEeHTaMU U3 PasHbIX dacreil. Jljisi mamsTu mepap-
XUsl MBICJUTCA KaK HECKOJIbKO YPOBHEH IMaMSATH TAKHUX, YTO KaXKJIbIA
CJIJIYIOIIMIT YPOBEHb MMeeT Ha MOPsAKUA OoJbImuil oObeMm, u OoJibIlee
BpeMs JiocTaBKu. OOBITHO MMEIOTCS CJIEYIONINe YPOBHU TTAMSITH: PETr'd-
crper, kamm L1, L2, L3, ocHoBHast namsaTh, namsars Ha SSD u/wiu auc-
KOBasl aMsITh, MaMaTh Ha JieHTax. C PpOCTOM ypOBHS PacTeT HE TOJIBKO
3azep:xkKa (0OpalneHnst K IaMsITH 3TOIO YPOBHSI), HO TAKyKe CHUYKAETCSI
00I1as IPOITyCKHAsA CHOCOOHOCTH KaHAJa MEXKIYy 3TUM U IIPEIbIILYIIIM
YPOBHSIMHU, KOTOPYIO st yI00CTBa Oy/IeM OTHOCUTH K OJIHOMY BBIUHC-
JureabHOMY y3iy. U ecnm nis ompenesieHHON 3aJa4du 3Ta IPOITYCKHAS
CIIOCOOHOCTH Ha KAKOM-TO U3 yPOBHEH OKAa3bIBAETCH HEIOCTATOYHOM, TO
VMEHHO €l0 OyJ/IeT OrpaHUYMBATHCH MPOU3BOJIUTEJHLHOCTH, & BOBCE HE
00s13aTeILHO TIeTadI0TICAMU.

VYpoBeHb HATPY3KH HA KaHAJ MEXKY YPOBHAMU IMAMATH OOBIYHO
XapaKTepu3yeT Ka4eCTBO MPOIPAMMBI, XOTs YACTO MOXKHO yCTAHOBUTH
OLIEHKY CHHU3Y JIJId CaMO# periaeMon 3a;1aq1/11 — U TOrJ@& MOXKHO T'OBO-
puTh 00 ONTHUMAJIBHOCTA HPOrPAMMBI OTHOCHUTEJHHO TOTO WJIA WHOI'O
ypoBHs mamsaTu. Teopernueckas onenka tpabuka (B GB) s 3amaun

1
CumraeM, 9TO 3aja9a ONPEJEISIeTCsl CBOUM BBIYACTUTETHHBIM
rpadOM C TOYHOCTHIO 0 HOPSIKA BBIMOIHEHUS PEIyKITANA.
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¢ BoraucanTenbHbM rpadoM G(N) Mekay BHYTPEHHEH MaMsThIO Das-
Mepa S ¥ HEOrDAHWYEHHON BHEITHEH MaMsThi0 OOBITHO MMEET BU]L

€y L,(G(N),S) = O(NP/S%)

rme N — xapakTepHbIi pa3mep 3amadu, p,q = 0, mpuyem obbrauo q < 1.
Tenepb, eciin U3BeCTHA MPOITYCKHAas CrocobHOCTH Kanaga B (B GB/s),
TO MOKHO OIEHUTH CHU3Y BpeMs paboThl Kak L;/B.

Ecmn ncnonmpsyerca K OZMHAKOBBIX TIPOIECCOPOB € MAMATBIO S B
KaXKJIOM, TO JIJIsl CyMMapHOro Tpaduka JefcTByeT Ta ke popMyJIa i
MaJbIX S. A ¢ BBIXOJIOM HA yPOBEHBb GOJIBITNON MAMSITH pabOTAeT JApyTast
dopmysa (mpr paBHOMEpHON pa3buBKe 3a7a49u Ha Bee K mporeccopos):

(2) L,(G(N),K) = O(N"/K*)

DopMyJIbI TAKOrO BUJIA OOBIYHO MOJYYalOTCs, KOTJIA 3aJlada yCT-
poeHa OJHOPOJHO B TOM CMBICJIE, YTO €€ I0/I33/IaYl MMEIOT TaKOHi XKe
rpad, Ho ¢ MenbiuM N. [lokazaresm p u r o6brdHO TakoBbI, UTO NP
BbIpazkaeT o0beM BbruucjieHuit, a N — cyMMapHbIi pasMep MCXOJIHBIX
JIAHHBIX U pe3yJbrara. Hampumep, /Ui yMHOXKEHUS MaTpUIl Oyaer:

®3) Ly (Gum(N),S) ~ (2 N3/VS)
4) L,(Gum(N), K) ~ (2 N%/VK)

IIpy HawmYMM TaKMX OTPAHUYEHUN MOXKHO T'OBOPUTH O IIpeJesiax
3P DHEKTUBHOCTH DeleHnsT 3a/a9i HA PEAJbHON CcHucTeMe, yUIUThIBas
XapaKTEePUCTUKNA €€ TaMATH HA PAa3HbIX YPOBHAX. B JaHHOM ciydae
pedb WIeT O IMPOIyCKHOW CIIOCOOHOCTU KaHAJoB Mexiy ypoBHaMu. C
Y4Y€TOM BHJIa 3aBUCUMOCTH L; OT S iIsi JAHHOI 337189 MOXKHO yKa3aTh

Q

Q

TOT YPOBEHb MAMATH, JJIT KOTOPOrO MPOTPAMMY CJIEyeT OMTUMHU3UPO-
BaTh B [IEPBYIO OY€PE]IbH.

Ho naxke ecim TpebGoBaHuMS MO MPOIYCKHOW CIIOCOOHOCTU yIOBJIE-
TBOPEHBbI HAWIYYIIAM O0pa30M, HAJIO emle 03aD0TUThCH IIPODIEMOi
oxkujaanit (IPOCTOEB) B CBSI3W C 3aJEPKKOi JocTyna K namaru. st
9TOrO YIPABJIEHNE BBIMUCIUTEHHBIM IIPOIECCOM [IOJI2KHO 00ECIIeInBaTh
3a071arOBPEMEHHOE TIepeMernenne (MOJIKAYKY) JIAHHBIX, U 3TO MPEJCTaB-
JIZeT COOOI OTAEJIbHYIO MPODJIEMY, KOTOPYIO IIPUXOIUTCS PEINaTh JInOO
MIPOrPaMMHUCTY, JUO0 KOMIIUIATOPY, MO0 annaparype, Jud0o BCEM BMe-
cre. AnmapaTHbIl MEXAHU3M CyTEPCKAJISIPHOCTU 0DECIeYnBaET MPeBhI-
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60opky B mpemesax okoysio 10 TAKTOB, JJIMHHAS KIII-CTPOKA, TPOTHO3
TTOC/TEJIOBATEIBHOCTH aIPECOB MTPUBHOCAT YIIPEXKIEHNE B COTHA TaKTOB,
HO OOJIbIIIEE BO3MOXKHO YK€ TOJBKO YCHJIUSMHU CO CTOPOHBI KOMITHJISI-
TOPOB ¥/ TIPOrPAMMUCTOB, IPUYEM OYEHb HEMAJIbIMH, OCODEHHO B
KOHTEKCTe€ MHOTUX YPOBHEH KIII-TAMSATH € PA3JIAIHBIMU XapaKTepH-
CTUKAMU.

[To mamemy MHEHWIO, JjIsi YCIEIHOTO PeIeHus yKa3aHHBIX MPO-
6s1eM 6e3 TePeKJIQIBIBAHNS UX HA [JIEYH IIPOTPAMMUCTA, CJIEJLyeT M3Me-
HATH TMOJXOJ] K MPOrPAMMUPOBAHUIO, MEPeiJisi K MOTOKOBOM MOIesn
BbluncieHnii. Keratu, B 9TOM MBI He OJMHOKM, cM. Hanpumep, [1] u [2].
Huke mbI Gosiee mopobHO aHAIM3UPYEM TPUPOJLY TPYIHOCTEN U JaeM
CBOKO MOTHUBUPOBKY JIJIsi TAKOTO IEPEXO0Jia, IMpejyjiaras CBOK BEPCHUIO
TOTOKOBOI MOJIEJTM BBIYHMCJIEHUH B TIApaurMe pas3iadu.

1. Mpumep: ymHOoXeHue maTpuy,

PaccmorpuM mpobsieMy ONTUMU3AIMKE HEPEMEIIeHU Ha IpuUMepe
3a/1a9M YMHOXKEHUsl IUIOTHBIX Marpuil. B pabore [3] maercs oneHka
CHU3Y i 0ObeMa MeXKIIPOIECCOPHBIX O0OMEHOB (BKJIFOUasi OOMEHBI ¢
xocroM) C' B 3aBUCHMMOCTH OT pas3Mepa 3aja4du N U 9ucia IpoIeccopoB
K:

(5) ¢ =0o(N?/VK)

Onrumasbablil TpaduK 00eCHednBaeT CISAYIONas CXeMa: Ha KayKIOM
IIPOIECCOPE  BBIIIOJIHSETCS yMHOXKEHHe mapbl 6j0koB mopsiaka N/VK,
IIPH TOM KAarKIblil OT/IEIbHBIA 971eMeHT Jaybmupyercss B VK mporecco-
poB. OjHAKO 3J1eCh MOKa HE YYUTHIBAIOTCS OTPAHWYEHUS 10 MAMSITH
(cumraercst, uro wx Her). Ecin yKe NPUHSTH, 9TO B KAXKIOM MPOIECCO-
pe mMeeTcs maMATb oObeMa S, TO OleHKAa CHU3y HA BHENTHUH Tpaduk
nponeccopos 6yser O(N3/vS), to ecrs 8 N/(VYK-VS) pas 6Gombime
(mpenmosarast, 9To 10T KO3bdUNIMEHT GoNbIne 1, 9T0 PABHOZHAYHO
TOMY, 4TO 0ObeMa MaMATH S He XBATAeT JJjisd Pa3MeIleHus OJHOro 6Jio-
Ka TEJIUKOM ). AHAJIOTMIHYIO ONEHKY MOXKHO Haiitu B [4]. Mbr BumnM,
9T0 ¢ yBenmuenneM S TpaduK yGbhBaeT 0GPATHO MPOMOPIMOHATBHO VS,
Hampumep, ecimm paszmep xameit L1 u L2, coorBercreenno, 10K u 1M,
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T0 (MUHAMAJILHO BO3MOXKHBIN) BHemHWi Tpadwuk mis L1 Gymer B 10
pa3 6osibire wem tst L2, Kakoit u3 aByx Kaiieit Oy1er peajibHO «TOp-
MO3UThY», B3aBUCAT OT COOTHOIINEHWSI IPOITYCKHBIX CIIOCODHOCTEH WX
BHEIIHUX KaHAJOB. HO YTOoOBI HE BO3HUKAJO HAIIPACHBIX <TOPMOXKE-
HUIT», TpOrpaMMa JOJ2KHA OBITH ONTUMU3UPOBAHA MO TPAMUKY OTHO-
CATEJILHO BCEX K3MIe. A JijIst 3TON0 YMHOYXKEHUE JOJIPKHO BBITIOJHSTECSI
6JI0KaMU, TIOMEINAIIMMUCH B K3III, ¥ XOPOIIO €ro 3aIlOHSIIOIUMHE, JJIsT
BCEX ypPOBHel Ka3ia. HackobKo HaM M3BECTHO, AaBTOMATHUYECKU JTAHHAS
pobjieMa He PEIIaeTcs, ¥ CTajo ObITb MPOTPAMMUCT JIOJIZKEH IIPEJIOC-
TABUTH OJIOYHYIO MPOrpaMMy C IIPABUJILHO BBIODAHHBIMHU pa3MepamMu
GJIOKOB.

2. Mapapgurmbl cbopa n pasgaum

Obparumcsa kK 1pobiieme 3ajeprkek. llouemy 1mioxo macrrabupy-
IOTCS MEXaHU3Mbl ABTOMATHYECKON IIOJKAYKK, THIA CYIepPCKaJIsapa’
IIpuunna Kpoercst B camoil mapaaurme IpOrPAMMUPOBAHUS, BOCXO[s-
meit k don Heiimany: nmporpamMma oprau3yeT BbIYHCICHUS, 3allPAIld-
Basd JAHHbIE W3 [AMSTH M IIOMEIIasi pe3yJsbraThl B HaMmarb. IIpu srom
OOBIYHO IIPOrpaMMa 3alpalluBacT JaHHbIE DOBHO TOIJA, KOIJa OHH
y2K€ HYKHbI JIJIsl BBIYMCJICHUI, ¥ 9TO €CTeCTBEHHO IJIsl JAHHOW Mapa-
nurMbl. 1o 910l mprvuHe HporpaMMbl OOBIYHO YyBCTBUTEJIbHBI K 3a-
JIep:KKaM JIOCTYIIa K [MaMsTH — «CTeHa namaru». s ee mpeojosenus
UCIIOJIB3YIOTCS PA3JIMYHbIE YXUIIPEHUSL:

MHOI'OYPOBHEBas K311 TaMATh;
CIIEKYJIATUBHOE BbIIIOJIHEHUE;

SMIIMPUYECKOE IIPEJICKa3aHue;

MOJIEPKKA, GOJIBIIIONO KOJMMYIECTBa (COTHHU) TPENOB, OXKHUIAIOIINX
OTKJIMKA U3 IaMATH.

Mps1 BujiuM KOpeHb HPOO/eMbl (hOH-HEHMAHOBCKOTO IITPOrPAMMUPO-
BaHUS B TOM, YTO B HEM OCYIIECTBJISIETCH NAPaduzma cH0Pa: TOTBKO
nmoTpebuTeIb MAHHBIX — 3HAET, KAKWe JAHHbIE €My HYXKHBI U TJe WX
B34Th, U CAM WX 3aIlPAIUBAET, YKA3bIBasd UMs [T€PEMEHHON WJIN MACCH-
Ba ¢ mHmekcamu (PUC. 1, cresa). B aTux yenoBusix anmaparype TPYIHO
[IPEJIBUIETD, KaKue MaHubie OyayT HykKHbL. Jl1a Oojee KadeCTBEHHON
CTpaTeruu MepeMeIeHns TaHHbIX ObLia Obl Oojiee MPOIYyKTUBHON IIPO-
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THUBOIIOJIOXKHAS NAPaduzma pa3dayy, KOrJa IPOU3BOIUTENb KAaXKIOrO
HOBOI'O 3HAYEHWs 3HAET, KOMY OHO IOTPEOyeTcs, U ODECIeUunBALT PAC-
CBIJIKY TIO HyXKHBIM aJIpecaM. A TOJIydYaTeso TOrJa OCTAETCS IIPOCTO
«TACCUBHO JIOXKMIATHCSA» PHUXOJA JAHHBIX, HAYEro He 3Hasd 00 MX MC-
rounuke (PUC. 1, cnpasa).

Mapagurma cbopa Mapagurma pasgaum

Puc. 1. ITAPAINTMBI CBOPA 1 PA3IAYN

[Tapajurma pazmaum siBjsiercsd U 60oJiee SKOHOMHOM B ILUIAHE YHCTIA
0OMEHOB COODINEHUSIMU: OJ[HO COODINEHWE Ha KayKJI0€ HUCIOJIb30BAHUE,
TOrJla Kak B mapajaurme cOopa OIJHO COOOIIEeHHe Ha 3alUCh W eIIe 110
JIBa Ha KaxkJ0e WCIOJb30BaHue (3ampoc u oTser). BrobaBok mapaur-
Ma pa3/adu UMeeT eIe OJHO BAYKHO MPEMMYIIECTBO, O KOTOPOM TOHIeT
pedb HUXKe.

Hano ckazarh, 9T0 mapajurmMa pasiadu B KaKOH-TO Mepe BOILIO-
maercsa B MPI, rme maHHble ymakOBBIBAIOTCS B COOOITEHMS W TOCHLIA-
0TCs B JIpyTHe TpoTiecchl. [IpuyaeM mosryuaTeshb MOXKET 3HATH, KTO €My
MTOCBLTIAET, & MOXKET W He 3HATb. 1Ipu 9TOM BHYTDH IIPOIECCA COXPAH -
eTcs TporpaMMupoBanne B mapaaurme coopa. ITockosbky obbrano MPI-
mporpaMMa MOKeT BBINOJHATHCA ¢ J00bIM wuciom MPI-mporieccos,
HaunHag ¢ 1, a Kaxapiit MPI-tiporiecc aTo mpocto (on-HeiiMaHOBCKast
mporpaMma, TO B Hell JOJIKHBI (PAKTHIECKU MIPUCYTCTBOBATH 00a Bapu-
aHTa aJroOpUTMa, HAIMCAHHBIE KAaK B Hapajurme cOopa, Tak X B Iapa-
JurMe pasyiadn. A 3TO BeJIeT K JIOMOJIHUTEILHOMY YCJIOXKHEHUIO IIPO-
rPAMMUPOBAHUSI.
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3. Wcnonb3oBaHue chyHKUUM pacnpeneneHmsi N0 BpemMeHu

ITpu nporpammupoBanuu B mapajurme c6opa B MOMEHT IOSBJICHUS
HOBOU BEJIMYMHBI M DA3MEIIEHUs €€ B NAMATU UCIOJHUTEIO HUYETO He
M3BECTHO O BpeMeHH Oyjyiiero wucrosb3osanus (PUC. 2, eeepxy). U
XOTs MPOTPAMMHUCT BIIOJIHE MOXKET IOHUMATH, TIe MOTPedyeTcd JaHHOe
3HAYEHME, HO Y HEro HeT CIoco0a BHIPA3UTh ITO NOHUMAHUE B S3bIKE. B
napajurMe pa3fadd, HAIPOTHB, [POrPAMMUCT BBIHYKJEH IIPU CO3.a-
HUM BEJUYUHbI yKA3aTh, K€M OyJeT HCIO/Ib30BAHO 3HAYCHUE, 3aJIaB B
Kakoif-ymbo dopme ajipeca norpedburesieit. BozaMoKHO, 9TO OC/I0XKHAET
pPa3paboTKy IPOrpPaMMbI, HO 3aTO MOXKET IIOMOYb UCIOJHUTEN0 Gosee
3HEKTUBHO CHPABAATHCH € 3aJadell ONTUMU3AlUKM II0JIKAYEK, II0-
CKOJIbKY B MOMEHT CO3/IAHMs JIEMEHTA JAHHBLIX YK€ M3BECTHO KOE-9TO
o0 ero 6yymem ncnosbzosaruu (PUC. 2, BHU3Y).

Write napagurMa cbopa | Read

é ............ rem Un@opMauuL ... .,J_I|

= gpema,

Send | Mapaaurma pasgaim | pecy

adpec nompebumens,

Puc. 2. Hocrynaocrs wmHbOpMammu O OyJIylIeM HCIOJb30BAHUU B
napajurMax coopa u pasjadn

Ho snath azpec moTpeburtess erne HEIOCTATOTHO, ITOOBI OIEHUTDH
BpeMsl Oy IyIIero WCIOJIb30BaHUs. UTOOBI JATh HUCIIOJHUTENO 0o0Jsiee
TOYHYIO MH(DOPMAIMIO O BPEMEHHU, MbI J100aBjIseM B porpamMmy (pykKa-
MU WM KOMIIMJIATOPOM) 0CO0YIO DYHKINIO — (DYHKIMIO PACIPEIeJICHUST
BBIUUCIICHUI TIO BpeMeHu (B JomnosHeHne K (DYHKIMA PACTIPEIEIEHUS 110
IPOCTPAHCTBY, T.€. TPOIECCOPHBIM y3yam). VMes Ha BXOJE TeJeBOi
azpec mOTpeduTe/s CO3MAHHON BEJWYWHBI, OHA BBHIPADATHIBAET yCJIOB-
HOE BpeMs WCIOJIb30BaHUA. DylleM CYuTaTb, 9TO 3HAYEHUS [TAHHON
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(GYHKIMN JUHEHHO YIOPSIOYeHbl: YeM OOJIbIlle 3HAYECHUWE, TEM I032Ke
ucmoib3oBanne. Hampumep, gacro Oymer yao0HO 3aaBaTh yCIOBHOE
BpeMsi B Bujie Koprexkeil (tuples) ¢ jekcukorpaduIecKuM mopsiKOM.

TeHepb B anrmapaType IOoABJIA€TCA BO3MOZKHOCTb KHa .HeTy>> COpTH-
poBaTh CO3JaBaCMbIC 3HAYECHUA II0 UX «CPOYHOCTU» B MEHEe KCPOYHBbIE»
3HAYEHUs CPa3y OTHPABJATbL B 00OJiee IOJTHI SIUK» W HAODOPOT.
Kazxiomy ypoBHIO «TONTOTHI AIWKAa» IPUINACHIBAETCS CBOU «IIOPOT
orcevennsty. CaMblii HU3KUI (BHYTPEHHUIA) YPOBEHb COJEDXKUT JAHHBIE,
KOTOpbI€ HYZKHBI HEMEIJICHHO. 9TO KaKTHUBHas1 30HA». y KazKJ10r0o
npuine nero (MM 3/1eCh CO3JAHHOIO) JEMEHTa JAHHBIX €ro YCJIOBHOE
BpeM II0CJIEJOBATE/IbHO CPaBHUBAETCA C IIOPOT'aMH Pa3HbIX ypOBHeIU/I,
HaduHasl C CcaMOU BHyTpeHHefI, II0CJI€ Yero 3alluChbiBaeTCd B IIaMATb
NOAXOIAIIETO YPOBHA. ECJII/I B KaKOM-TO MOMEHT IIopor 1nmoBbIIIa€TCHA, TO
JlaHHbI€, HNMECIOIINE BpEMsA HCIIOJIb30OBaHW:A HH2KE HOBOI'O IIOpOra, wHu3
BEPXHEr'o YPOBHA CIIyCKalOTCd BHHU3. 'Z[‘.HH 9TOT'0 Ha KaK/0M YPOBHE
JIAHHBIE JIOJKHBI XPAHUTBHCA TaK, YTOOBI BCET/a OBLIO JIETKO OTOOpATh
[TOJIXOISAIIEe UX KOJTMIECTBO C HAMMEHBIIIMM BPEMEHEM.

B cucreme mMeercs IaHUPOBINMK, KOTOPBIA YIIPABJISIET TEKYIITAMA
3HAYEHUSIMU TIOPOrOB OTCedeHus. B KadecTBe BXOIHBIX JAHHBIX IIJIAHU-
POBIIIMK MOZKET WCIOJIb30BATh PA3JUIHbIE TEKYIINE XapaKTePUCTUKU
BBIYUCIMTEIFHOrO Tporiecca. B TABJI. 1 NpuBeeHBI HEKOTODPBIE BO3-
MOXKHBIE XAPAKTEPUCTUKUA M CIIOCOOBI UX HWCIOJIH30BAHUS JIJIs yIIPaBJIe-
HUsl TOPOTaMHU.

TabJ. 1. Texyrpe xapakTepUCTUKN W UX BO3JIEHCTBHE HA MTOPOTH

IToBbienue ITonmxenne

nopora nopora
Banosaennocrs (% samosnnenust | Huskasd  (MeHee | Bbicokas (6o-
HaMATH yPOBHS ) 50%) nee 80%)
BeraucimrenbHas  akTUBHOCTH | Huskast BBICOKast

(TOJ'H)KO JJ1d  CaMOI'oO HHU3KOI'O

YDOBHS)
WurepBan  (pasHOCTD  MeXKJy | MEHBITE 6oJIbIIIe

IOPOrOM M TEKyIIMM MUHUMY- | YCTAHOBJIEHHOI'O | YCTAHOBJICH-

MOM BPEMEHH B aKTHBHON 30HE) HOT'O
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B 3aBucmmocTn oT 3a7a491, MOYXKET WCIOJIB30BATHCA OJIHA U3 ITUX
XapaKTEePUCTUK WX BCe BMECTe B KOMOWHAIINU. 3JeCh MBI 0OCYXKIaeM
JIMIb obmme mpuHIUILL. KOHKpETHbIE CTpaTerud pabOThl IMJIAHUPOB-
IIIKa eIle MPEeJICTOUT WCCIeI0BaTh. HEeKOTOphIe yCIenHble SKCIepu-
MEHTBI JIJIs JBYXYPOBHEBOI MMaMSITH aBTOPAMU OBbLIA OCYIIECTBJIEHBI B
paMKax CHCTeMBbI, O KOTOpoii moiizer peus Huxe [5][6][7].

3aMerum, 9YTO NMaMsTh HE sBJISETCA IPSIMO ajpecyeMoil, Kak 1 B
OOBIYHBIX K3IMax. KaxKiplil 9JIEMEHT JAHHBIX XPAHUTCS BMECTE C ajpe-
COM Ha3HAYEHUsI U YCJOBHBIM BpemeneM. (OCBOOOXKIEHVE MAMSITH IIPU
MIPOrPaMMUPOBAHUN B TapaJurMe Pa3jadul JIerKO ABTOMATU3UPYETCs:
JIAHHBIE CTUPAIOTCS CPA3y IOCJE TOCIEIHErO UCIOJIb30BAHNUS.

4. TloTtokoBasi moaenb BblYMCNEHUN

Tenepb Xopomiasg HOBOCTB: MOJEJIb BLIUUCICHUN € yKA3aHHBIMU
CBOMCTBAMHU CyIIECTBYeT — 3TO MOTOKOBas MOJIEJb BHIYUCICHUN B Imapa-
murme pazgaun (IIITP) [5]. B peasmsyromem ee si3blke IPOrpaMMHUPO-
pauusg DFL mumryTcst y3Jibl, COCTOAIIUE M3 3aroJIOBKa ¢ MMEHEM, CITH-
CKOM BXOJIOB, CITUCKOM aTpUOyTOB KJo4Ya (KOHTEKCTa) M HAKOHEII, KO
(mporpaMMHbIit). AKTHBaIUS y3J1a NPOUCXOJUT, KOTJA HA BCE BXOJbI
OJTHOTO y3J1a C ONpeJeJeHHbLIM UMEeHeM U KOHTEKCTOM IIPHIYT 3JIeMEHThI
JIAHHBIX — TOKEHBbI. DTO NMPHHIMI YIPABJIEHUA MOTOKOM JAHHBLIX. Ilpm
AKTHBAIIMU BBLINOJIHSACTCA KOJ y3Jla, B KOTOPOM BBLIYHCJISIOTCS HOBBIE
BEJIMYUHBI (MCKJTIOYUTENHHO HA OCHOBE 3HAYEHMIT BXOJIOB M aTpubyTOB
KJII0Ya) U MOCBLIAIOTCS CIENUAJLHBIMU ONEPATOPAMU HA JIPYTUE Y3JIbI
(BXOJIBI y3JIOB), mpuYeM aTpubyThl KJIOYA aJpecaTa BbIYUCTAIOTCH
IPAMO B 9TOM 2Ke Koze. A 9T0 1 03HauaeT, 9To paboTa MIPOU3BOIUTCS B
HapaaurmMe pasfadu. 1laMsaTb B 9TOf MOJEIH CIY:KHT JIJI BPEMEHHOI'O
XpaHeHHs TOKEHOB, II0Ka OHU He 3aI0JIHAT BCe BXOJbl CBOETO IEJeBOI0
y3aa. Torga n BBINOJIHAETCA aKTHBAIUA, IPH KOTOPOH OGLIYHO ydYacT-
BYIOIE B HEW TOKEHBI W3 MAMSTH yAJSAIOTCA (€CIM TOJBKO Y HAX HET
KPaTHOCTH, KOTOpas II0Ka HE UCYepIIata).

IToMuMO XpaHeHHs, B HAMSATH TaKKe IIPOUCXOIUT COIIOCTABJICHUE
(cpaBHeHME) KJIOYEll TOKEHOB, HEOOXOMMOe it (POPMUPOBAHUS TPYTIIT
TOKEHOB, HANPABJIEHHBIX HA OJIMH U TOT K€ y3eJ (C OMMHAKOBBIMU UMeE-
HEM W aTpubyTaMu KI0va). DTO TpeOyeT HaJudus B HEH JOPOroil ac-
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COIMATUBHOCTH (BCIIOMHHM, 9TO TOTPEOJICHHE SHEPrUM K3 I[IPSMO
MIPOTIOPIIMOHAJIBHO CTENEHN €r0 aCCOIMATUBHOCTH, TO €CTh KOJMYECTBY
OJIHOBPEMEHHO BBINO/IHsAEMbIX cpaBHenuil). Ho cobcTBeHHO cpaBHEHUSI C
[EJTBIO0 OTOXKJIECTBJIEHUST TPOU3BOIATCA B HEOOJIBINON 0 00bEMY acco-
uaruBHOM maMsiti conocrapyienus (IIC) camMoro BHYyTpEHHEro ypOBHs,
Ia W B Heifl 94acTb IMOMCKa MPOBOMWTCSA aJPECHO MO XeIm-Koay. B oc-
TaJIbHBIX YPOBHAX IIPOU3BO/IATCS TOJIBKO IIOCJIEI0BATEIbHbIE CDABHEHUS
3HAYEHU YCJIOBHBIX BPEMEH C IIOPOTaMU OTCEYEHUSI.

*1 A
M2 CpaBHeHusa T
_ Ccroporamu
et | -7 oTceveHus
< ’
< = &~ Vi
v A ,/
/
Pu—— M , CpaBHeHue P
30Ha ’ , CHOMepoMm
- b <o A | - storosapa
SS R S
~. \:C' M3 cetn
A| MC || NY |>BOP}{>+—> Bcemn

Puc. 3. Cxema mporeccoproro siapa. [lytu mepemenienus gjaHHbIX.

Ha Puc. 3 nokazanbl myTu nepemeriennss nHMOPMAIMA B BBIYHAC-
JuteabHOM dnpe. B umcnosmuuTessbHOM yerpoiictBe WY BbIOSIHAETCS
porpaMMa HEKOTOPOro y3Ja. IlopoxKmaeMbie TPH 9TOM TOKEHBI MTOCTY-
naroT B BRrAmCIMTENb GyHKIMA pacnpenesnerus (BOP), rae wa ocroBe
[EJIEBOr0  aJIpeca BBIYUCSIOTCA (DYHKIMN PACIPEIesIeHUs 110 PO-
crparctBy (mecry) P u Bpemenn T. Ecm sesmunna P OoTim9HA OT HO-
Mepa JTaHHOIO spa, TOKEH OTIPABJSETCA B KOMMYHHUKAIIMOHHYIO CETH.
NMuave on npomomkaer myTh BHyTpH siupa. lassee Besmuauna T, KOTO-
pyio OyZieM Tak»Ke HA3BIBATH HOMEPOM IMANA, CPABHUBAETCS IOCJIEIO-
BaTeJIbHO ¢ Tnoporamu orcedenusa Tp, Ty m T.J. BceX ypoBHe# HamMATH.
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Ecm T<T,, Token ormpapjsieTcss Cpa3y B HaMsATb COMOCTABJICHUS.
Nuave, ecim T<T), TOKEH MOMEMIAETCA B IPEIBAPUTEHLHYIO MAMSTH
TITT1, u Tak ;majiee, MHAYE — B MAMSATH MTOCJIEIHETO YpOBHs, 31ech [1T12.
Ha xaxmom ypoBHe maMsaTh OpPraHM30BaHA IO KKOP3UHAMSY, WHIEKCH-
pPyeMBIM CBO€il 9acTbiO ABOMYHOTO Koja Bejuuuubl 1. Korma mamsrsb
HEKOTOPOr0 yPOBHS CTAHOBUTCH OTHOCHUTEJIBHO CBOOOIHOM, TOPOr OTCe-
YeHUs BBIMECTOSIIEN MaMATH YBEJIUINBACTCSI, U TOKEHbI U3 €€ HUXKHEN
KOP3UHBI MEPEKJIAIbIBAIOTCA B HUXKECTOSIIYIO MaMsITh, [JIe PacIpeie-
JISTFOTCS TI0 €€ KOP3UHAM.

Korjia Token nomajaer B naMsith conocrasienusi (IIC), ram su6o
OOHApPYKUBAETCA JEMEHT C TeM K€ KJI04oM, Jubo Her. B mepBom
cllydyae TOKEH IPHUCOEINHAETCsl K HallIeHHOMY 3JieMeHTy. Bo BrOpoM —
CO3/1aeTCsI HOBBI 3JIEMEHT Ha OCHOBE JIAHHOI'O TOKeHa. Ecim B pesyJib-
Tare obpa3yercd JIeMEeHT C TOKEHAMHU Ha BCEX BXOJIaX, TO OH IIpeobpa-
3yeTcs B IaKeT WM [EePEeJIaeTcsl B MCIOJHUTE bHOe ycrpoiicrBo (IY) Ha
WCIIOJTHEHNE.

Tokensl, mpuine/me U3 ceTu, 00PadATHIBAIOTCS AHAJIOTHTIHO.

OnvcaHHbI MEXaHU3M IUIAHUPOBAHUS COCTOUT M3 JIBYX dacreii: Oa-
30BOil m yupasiisiiomieil. Ha 6a3oBoM ypoBHE HpPOUCXOIUT 0OPabOTKA
OTJICJIbHBIX TOKEHOB B COOTBETCTBUU C TNPUIUCAHHBIMA UM HOMEDaMU
STara W TEeKYIUMHU MOPOTaMU, MPUINCAHHBIMU YPOBHIM HaMsITH (CBOU
y Kaxzoro simpa). Ilpasmia paboTsl 6A30BOH YACTH IIPOCTBIE W OJIHO-
3nadnble. Ha ypoBHe yrpaBjeHWsl MTPOUCXOJUT MeJJIEHHOE M3MEHEHWe
[IOPOTOB, HAIPABJIEHHOE HAa MOJJIEPKAHUE JOCTATOYHOTO yPOBHS aK-
THUBHOCTH B sfipe. 3J1eCh MpaBmiia 6ojiee CI0XKHbBIE, TIPEICTABIEHDBI 3/1€Ch
OYeHb TPHUOJIU3UTEHFHO, U TPebyercs erne MHOTO JKCIePUMEHTATbLHON
paboTHI 1T BBIOOpA XOPOIO pabOTAIMX MpaBui. Bo3MOKHO, OyIeT
TpeboBaThCs 0cobas HACTPONKA JAHHOIO MEXAHU3MAa IS KAayKJIOW KOH-
KPETHOH 3aJ1a4ul.

s paboThl TAaHHOTNO MEXaHW3Ma B JIHOOOM CIydae OT MPOrPAMMU-
cra Tpebyercss xopormasi (onTuMasbHast) (QYHKIUS PACIPEIETEHUS 10
BpeMenu. [Ipm ee BBIOOpE CilelyeT PYKOBOJICTBOBATHCS CJIEJTYIOTIAMHE
MPUHITUIIAMUA:

® TOKEHBI, [TOPOXK/IAeMbIeé HEKOTODPBIM Y3JIOM, JIOJKHBI UMETH BpPEMs
(rOMep 3Tama), KOTOPOe PABHO WM GOJBIE BPEMEHH ITOTO Y3JI4;



66 CYHEPKOMHI)IOTEPI)I, UMEPAPXV ITAMATHI 1 YIIPABJIEHUE JAHHBIMI

o Ka}K,ZLbIIL/'I 9Tall JOJIZKEH C XOpominmM 3allaCOM yMeEIIaThbCAd B aKTHUB-
HOI 30HE; 00JiIee TOrO, HECKOJBKO COCEIHUX ITAIOB TOJIKHBI yMe-
IMAThCA B AKTUBHOI 30HE;

e (yHKIUS pacIpeIeseHns JTO/KHA ObITh BBIYUCIUTETLHO TPOCTOM:
OHaA 6y,ZLeT BBIYUC/IATHCA IIPpU KazKJIO0OM TOKEHEe, U €€ JOJIZKHO 6LITL
JIETKO pean30BaTh B BHe ObicTpoii cxembl B ILJIVC.

5. Peanusauus ymHoXxeHus matpuy,

PaccMorpum mporpaMMupoBaHUE B TApaJiirMe pas3Jiadul  3aJiadu
YMHOKEHUSI MATPHII, UCIIOJIB3Y S A3bIK MOTOKa JaHHbIX DF L.

Vmuoxkenune matpur;, A u B onpeneneno dpopmyioit

n
(6) Cij = ZkzlAikBkj

Kon nmpusenen ma PUC. 4. llenTpanpnblii y3en M yMHOXKaeT nBa
seMentTa Ay u By u mepesaeT pesyabTaT Ha CyMMHDPOBAHHE JIIs O
mygenns cymmbl C;j. Kax npemmonaraer napaurma pasaaqn, ysen M
YMHOYKAET 3HAYEHMs JBYX CBOUX BXOJOB & U b, He 3Has, OTKYyJa OHU
Gepyrca. O Tom, 9T0 910 MMeHHO Ay, u By, coobmaeT nepsas crpoxa-
KomMeHTapuii. VHgeke «*» 370 «IKOKEp», KOTOPBI TOBOPUT O TOM,
9TO 371eChb MOXKET ObITh JH000e 3HadeHre. PaKTHUECKM KasKIBIA 3J1e-
MEHT JOJDKEH JOUTH 10 7 pasubix y3i0B M. JloOble aBa TOKeHa, Ha-
npaBjieHHble Ha BXOabl M.a m M.b ¢ obmmM umHzekcom k co3maayT ax-
tusarumio y3na M(a,b)[i,j,k]. Teno ysma M roBopur o TOM, 9TO TpPOU3-
Begierne a*b moceutaercst Ha (eIMHCTBEHHBINH) BXOx y3ia S. Omucaresn
Bxozma (+)s[n] B 3arosoBke y3ja S TOBOPHUT, YTO 3TO CyMMUPYHOIIHI
(4) BXO1 S, HA KOTOPBIH JIOJKHO NPUHTH N CJIATAEMBIX. 3MECh N — KOH-
CTaHTa 332499, [OCHLIATH €€ He Hy»KHO. Korma mpumyT Bce N TOKEHOB-
claraeMbIx, HAPaBJIeHHbIX Ha S.S[i,j], y3en Sli,j] Oymer akrusuposan co
3HAYCHMEM Ha BXOJE S, PABHLIM HX CyMMe, KOTopasg OyJeT BbLIaHa
«HApy Ky» B KadecTse djeMenTa C;j BBIXOIHON MaTPHILL.

OaHako, Takasg IPOrpaMMa ¢ «JIPKOKEpaMU» MOKET IPABUJIBHO pa-
6oTaTh, TOJBKO KOIJa BCE TOKEHBI IIOCTYIAIOT B OJHO-CIUHCTBEHHOE
AP0 C ACCONUATUBHON NMAMATHIO, B KOTOPYIO MOI'YT IOMECTHTBCS 00
MaTpHIBI, U Tje HoJKHO mnpomsoiitu N* cpasmenmii. IlockoibKy Hac
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3TO HE yCTPamBaEeT, HAIO M30ABUTHCS OT «IKOKEPOB» B IMOCHLIAEMBIX
TOKeHax. ByjeM mcmonb3oBaTh MeTo ] yaBoeHuit mo gepeBy. Cymmupo-
BaHME TOXKE JIydlIe CJeJaTh SBHBIM CABAMBAHWEM, MHAYE OHO JOJZKHO
Gy/IeT BBIMOJHSTHCS MMOCJIEI0BATEIIbHO JIJIsd Kaxk 1o mapsel [i,j] (a cym-
MapHbIi TpabHUK K 3THM y3aaM Oyzer modru N3 BMECTO »KeIaeMbIX

N2 -VK).

// Inputs: A;x — M.al[i,k,*]; Byy - M.b[*,k,]];
node M(a,b) [i,k,jl; a*b - S.s[i,7];
node S((+)s[n])[i,3]; s - C[i,3] // Output: Cij

Puc. 4. Tlporpamma ymuOxKenusi marpult Ha sizbike DFL. Hawubnbrit
BApUAHT C «I2KOKEPAMIT» .

[Ipn HamucaHWM XOPOIIO MACIITAOUPYEMOI pACHPEIEeHHON Tpo-
rpamMmbl Ha DFL 1mosie3u0 mpeicTaBisaTh KayKIblil 9K3eMILIAD y3J1a Kak
OT/ICJIbHBIN BUPTYAJIBHBIN [TPOIECCOP B MHOT'OIIPOIIECCOPHOU cucreme. B
JaJbHERIIeM MHOYXKECTBA TAKUX BHUPTYAJIbHBIX Y3JI0B OTOOPaXKAOTCHd —
nocpeicTBOM (bYHKIME pacipeziesennst (10 IPOCTPAHCTBY) — Ha MPO-
1eccopbl  (A7pa) peasibHOW CHUCTEMBI C TPUIEIOM HA DABHOMEDHOCTH
3arpy3Kd ¥ MUHHMH3AINI0 KOMMYyHUKaIrwii. [IpocrparncrBo BUpTyasib-
HBIX y3JIOB-yMHOXKUTeJsell 3anonaser Kyo N X N X N. DiemeHTbl MaT-
puipt Ay, (By;) pasmuoxkarorcs Baosb m3Mepenns j (i), cymmbr cobu-
paroTcs BIIOJH MU3MepeHusl K. YduuThiBas, 9TO peajbHble sipa OyayT
copep:kaTh 670ku L X L X L mpu 4mene saaep K = (N / L)3, 6yzer mo-
JIE3HO PAa3MHOXKEHHe U COOp CyMM OPraHM30BaTh 110 ABOUIHOMY JIEPEBY
TakK, YTOOBbI KaXK/IbIil 3JIEMEHT BXOJHON MAaTPHUIILI BXOIWI B (pU3UIECKOE
Anpo He Oojlee YeM 1O OJHOMY Pa3y, a TakKe dTOObI KaxKI0e Carae-
MO€ BBIXOJHOM MATPUIIBI BBIXOJUIO U3 (DU3MUIECKOrO sjipa He 0OoJjee
9eM TI0 OJTHOMY pasy.

B pacnpesenennoM BapwaHTe TPOTPAMMBI, ITPEJCTABICHHOM Ha
Puc. 5, 6eumm jobasiens yaiasl AA u BB, ocymiecrsiisiionye pacchbuiky
3JIEMEHTOB METONIOM yjiBoeHwmit. B pedynbrarte cosmaercs mo N KoOTwmii
JUIsT KAyKJION0 BXOJIHOTO 3JIEMEHTA, TAK UTO KAaXKJIbIi yMHOXKUTEIb MO
JIyJaeT CBOIO COOCTBEHHYIO KOIIMIO ODOMX BXOJHBIX 3jieMeHTOB. Jljs
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ynobcTBa KOIMpOBaHWs yaBoeHWit asement MIik,j| nmeer wnHekcer,
yBesmdenable Ha N, TO €CThb KaXKJbIl WHIEKC JIEXKUT B IUAIa30HEe
[N..2N — 1]. Buoab usMepeHUss K ITPOM3BOIUTCS CYMMUPOBAHUE METO-
JIOM CIBAWBAHUSI.

// Inputs: A, — AA[i+N,k+N, 1];

// Byy — BB[1 ,k+N,Jj+N];

node AA(a) [i,k,m];
if (m<N) a - AA[i,k,2*m], AA[i,k,2*m+1];
else a - M.ali,k,m];

node BB(b) [m,k,J];

if (m<N) b - BB[2*m,k,j], BB[2*m+1l,k,J];
else b - M.b[m,k,J];
node M(a,b) [i,k,jl; a*b - SS.s[i,k/2,731;
node SS((+)s[2])[i,m,J];
if (m=1) s - C[i-N,j-N] // Output: Cij
else s - SS[i,m/2,73];

Puc. 5. Pacnpeenennas mporpaMma yMHOXKEHUS MATPHUIT

5.1. ®dyHkuuun pacnpegenexus

IIpr mammamm K = 2% 1mporeccopHbIX sep ONTHMAJILHOE pacIpe-
JIeJIEHUE TI0 si7IpaM JIOJI?KHO ObITH OJIOYHBIM 110 3-M U3MEPEHHAM C UhC-
Jjom OJiokoB 1o m3Mmepenusim K; = K, = K5, Bcero K = K, K,K; 6710K0B,
rae K; = 2%, Taxoe pacnpenenenue obecrneunt mobas (GyHKIUS OT
{i,k,j}, xoropas y ungekcos i,k,j ucrnosbsyer ToabKo crapume Ky, ko, ks
pPa3psoB COOTBETCTBEHHO, a MJajie urHopupyer. OmHaKO, BHyTpH
A7ep JKeJATEJbHO, 9TOObI OJIOKM MEHBIEro pa3Mepa XOPOIIO MOMeIa-
JINCh BHYTPHb YPOBHEN MaMSITH.

MuoroypoBHeBoe «OJIOYUHOE» paclpeaesieHne M0 BpPeMeHu obecte-
anr dyskmusa F = zip(i,k,j), Koropas B JIBOMYHOM WPEJICTABICHUN
peayim3yercs KaK «CKPEIUBAHUE» Pa3pPAIOB apryMeHTOB: JJIs MOJTyde-
HUs TPeX CaMbIX MJIAJIIIX pa3psoB 3HadeHuss F GepeM 1Mo ojHOMY
MJIAJIIIIEMY Pa3psly KayKJIOoro apryMeHTa, Jisd CIeAYIONX Tpex bepem
110 OJIHOMY CJIEIyTOIIEMY pa3psly B TOM Ke TOpsiJKe U T.7. B Kadecrse
HOMepa Tporieccopa Np 6epem k crapmmx (u3 3n) paspsamoB 3HAUEHUS
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F. Ocrasnmecs miamue paspsabl OyJeM HCIOJb30BATH B KAYECTBE
YCJIOBHOTO BpeMeHH S BHYTPH KasKJOro Iporeccoproro aiapa. OmHako,
MTOCKOJIBKY BHYTPH sJpa CTaplliie pa3psiibl HEN3MEHHBLI, B KaveCTBe
YCJIOBHOTO BPEMEHU MBI MOKEM ITPOCTO MCIIOJIb30BATh 3HadeHue F.

B pasMHOXKAIOMUX U CyMMUPYIOIMAX y3Jax JJIs WHIEKCA 1M XKesa-
TeJIbHO 00eCIeYnTh COBIIOJIEHNEe YCIOBUsSL: OJHA M3 JBYX Komwil (CooT-
BETCTBEHHO, OJIHO W3 JIBYX C/BaMBAEMbIX CJIATaeMbIX) IIONAJAI0T B TO
)Ke sA7po, rje ObUIO MCXOJHOe 3HaveHue (COOTBETCTBEHHO, TJe OyJer
cymma). Iosromy norpebyem, urobor B unarepsase [0..N — 1] Boimo-
mstock cgoiicreo P(...,m,...) = P(...,2m, ...) ansa moboro u3 Tpex ap-
rymenToB (pyHKIMHM pacupenenenus P. Jjas sToro mpm obpaimeHun K
PYHKIMM Zip NPUMEHUM K KaxKJIOMy €e apryMeHTy U (pyHKIUIO «HOP-
Masmzanumy norm(v,l), rae | — napamerp, KoTopast HAXOIUT B JABOMY-
HOM IIpeJICTABJICHHH ¥ CTApIIyIo eIWHUIY U 3aTeM BBIOMPAET CJIeIylo-
mue 3a Heil | paspsyioB (Ipu HEOOXOJMMOCTH JIOTIOJHSST UX HYJISIMHE).
OxonuarenbHbIl Bl (DYHKIMK PacIpe/iesieHus IIpUBeieH Ha PUC. 6.

5.2. Pabora nporpammbi

Paccemorpum miporiecc paboThI It Cirydasi, KOrJa B IIPOIECCOPHOM
y3Je mMeeTCs 2 yPOBHsI MAMSTH, PUYEM BHENTHEH MMaMsTH XBaTAeT
JUIsT pa3MeIIeHnsl BCeX TOKEHOB, a BHyTpeHHeit ner. Ilycrs obbema
BHYTPEHHEH XBaTaeT ¢ HEOOXOIMMBIM 3aIlacoM JIJIsi Pa3MeIIeHnsT OTHOTO
610Ka pasmepa L X L X L, L =2!. Torma Hambosee yCIemHBIM 6yIeT
TaKOW peKuM PabOThl IJIAHWPOBINMKA, KOTJIA B aAKTHUBHOW 30HE OYIyT
pasMeImaTbcad BCe TOKEHLI W3 AMAIIA30HA ITAIOB JJIMHOH oKojo L3.
(MoxkHO y BBIIEONMCAHHON (DYHKIMU DPacIpenesieHnss OTOPOCHTh He-
CKOJIBKO MJIQJIIINX PA3PsIOB U paBoTaTh ¢ 60Jiee KPYITHBIMU STATIAMHY).

MozkHO MOKa3aTh, 9TO HPH TAKOM ILJIAHWPOBAHUHU B AKTUBHOM 30HE
Oyner Beerga He 6osee 2L3 TokeHOB. A 6e3 IIAHWPOBAHWS BHYTPEHHSIA
MaMATh OBICTPO MEPENOJHUIACH Obl, CKaXKeM, TOKEHAMU C dJIEMEHTaAMU
marpuipl A, u mporiecc ObLT ObI 3a0JIOKMPOBAH M3-38 OTCYTCTBUST TOKE-
HOB MaTpuIpl B.

Brauasie B cucremy «BIPBICKHBAIOTCA» TOKeHbI Ay, 1 By, KoTOpbIe
aktuBupyoT y3abel AA[i+Nk+N,1] w BB[1,k+N,j+N]. Kaxnpiit ysen
JLyGipyeT CBOM TOKEH, OCTaBJisdsl OJHY KOIMIO (C MHIEKCOM 2M) B TOM
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xke ganpe. Jpyrag komus (¢ mamercom 2m + 1) Ha BEPXHUX ypPOBHSIX
JlepeBa, yIBOCHUI TIepeChLIaeTCs B IPyTUe SApa, a Ha HUKHUX OCTAETCs
B TOM Ke. IIpw 3TOM TepBas KOMHUs MPUHAJIJIEIKUT TOMY K€ ITaIly, a
BTOpAsl — TOMY 2Ke Ui 0oJjiee TO3HEMY .

IToCKONTbKY €CThb TOPOT OTCEYECHWUsl, TO B AKTUBHYIO 30HY MONIyT
TOJILKO TOKEHBI HHzKe mopora. [IIaHnpOBIIUK, YIPABIAIOMINA TeKY UM
3HAYEHUEM TOpPOTa, JOJKEH ObITh HACTPOEH TaK, ITOOLI aKTHBHAS 30HA
Beeria ObLTA JIOCTATOTHO 3aIlOJTHEHa, HO He MeperoHAIACE.

Ilpu CyMMHUpPOBaHWE TIPOIECC UJET B OOPATHOM MOPSJIKE, MOSTOMY
cJleTyeT TOANPaBUTL (BYHKIMIO PACIPEICICHHS M0 STarmaM JJId apry-
MeHTa K, 9TOBBI UCKJIIOUATHL TOPOXKICHHC TOKEHA C MEHBIITAM BpeMe-
Hem. Hanpumep, MOKHO mHBepTHpOBaTH (myTeMm Bbhrauranus u3 N — 1)
BCC Pa3paAbl 3HAUCHHs (PYHKIUM NOTM, OTHOCAIIMECT K 3TOMY apry-
menty. Ha PHC. 6 m300paskeHO OKOHYATEIBbHOE ONUCAHHE OYHKITHI
pacipejiesieHust o npocrpascrBy (place) u Bpemenu (stage).

const n=.; // N=2"
F=zip(norm(i,n),N-1-norm(k,n),norm(j,n));
place = shr(F,3*n-k); // K=2%

stage = F;

Puc. 6. ®yukuuu pacupe/esenus 1o npocrpascTsy (place) u BpemeHn
(stage) IUIst yMHOXKEHHsI KBAJPATHBIX MATPHUIL.

3aknioyeHne

Msb1 yBepeHBI, 9TO MOKHO JOCTH4Yb CYIIECTBEHHOI'O OOJIerdYeHust
Ppa3paboOTKH ONTUMHU3UPOBAHHBIX IIPUJIOYKEHUH I CyIIEPKOMIIBIOTEPOB,
€CJIu TepeiiTu OT MPOrPaMMUPOBAHUS B MapaaurMe cbopa, XapakKTePHOM
IS CTAHJIAPTHBIX (POH-HEMAHOBCKUX S3BIKOB, K IPOIDAMMUPOBAHUIO
B IIapaJurMe pas3gadu, CBOMCTBEHHON ITOTOKOBOU MOJIE/IN BBIYUCJICHUI.

B mpengiaraemoit Mozesm mpOrpaMMUDPOBAHUS IS YIIPABJIEHUS
pacupeie/leHueM BBIYMCICHUNA IO IIPOCTPAHCTBY U BPEMEHU HCIOJb3Y-
ercd MerToJ| yKasanug (dbyHKuumii pacupezesnenus. llosb3oBarens (uiu
KOMIIWJIATOD) 3a1aeT (POPMYJIbl Jjisd BBIYUCJIEHUS JIBYX Besudut: place
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u stage 1O aJipecy BUPTYaJbHOI'O BBIYUCIMTEIHHOIO y3J1a, B KOTOPOM
Oy/leT JAHHBIA 3JIEMEHT HUCIOJIL30BaH. DTOT AJIPEC, B COOTBETCTBUH C
mapajurMoil  pa3jadn, BbIpabATHIBAETCS PU MOPOKIEHUU KaXKJIOTO
HOBOrO 3yieMeHTa Janubix. Oyukims place 3aaeT HOMEp MPOIECCOPHO-
ro snpa, dyukius stage — HOMep 3Tana B paMKax KaXKIOro sJpa.
JlanHble ¢ OJIMKANIIIMM HOMEPOM ITATIA MOJAIOTCS B KAKTUBHYIO 30HYY.
OcrayibHble — B 3aBUCHMOCTH OT OXKHJIAEMOI'O BPEMEHU HACTYILICHUS
Jrana — IMEPEeHANPABISIOTCH B Oy(MEPHYI0 MaMsATh «OTJIOKEHHBIX» TO-
KEHOB COOTBETCTBYIOIIErO yPOBHSI.

BosMox)kHOCTE CBOEBPEMEHHOI JOCTABKU JAHHBIX B AKTUBHYIO 30HY
— aHaJor Kama L1 — mpsMO BBITEKAET W3 CBOWCTBEHHONW MOIEJN BBIUMC-
sieanii IITIP pabore B mapajurme pasjgadm. Tem caMbIM JOCTUTAETCHA
adekT npeBLIOOPKY Ha OCHOBE MJI€AJIBHOTO IPeICKa3aHus Oy LyIIX
aJIPecoB JIOCTyTa B ODOBIMHBIX Iporieccopax. Jljis cpaBHEHMs: COTJIACHO
HEJIABHUM HCCJIEJOBAHUAM IIPEJICKa3aTesib 110 IMabJIOHy, peain30BaH-
ubiil B HOBOI cucreme IBM Blue Gene/Q), moBbimaeT cKopocTb paboThl
HEKOTOPBIX IporpaMM B 3-5 pa3 [8].

B monenmun nporpammvupoBanus [P peasmsyercs yeTkoe pasese-
HUE ACIIEKTOB: MaTeMaTHIeCKasl IPABUJILHOCTD AJITOPUTMa OIIPeJIesIsieT-
cst mporpammoit Ha DFL, Torma kak yHKINN pacupeiesieHus BJIUSIOT
TOJIBKO Ha CKOPOCTH PAbOTHI MMPOTPAMMBI M, BO3MOXKHO, €€ 3aBepIlae-
MocTh. DyHKIMS place BT HENOCPEJCTBEHHO Ha PABHOMEPHOCTH
pacupesiesieHusI IO si[paM U Ha 00beM KOMMYHUKAIMI MEXKIy HUMH, a
dbyHuknusa stage — Ha BpeMs TOCTYILUIEHUSI JTAHHBIX B BBIYUCIUTEb,
obecrreanBas PabOTOM MCIOJTHUTEIbHBIE YCTPOWCTBa 0e3 TeperoTHEHUsT
MaMsTH PAa3HBIX YPOBHEH MPU MUHUMH3AINNA OOMEHOB MEXKIy YpPOBHsI-
MH.

[Ipenmoxennoe pemrenne OynaeT 3d@PEKTUBHBIM, KOTA HAKJIAIHDIE
paCXobl Ha TIepe/iady TOKEHa, MPeXKJie BCero BHYTDH sipa K cebey,
BKJIIOYAs BbIYUCICHUE (DYHKIUU pACIpeeieHns, OyayT 3aMeTHO
MEHBIIIE 3aTPaT Ha BBINOJHEHWE OTJEJLHOIO y3Jja. B mpuHimme 3T1o
BCEr/a JIOCTHXKHAMO 32 CYeT YKDPYIHEHUS 3ePHUCTOCTH, KOTJA YMHO-
JKAeMbIMU ¥ CKJIAIBIBAEMBIMY 3JIEMEHTAMU SIBJISIIOTCS MATPUYHBIE OJ10-
KU TOJXOJIAINET0 pa3Mepa. B Ie/isdx MUHUMU3AINN HAKIAHBIX PacXo-
nos B npoekre IIIIBC «Bypany [5][6][7] Bce ocnoBuBIE 0Gecneunsaio-
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Iue Omeparu peaan3yiorcs annaparao. KpoMe Toro, Mbl mpemosara-
eM, 9T0 (DYHKIMU PACIPEIETeHNsT KOMIIWIAPYIOTCA B 3MDDEKTUBHYIO
npormeky s crenmaabaoit [IJINC, crosimeit va Beixome u3z Y. U B
JII000OM CTydae JaHHasi MOJE/b IOJIe3HA st aHaan3a 3OPEKTUBHOCTU
pa3pabaTbIBAEMBIX AJILOPUTMOB, KOTa Ha TEPBLIA IIJIAH BBIXOIAT 3a-
TpaThl Ha B3AMMOICHCTBUE W IEPEMEINEHNS B NePapXUIeCcKOi MaMaTH.
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A.V.Klimov, N.N. Levchenko, A.S. Okunev. Supercomputers,
memory hierarchy and dataflow computation model.

ABSTRACT. Modern supercomputers are hierarchical, and the hierarchy depth
tends to grow. Structure hierarchy (core — chip — node — card — cabinet — system)
implies significant differences in communication time. Memory hierarchy also in-
duces differences in access time: the larger is the size of the level, the slower is the
access. Data movement overhead become the most significant factor of inefficien-
cy, and thus the task of optimizing programs in this respect gets more and more
difficult. We claim that these difficulties are largely a consequence of traditional
programming paradigm that goes back to von Neumann. And although it has such
a strong case as the acquirements and the legacy software, it is still useful at least
in theory to understand the alternatives. We believe that the problem of the von
Neumann programming model arises due to its exercising the so-called gather par-
adigm, as opposed to the scatter paradigm inherent to the proposed dataflow
computation model, which provides more efficient and easier solution to the data
movement optimization problem.

Key Words and Phrases: (Supercomputer, memory hierarchy, data preloading, dataflow
computation model, gather paradigm, scatter paradigm, computation scheduling).



