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1. BBenenue

AKTyaabHoeTh TeMbl. [Iporpammbr, Mofesupyiomiye moBeieHne CymaHa Ha MOP-
CKMX BOJIHAX, MIMPOKO NPUMEHHAIOTCA A pacueTa Kauky CyIHA, OLleHKH BeJUINHBI
BO3/IefiCTBUSA BHEIIHUX CUJ HA TIaBYUYI0 MIATHOPMY UK APYTOil MOPCKOIl 00bEeKT,
a Takke JI OIleHKY BEPOATHOCTH OIIPOKU/BIBAHUA CY/IHA IIPY 3aJaHHBIX [TOTOJHBIX
YCIOBHAX; OMHAKO, OOJBITNHCTBO W3 HUX MCIIOJAL3YIOT JUHEHHY0 TeOPHUI0 IS MOJie-
JUPOBAHUA MOPCKOTO BosHeHUA [1—-4], B paMKax KOTOPOil CJA0KHO BOCIIPOUBBECTH
ompejieJIeHHbIe 0COOEHHOCTH BETPO-BOJHOBOTO KJauMaTta. Cpeau HUX MOKHO BhIfe-
JIUTh TI€PEX0/l OT HOPMAJBHBIX MOTOJHBIX YCJIOBHI K IITOPMY U BOJHEHUE, BbI3BaH-
HOEe HaJOKeHneM MHOKECTBA CHCTeM BETPOBLIX BOJH ¥ BOJH 310U, pACIIPOCTPaHA-
OIUXCA B HECKOJBKUX HalpapjaeHuax. [l pyroii HegocTaTor JuHeiHON Teopuy BOJIH
3aRJII0YAETCA B MPEIOJ0KEeHUN, YTO BBICOTA BOJH MHOTO MEHBIE WX JIUHBI. ITO
fieJiaeT pacueTsl TPyObIMU ITPY MOJIEJUPOBAHNN KAUKK CY/HA B YCIAOBUAX HEPETYIap-
HOTO BOJIHEHUsA, KOTJIa Takoe IpefnofokeHne HeclipaBeanBo. PaspaboTra HOBBIX
1 6oJee COBEPIIEHHBIX MOJeJell 1 MeTO0B, MCI0Nb3yeMbIX B ITPOrpaMMax pacuera
IVHAMUKH Cy[IHA, YBEJIWYUT KOJUYECTBO CIleHAPUEB IIPUMEHEeHHUA TaKuX MPOoTrpamMm
M, B Y4CTHOCTH, TIOCTIOCOOCTBYET UCCAE0OBAHNIO TOBEIEHNSA CY/IHA B AKCTPEMATbHBIX
YCJAOBUAX.

Crenenb paspadorannoctu. Mojesb aBTOperpeccu CKOJMb3AIMIETO CpeTHe-
ro (APCC) aBagercsa oTBeTOM Ha CIOKHOCTH, C KOTOPBIMU HA TIPAKTUKE CTAJIKIBA-
I0TCS yUeHble, NCTOJb3Y0IIe B ¢Boell paboTe MOfieJ MOPCKOTO BOJHEHUs, paspa-
O6oTaHHBIE B paMKax JuHEHO Teopun BoJH. [Ipo6iembl, ¢ KOTOPHIMU OHU CTAJKH-
BAIOTCA TIPU MCIONb30BaHUY Mojiesin JIonre— Xurrunca (KoTopas MOJHOCTHIO OCHO-

BaHa Ha JUHENHO Teopun BOJH) MepeuncaeHbl HUKe.

1. Ilepuoduunocms. B pamrax JuHeHO TeopyrK BOJIHbBI AIIIPOKCUMUPYIOTCS CYM

MO rapMoOHHUK, M3-3a Y€ero Iepuol peaJausanuud B3BOJHOBAaHHOI IIOBEPXHO-



CTH 3aBUCUT OT MX KOJMYecTBA. deM 60Jbie pasMep peannsanuu, TeM 60Jab-
e K03(P(PUIMeHTOB TpedyeTcs A NCKI0IeHN TePUOJUIHOCTH, T0ITOMY C
yBeJUYeHneM pasMepa peausaliii BpeMs ee TeHepaliy pacTeT HeJnHeiHo.
JTO MPUBOIUT K TOMY, UTO JI06as MOJe/b, OCHOBAHHAA Ha JUHEHHON Teo-
puu, Hea(P(PeKTUBHA TP TeHepanuu OOJBIINX peanusalyii B3BOJHOBAHHOM
TIOBEPXHOCTH, HE3ABUCHMO OT TOTO, HACKOJbKO ONTUMIU3UPOBAH UCXOTHBIN KO

IIPOTPaAMMBI.

2. Jlunetinocms. B paMrax JuHeiiHOl Teopuu BOJH aeTcsa MaTeMaTuIeckoe ompe-
JieJieHre MOPCKUAM BOJHAM B TIPE/IIONOKEHUN MAJOCTH UX aMILIUTY], TI0 CPaB-
HeHUI0 ¢ AjguHaMu. Takue BOJHBI, B OCHOBHOM, XapaKTepHBI /A OTEPBITOTO
OKeaHa, & BOJHB B TPUOPERHBIX pailoHax 1 IMTOPMOBbIE BOJHBI, IJI KOTOPHIX
9TO TPEJIOoJ0KeHe HeclIPaBe/InBo, TPy00 ONMUCHIBAIOTCA B PAMRAX JUHEH-

HOW TEOpUU.

3. Beposmmocmmnas cxodumocms. Daza BoJHBI, 3HAUEHUE ROTOPOIl TTOTyIaeTCA
¢ oMoInbio reHeparopa ncesnocaydaitusix ances ('IICY), nmeer paBHOMEp-
HOe pacrpefieJieHne, 4To TMPUBOAUT K MeJJIeHHOI CXOAUMOCTH MHTErPAJbHBIX
XapaKTepPUCTUR B3BOJHOBAHHOI MOBEPXHOCTH (paciipejieieHre BBHICOT BOJH,

WX TIePUOJOB, JIJUH U T.II.).

ITH CJOKHOCTH CTAJM OTIIPABHON TOYKON B IMOWCKE MOJeJN, He OCHOBAHHO
Ha JUHEHHO! TeopUu BOJH, U B HccienoBanuax mporecca APCC 6bln HaiiieH HeoO-

XOJMMBIIl MaTeMaTUYecKuil ammapar.

1. Bxoguwemm mapamerpoum mpotiecca APCC aBagercs aBToroBapuaimonHas QyHK-
s (ARD), koTopas MokeT OLITH HATPAMYIO TTOTyIeHA U3 DHEPTeTHIECROTO
WJIM 9aCTOTHO-HAIPaBJIEHHOTO CIIEKTPa MOPCKOT0 BOJHEHUs (ROTOPHIiL, B CBOTO
ovepe/b ABJAAETCSA BXOTHBIM TapaMeTpou A mofenan Jlonre— Xurrunca). Tak
9TO BXOJHBIE ITApaMeTPhl OHON MO MOTYT GBITH JIETKO TTPe06pasoBaHbl BO

BXOJIHble TTapaMeTpsl APYyToii.



2. Ilpomecc APCC He umeer orpannueHyne Ha aMILIUTYy TeHePUPYEeMbIX BOJH:
MX RPYyTH3HA MOKET OBITh yBeJNdeHa Ha CTOJBKO, HA CKOJBKO 9TO IO3BOJAET

AR® peanabHbIX MOPCKUX BOJH.

3. Ilepunon peanusanuu pasen nepuoxy I'IICY, nostomy Bpemsa renepaiiuu pac-

TeT JUHEHHO C yBEJIUYEHNEM pPasdMepa peaanusalnm.

4. DBeJblii ryM, KOTOPHIi ABJIAETCA eJUHCTBEHHBIM BEPOATHOCTHBIM 4IeHOM (DOP-
mysbl iporiecca APCC, numeer HOpMaJibHOE pacmpefeneHne, n3-3a 4ero CKo-

POCTH CXOJUMOCTH He HOCUT BepOATHOCTHBIA XapakTep.

IMeaun u 3agaun. IIpormecc APCC aBaseTcs ocHOBOI MO MOPCKOTO BOJI-
neans APCC, no, BBy cBoeil He(pusmueckoil mpupobl, MO b HY:KAAeTCA B J10-
paboTKe Tiepes TeM, Kak ee MOsKHO HMCIIOJH30BaTh M TeHepaluy B3BOJTHOBAHHOM

TIOBEPXHOCTH.

1. UccnenoBars, kak pasiauunbie Gpopmbl ARD BauAoT Ha BEIGODP mapameTpoB
npotiecca APCC (rosmdaecTBo ROI(D(PUITMEHTOB TIPOTIECCa CROIBIAIIETO Cpe/-

Hero u mponmecca aBTOpereCCI/II/I).

2. UccaenoBaTh BOSMOKHOCTH FreHepalii BOJIH C IPOU3BOJIBHBIMU IIPOQUIAMU, &
He TOJIBKO € TIPo(huJIeM CUHYCOU b (YUeCTh ACUMMETPUYHOCTD pacipeieJeHns

BOJIHOBBIX alIIJIUKAT B3BOJHOBAHHON HOBerHOCTI/I).

3. Paspa6orars MeTop /Il OlIpe/ie e Hus [0S IaBJeHUI o/ IUCKPETHO 3aaH-
HOTi B3BOJHOBAHHO# MOBepXHOCTHIO. Takue POPMyIbl 0OBIMHO BHIBOAATCS IS
KOHKPETHO MOJIEJIH Ty TeM MOICTAHOBKU (DOPMYJIBI TPOQIIS BOJHBI B CHCTEMY
ypaBHeHWi /i onpesiesieHus napaenuii (1), omaako mporecc APCC He copep-
AKUT B cebe PoPMYJTy POQHIS BOJHB B ABHOM BH/IE, TI0ITOMY JI1sl HETO HE0O0-
XOIMMO TIOJYYUTh pellieHue JiJis B3BOJHOBAHHOI MMOBEPXHOCTH OOIIETr0 BUA
(mJIs1 KOTOPO He CYIIEeCTBYET MaTEMATHIECKOTO BRIpaKeHus1) 6es JuHeapusa-

Iy rpaHnIHbIX YCJIOBI/IfI (Fy) n 1mpearnoJomeHnn 0 MaJOCT aMILJIUTY/T BOJH.



4. BepuguuupoBaTb COOTBETCTBAE UHTETPAJbHBIX XapaKTepPUCTHK B3BOJHOBAH-

HOW ITOBEPXHOCTHN peaJibHbIM MOPCRUM BOJIHAM.

5. PaspaboraTh RoMILIEKC IPOTPaAMM, PeaJusyIonii CO3TAHHYI0 MOJIEJIb U METO
pacuera JIaBieHuil U M03BOJAININI IIPOBOIUTH PACUeThl HA BBIYUCAUTEIBHON

crucTeMe Kak ¢ o0Imeil, Tak 1 pacnpeieJeHHo maMAThHIo.

Hayunaa vosuzna. Mogear APCC B otsimdme ot apyrux mMogpeseil BeTpoBO-

I'o BOJHEHUA He OCHOBaHAa Ha JUHENHOM TE€Oopun BOJH, YTO ITO3BOJAET

* TeHepupoBaTh BOJHBI [IPOM3BOJIBHON aMIIUTY/bl, PEryIupys KpyTU3HY II0-

cpenactBoM ARD;

* TeHepUPOBATH BOJHBI IIPOUBBOJIBHON (DOPMBIL, PETYJIUPYA ACUMMETPUYHOCTD PAC
peieleHusA BOJHOBLIX ANMJINKAT TTOCPEICTBOM HEJNHEHHOTOo 0e3BIHepINoH-

Horo peo6pasosanusa (HBII).

B 1o :xe Bpema matematndeckuii annapar mnporecca APCC xopotno usyden B ipy-
TUX HAYIHBIX 00JACTAX, UTO TO3BOJNAET €ro 0000IHUTh IJIA MOIeTUPOBAHUA Pa3BH-
TUS MOPCKOTO BOJHEHUSA B YCJAOBUAX IITOPMA C YUETOM KIUMATUYECKUX CIIEKTPOB U
TAHHBIX ACCUMUJIALINN OlpeeJeHHBbIX PAilOHOB MUPOBOIO OKeaHa, YTO HEBO3MOKHO
C/IeJIaTh € TIOMOIIBI0 MOJIe/IM, OCHOBAHHOM Ha JUHEWHON Teopuu BOJIH.

OTIMIuTeNbHBIME 0COOEHHOCTAMHU TaHHON PaAGOTHl ABJIAIOTCA

¢ HCHOJb30BaHUE BO BCEX IRCIIEPUMEHTAX MPEXLMEPHLL MOI[GJIeﬁ AP n CC,

* HCIIOJIb3OBaHKWEe MeTOolda BbIMMCJACHUSA I10Jd IMoTeHuaJJda CROPOCTH, pa6OTaIO-

1ero ¢ JUCKPeTHO 3alaHHOl B3BOJHOBAHHOI TTOBEPXHOCTHIO, U

* paspaboTKa KOMILIeKca MPOTPaMM, Peajusyoliero reHepaluio B3BOJHOBAH-
HOIl MOPCKO# TTOBEPXHOCTY W BHIYMCJEHUSA TI0JIS JaBJeHUil Ha cucTeMax ¢ 00-
meit (SMP) u pactipenesennoit (MPP) namsaroio, a Taksmke ru6puIHBIX CACTe-
mMax (GPGPU), ucronbsyomux rpapudeckre compoIieccophl AJaA YCKOPeHU

BLIUMCJCHUI.



TeopeTnueckad u NpakTUYECKasd 3HAUMMOCTh padoThl. [Ipumenenne moge-
i APCC u popmyssl oas faBiennii, He UCIOJAL3YIONIEH MPeINoN0ReHUA JAHeT -
HOIl TeOpUY BOJIH, Ka4eCTBEHHO IIOBLICUT pab0oTy KOMILIEKCOB IIPOI'pPamMM [ pacue-

Ta BO3ENCTBUA OKeaHCKUX BOJH Ha MOpCREUue 00'HEKTHI.

1. Ilockosabky MeTof 1Jid T0JA JaBieHUil BHIBOAUTCA JJf TUCKPETHO 3aJaHHOM
B3BOJHOBAHHON TOBEPXHOCTH 1 0€3 KaRNX-JIU00 TPEI0I0KeHNI 06 aMIIIUTY -
max BOJH, TO OH IPUMEHUM /I 110607 B3BOJHOBAHHOM ITOBEPXHOCTH HEBABKOI
HEeC:KMMaeMoil SKUAKOCTH (B YACTHOCTH OH TTPUMEHUM /I TIOBEPXHOCTH, TeHe-
pupyemoii Mopiesbio Jlonre—Xwurrunea). 9To MO3BOJIAET UCIOJH30BATH 9TOT

merof, 6e3 puBsasku Kk mopean APCC.

2. C BBUUCIUTENBHON TOYKM BPEHUA 3TOT MeToj 6oJee 3(pPeKTHBEH, YeM CO-
oTBeTCTBYWOIIHUIT MeTox i Mofean JIX, MOCKOJbKY MHTerpaJfbl B (opmy.ie
cBojsATCA R mipeoopasoBanusmM Dypbe, [ ROTOPHIX CYIIECTBYET CeMeiicTBO
aJaropuTMoB ObicTporo TpeodpasdoBannsa Pypre (BIIP), onTuMuBMpoBaHHBIX

I10/ pa3Hble apXUTEKTYPHI IIPOLeCCOPOB.

3. Ilocroabry memosnb3yemas B MeTofe (opMmysa fgBHASA, TO oOMeHa TAHHBIMU
MeRTy TapaJieJbHbIMU MPOIEeccCaMi MOKHO M30€e:RaTh, YTO T03BOJAET Mac-

HlTa6I/Ip0BaTb IMPON3BOJIUTEIBHOCTb Ha 00JIbIIIOE KOJTUIECTBO ITPOIECCOPHBIX

anep.

4. Harowner, cama mozesb APCC 6oee apperTuBHA, dem Mofiesb JIX, BBULY OT-
CYTCTBHSA TPUTOHOMETPUYECKUX (PYHKIMII B ee popmysie. BaBosHoBaHHAA TI0-
BEPXHOCTD BLIUUCAACTCA KaK CyMMa 0O0JBIIOTO YHCAa MHOTOUIEHOB, I ROTO-
PBIX CyTIecTByeT HUBROypoBHeBasA accemOaepHad nHeTpykimsa FMA (Fused
Multiply-Add), a ma60u qocTyna K maMAaTH M03BOJAAET 3(PPEKTUBHO UCTIOJb-

30BATH KAIII IEHTPAJBHOTO MIPOIIECCOPA.

Meropoaorusa u meToasl uceaegopanusa. IIporpamvuas peasusarus mMoje-

an APCC nu MeToda BBIUMCJCHUA II0JA ,IL&BJIGHI/Iﬁ co3llaBaJiaChb IMO9TAIIHO: IIPOTO-



THUT, HAIIMCAHHBIN Ha BBICOKOYPOBHEBOM WH:KeHepHBIX fA3bkax (Mathematica [5]
n Octave [6]), 6BLT Tpeo6pa3oBaH B MporpaMMy Ha fA3bIKe 00Jiee HUSKOTO YPOBHSA
(C++). BBuny ucnosib3oBaHusA pasJuvHbIX a6CTPAKINI U A3BIKOBBIX IPUMUTHUBOB
peasiusalnus ONHUX U TeX ke aJTOPUTMOB W METOOB HAa fA3BIKAX PA3HOTO YPOBHA
M03BOJIAET BHIABATH W MCIPABUThH OMMUOKHM, KOTOPHIe OCTAJNCHh Obl He3aMedeHHbI-
MU B cJydae MCIOJb30BaHUA JUIITL OMHOTO A3bika. ['eHepupyemas mopeanio APCC
B3BOJIHOBaHHAs MMOBEPXHOCTDb, & Tak:ke Bce BXomHble napamerpsl (AKD, ¢popmyna
pacrpeieieHust BOJTHOBBIX alllIMKAT ¥ T.I1.) OBLIN TTPOBEPEHBI ¢ TIOMOIILI0 BCTPOEH-
HBIX B S3BIK IPOIPAMMHUPOBAHUSA IPa(UIECKUX CPEJICTB.

HOJIO}I{GHI/IH, BBIHOCHUMBIC HA 3aIIIUTY.

* I/IMI/IT&LI_[I/IOHHELH MogeJJb MOPCKOI'0 BOJIHEHU, crrocoOHast resepupoBaThb pea-
Ju3annuun B3BOJHOBAHHO MOpCROfI ITIOBEPXHOCTHU, UMEIOIINE 00JIBIIOM rnepuong

1 COCTOSAIIME U3 BOJH MTPOU3BOJBHON aMILIUTY/IbI;

* Merop BbMUCAEHUA TOJA JaBJeHWIl, paspadOTaHHBIN A 9TOi Mojeau 6e3

IIPEIII0JN0KCHUN JUHENHOW TeOpUH BOJIH;

* HpOFpaMMHaH peaJaunsanua I/IMI/ITaL[I/IOHHOﬁ MozmeJn U MeToga AJisd BBIUMCJIN-

TeJBHBIX CHCTEM C 00MIeil 1 pacrpeseJeHHOl MaMAaThHIO.

Crenens focToBepHOCTH U anipodalus pe3yabTaToB. Bepuduramnus mose-
i APCC mpoBoguTcs myTeM cpaBHeHUS WHTeTPaJbHBIX XapaKTepUCTHR (pacrpe-
lieJieHni BOMHOBHIX AlMJIMKAT, BHICOT W JIIMH BOJH U T.II.) TeHEPUPYeMOii B3BOJHO-
BaAHHOI TOBEPXHOCTH C XapaKTePUCTUKAMHU PeaJbHBIX MOPCKUX BOJH. MeTop BeUuC-
JIeHWA TI0JIA IaBJeHuil OblT pazpaboTan ¢ momornibio A3bika Mathematica, B koTopom
MOJIyYeHHBbIE BHIPAKEHMA TIPOBEPAIOTCA ¢ OMOIIBI0 BCTPOEHHBIX B fA3BIK I'paduue-
CKUX CPEJICTB.

Mopesr APCC u meron BeUCAeHUT TI0JA aBieHUil ObLIN peaJu30BaHbl B
Large Amplitude Motion Programme (LAMP), mporpamMme fjis Mope upoBaHuA

RKa4Ku CyqHa, U COIIOCTaBJEHbI C HCHOJIBSY@MOﬁ paHee MOIeablo JIX. Ynciennnie
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DKCIIEPUMEHTHI [ToKasan 60Jee BHICORYIO BHMUCIUTENbHY 0 9P (eRTUBHOCTH MOJIeNH

APCC.
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2. IlocraHoBEa 3a1a4n

3agava coOCTOUT B IpUMeHEHNN MaTeMaTuieckoro anmapata mporecca APCC
IS MOJIEJTMPOBAHMSA MOPCKUX BOJIH U B pa3paboTke METONA BBIYUCICHUS MOJA NaB-
JIeHUH 0] IUCKPETHO 3a/JaHHO¥ B3BOJHOBAHHON MOPCKOM MOBEPXHOCTHIO A CJIY-
qas WIeaJbHON Hec:KMMaeMoi KUAROCTH 0e3 TIPeIoJoKeHNu JUHEeHOW Teopun

BOJIH.

¢ L[JIH CJay4as BOJH MaJblX aMIIJINTYH ITOJYy4Y€HHOE 110 HOBOMY METOAY 110JIE€ TaB-
JEeHUI JOJIHO OBITH COIIOCTABUMO C ImoJeM, MoJy4€eHHBIM 110 CIDOpMy.JIe n3 Jun-
HeilHoi TEOPUU BOJH; NJA OCTAJbHBIX CJAy4Ya€B 3HAYCHUA T10Jd HE TOJHHBI

CTPEMUTHCA K 6€CKOHETHOCTH.

* I/IHTeraJIbeIe XapaKTePUCTURHU FeHepI/IpyeMoﬁ B3BOJHOBaHHOM ITOBEPXHOCTH

HOJIGKHBI COBITagaTh C XapaKTePUCTURaMU PeaJbHbIX MOPCKUX BOJIH.

 IIporpammuas peasusamusa mofeaun APCC u meTona BeMUCAeHUA TaBJIeHWI

JOJIHa pa6OTaTb Ha cucreMax C 061_1_[6171 u pacnpeﬂeﬂeHHof/’I [HaMATBIO.

dopmyaa 1aa moJA AaBieHuid. 3agada onpejeJeHusa M0Jd JaBJIeHUil o
B3BOJHOBAHHOI MOPCKO{I TIOBEPXHOCTHIO ITPeJIcTaBAsAeT co00ii 06paTHYI0 3a1a4y Iijl-
POIMHAMUKHY I HeC:KIMaeMoil HeBA3Koi mupkocTu. CucreMa ypaBHeHUN [ Hee

B 001IleM BHJe 3allichiBaeTCS Kak [7]

Vi =0,

- p
¢t+§|v‘ "‘,QC:_;, H&Z:C(I,y,t), (1)
D<:V¢ﬁ7 Haz:g(x7y7t)7

e ¢ — MOTEeHIaJ CKOPOCTH, ( — ToAheM (alllJInKaTa) B3BOJHOBAHHON MOBEPX-

HOCTHU, p — JaBJeHHe KUAKOCTH, p — ILIOTHOCTD RUAKOCTU, U = (g, Oy, P.) —
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BEKTOP CKOPOCTH, ¢ — YCKOpeHue cBOOOMHOTO NajieHnus n D — cyOcTaHIIMOHAJTbHAS
npousBopHas (mpousBogHas Jlarpanska). [lepBoe ypaBHeHMe fiBJAseTcA ypaBHEHUEM
HepaspeiBHOCTH (ypaBHeHMe Jlamaaca), BTopoe — 3aKOHOM COXpaHeHUs UMITYIbca
(KoTOpO€e MHOT/IA HA3LIBAIOT INHAMIIECKAM I'PAHNIHBIM YCJAOBHEM); TPeThe ypaBHe-
HIle — KWHeMaTH9Ieckoe TPAHUIHOE YCJIOBHEe, KOTOPOe CBOIUTCSA K PaBEHCTBY CKO-
POCTH TiepeMelneHusA 3Toi moBepxHocTH (D) HOPMATBHON COCTABAAIIEH CKOPOCTH
wunkoctu (Vo - 1, em. pasa. 10.2).

O6paTHas 3ajada TUAPOJMHAMHUKYN 3aKJI0YAETCA B PElIeHUH 9TOI CHCTeMbI
ypaBHEHUil OTHOCUTEJBHO ¢. B Takroil mocranoBke nunamudeckoe I'Y cTaHOBUTCA
ABHOU (DOPMYJI0ii /I OTIpeiesieHNSA TI0JIA TaBJIeHWI 110 BHAYeHUAM ITPOU3BOIHBIX I10-
TEHINAJIOB CKOPOCTH, MTOJyIaeMbIX U3 ocTaBIIuXcs ypapHennii. C MmaTeMaTaeckoii
TOYKU 3peHUA oOpaTHadA 3ajaua TUAPOIMHAMUKN CBOIUTCA K PelleHN0 yPpaBHEHUA
Jlamnaca co cmemanneiM I'Y — 3amaue Po6ena.

Ob6patHas 3ajada BO3MOsKHA, MOCKOJALKY Mopeab APCC renepupyer rumpo-
IMHAMAYECKH aJIeKBATHYI0 B3BOJHOBAHHYI0 MOPCKYI0 MOBEPXHOCTD: PacpeeaeHus
WHTETPAJbHBIX XapaKTePUCTUK U TUCIIEPCHOHHOE COOTHOIIIEHNEe COOTBETCTBYIOT pe-

aJbHBIM BoJHaAM [8,9].
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3. Monear APCC B 3agaye UMUTAIIIOHHOTO
MOJIeJUPOBAHUA MOPCKOTO BOJHEHNS

3.1. AHaaus mMojeseil MOPCKOro BOJTHEHUA

Brraucaenne napjaennit BOBMOKHO TOJBRO TIPU YCJIOBUY BHAHWA (POPMBI B3BOJI-
HOBaHHO}I TI0BEPXHOCTH, KOTOpas 3a/aeTcsd J160 AUCKPETHO B RaK/0M TOUKe IIPO-
CTPAHCTBEHHON CeTKH, J1O0 HEMPEePHIBHO € TOMOIIbLI0 AHAJUTUIECKON (POPMYJIHL.
Rar 6ynmer mokasano B pasnene 4.1, 3HaHue Takoil (POPMYJIbI MOKET YIIPOCTHUTH
BBIYKCJIEHUE TABJIeHUN, (DAKTUUECKU CBeJlA 3a/1a9y K TeHepaluu MmoJs JaBjaeHuii, a
He caMoil B3BBOJTHOBaAHHON TTOBEPXHOCTH.

Mojgeasr Jlonre—Xurrunca. HawubGosee mpoctoii Momennio, popMysaa KOTO-
poii BLIBOIUTCSA B paMKax JHUHeiHoi Teopun BoJH (cM. pasf. 10.1), ABasgeTcs Mopiesb
Jlonre—Xwurrunca (JIX) [10]. [lonpo6HbIii cpaBHUTENbHBIN aHAJTN3 ATON MOJIEIN U
monean APCC mpoBenen B padorax [8,9].

Mogeas JIX mpescraBisger B3BOJIHOBAHHY 0 MOPCKY0 MOBEPXHOCTD B BUJIE CY-
MePHO3UIMN DJIEeMEHTAPHBIX TAPMOHUYECKUX BOJIH CJAYYAWHBIX aMILIUTYI, ¢, U (a3
€, PABHOMEpHO pactipefeneHHbix Ha uHTepBaje [0, 2w]. [logbem (KoopauHara z)

TIOBEPXHOCTH olpejieseTcs PopMynoii

((x,y,t) = Z Cp COS(UpT + Vpy — wit + €,). (2)

n

31ech BOJHOBbLIE 4ucaa (U, V,) HEIPEPHIBHO paclipe/ie]eHbl Ha ILIOCKOCTH (u, V),
T.e. IIoMmaaka du X dv COfep:RUT 6eCKOHEUHO 60JbII0e KOJMIEeCTBO BOJHOBHIX K-
cesi. YacToTa cBsS3aHa ¢ BOJHOBBIMU YHCJIAMHI UCIIEPCHOHHBIM COOTHOTIIEHUEM W, =

w(tUp, vy,). Oynrnusa ((x,y,t) ABJIAETCA TPEXMEPHBIM 3PTOANIECKUM CTAITOHAPHBIM
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OJTHOPOJIHBIM TaYCCOBBIM TIPOTIECCOM, OTIPe/IeJAeMbIM COOTHONIEHIEeM
2E¢(u,v) dudv = g 2
n

rae E¢(u,v) — AByXMepHas CIeKTpaJbHas ILIOTHOCTb sHepruu BoaH. Kosdpuim-

EHTHI C,, OTIPEJIeJAITCA U3 DHEPTeTUUECKOTr0 CIIeKTpa BoJiHeHuA S(w) 1Mo GopmyJe

Hepocrarku mopmenn Jlonre—Xurrunea. HecmoTpsa Ha To uto Mogensb JIX
OTJIMYAeTCA MPOCTOTOH UMCIEHHOTO aJIrOPUTMa, Ha MPAKTHKe OHa obJamaeT pAaoM

HEeJOCTaTKOB.

1. Mopgeab paccuntana Ha TpeficTaBIeHNE CTAIMOHAPHOTO TayccoBa MoJsd. ITO
ABJISETCA CIEJICTBUEM IeHTPaabHO TpeneabHoil Teopemsbl (ILIIT): cymma 6071b-
IIOTO YHCJIa TAPMOHUK CO CAYYAlHBIMU aMILTUTYIaMd U ()asaMu WMeeT HOp-
MaJIbHOE paclpefieJieHne B HeBaBUCUMOCTH OT CIIEKTPA, M0IaBaeMOTo Ha BXO]
moziean. Vcnosb30BaHre MEHBIIETO KOJIUIeCTBa KOA((UIIMEHTOB MOKET pe-
IUTH MPOOJEMY, HO TakiKe YMEHBITUT Mepuoj, peatusaiuu. Mcrnoab3oBanue
mozesu JIX nyist reHepaliy BOJIH ¢ HETAYCCOBLIM pacIpesieJeHreM allinKaT
(RoTOpOe NMeIoT peabHbie MOpcEUe BOJHBI [11,12]) He peasusyemMo Ha Tpak-

THUKE.

2. C BBUKCIUTEJSBHON TOYKM 3pEHUA, HEJIOCTATKOM MOJEJN ABJIAETCS HeJMHeli-
HBIIi POCT BpeMeHU TeHepaliy MOBePXHOCTHU C YBeJUUYeHUeM pasMepa peaJiu-
saru. Yem GoJbilie pasmMep peaqusanyu, TeM 60Jbine Ko3(p(puiimeHToB (auc-
KPETHBIX TOYER YaCTOTHO-HAITPABJIEHHOTO CIIEKTPa) TpedyeTcsA M MCKI0de-
HUSA TEePUOAUIHOCTH. ITO JeaaeT Mofieab Hed(EeRTUBHON A MPOBeIeHUA

JJIUTEJBbHBIX YNCJICHHBIX 9RCIIEPUMEHTOB.
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3. Harowner, ¢ WH:KeHEPHOI TOYKM 3PeHUS, MOJeJb 00IalaeT PAIOM 0COOeHHO-
cTefl, ROTOpbIe He TT03BOJAIT UCII0Jb30BATH €€ B KauecTBe (PyHIaMeHTa M/

HocTpoeHus 6oJiee coOBepIIeHHBIX MojieJet.

* B mporpammHoiil peanusaiiy CROPOCTh CXOAUMOCTH BhIpaKeHus (2) HI3-

Ra, T.K. Ct)&SbI €, UMEIOT pacIiipeneJeHbl PaBHOMEPHO.

+ O6o06menne MOfIeJ N I/ HETAYCCOBBIX U HEJMHEHBIX TTPOTIECCOB BaTPY/I-
HEHO, TIOCKOJIbRY TpeOyeT BKJIUEHUS HeJWHEHHBIX 4JIeHOB B (2), mid

KOTOPHIX He M3BeCTHA (popMyJia BeUucaeHUA KoadgunueHTos [13].

Takum o6pasom, mopesab JIX mpumenuma s pelieHus 3aJauu reHepaluu
B3BOJIHOBAHHOI MOPCKOi TTOBEPXHOCTH TOJIBKO B PaMKax JHUHEHHO Teopuu BOJH,
Hea(p(peKTUBHA [ IJUTENbHBIX SKCIIEPUMEHTOB U UMeeT PsJl HeIOCTATKOB, He 103-
BOJIAIOIINX MCIIOJH30BATH €€ B Ka4ecTBe OCHOBHI JIJIA TIOCTPOeHUsA 6oJiee coBepIleH-
HBIX MOJeJIei.

Mojgear APCC. B [14] mopmess APCC ucnosbayeres s reHepaiuu Bpe-
MEHHOTO PfAfia, CIEeRTp KoToporo coBmamgaer co crertpoM [Iupcona—Mockosuia
(IIM). ABTOpHI IPOBOAAT 9KCIIepUMEHTH 11 oqHoMepHBIX Mofeneit AP, CCu APCC.
OHU oTMeYaT MPEeBOCXOHOE COBIAJEHNE TOJYIEHHOTO W MCXOJHOTO CIIEKTPOB U
6oJiee BBICOKYI0 BbMHCIUTENbHYI0 d((erTuBHOCTL Momenn APCC mo cpaBHenmio
C MOJIeJIAMHU, OCHOBAaHHBIMU HA CYMMUPOBAHWM OOJBIIOI0 YMCJIA TAPMOHUK CO CJIY-
vaiinpiMu pazamu. Tak:ke oTMedaercs, UTO JJA TOTO YTOOBI CIIEKTP MOJYIEHHOTO
BPEMEHHOTO psAja coBnaaan ¢ 3amaHubM, mopesn CC Tpebyercs MeHbIee KOJu-
q9ecTBO Koa(puimerTon, deM mojaeun AP. B [15] aBrop o6obimaeTr (hopmynsl s
HaxomaeHus kosuienTon mogein APCC s cayuas HeCKOJBRUX MEepPeMeHHbIX
(BEKTOPOB).

Oranune MAHHON PAbOTHI OT BHIIETIEPEUUCICHHBIX COCTOUT B MCCAEIOBAHUY
TpexmepHoii Mosiesn APCC (mBa mpocTpaHCTBEHHBIX W OJHO BpPEeMEHHOE M3Mepe-

HUE), 9TO BO MHOTOM ABJIAETCS IPYToil 3amadeii.
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1. Cucrema ypasuenwuii lOna— Yorepa, ucrnoabsyemas s onpepeseHns Koad-

¢urmentoB AP, nmeer 6osee caokHYIO 6J0IHO-OJOTHYIO CTPYRTYPY.

2. OnTuMaJbHbIN (718 cOBTaieHNs 3aaHHOT0 U UCXOJHOTO CIIEKTPOB) MOPAIOK

MO/JIeJIN OIIpeJieiAeTCs BPYIHYIO.

3. Bumecro annporcumaryu IIM B kadecTBe Bxoma Mojiesin MCHOJAB3YIOTCA aHa-

JuTrdeckue Buipakennsa nad AR® crogunx u mporpeccuBHBIX BOJH.

4. TpexmepHas B3BOJHOBAHHASA [TOBEPXHOCTD JOJ:KHA OBITH COIIOCTABUMA C pe-
aJIbHOIl MOPCKO# ITOBEPXHOCTHIO HE TOJBKO II0 CIIEKTPAJBHBIM XapaKTepUCTH-
KaM, HO U 110 (popMe BOJHOBBIX NpPOQUIeii, 103TOMY BepUPHUKAIMA MOJEIN
IIPOUBBOJUTCA U JUIA paclpeeleHnil pa3InIHbIX [1apaMeTPOB reHepUupyeMbIX

BOJIH (JITWH, BBICOT, TIEPUOIOB U JI.).

MuoromepHOCTH HCCIETyeMOii MOfIeJIH He TOJBRO YCAOKHAET 3a1a9y, HO U MT03BOJA-
eT TPOBECTU BUBYAJBHYI0 MPOBEPRY TeHEpUpPyeMoil B3BOJHOBAHHOII TTOBEPXHOCTH.
NMeHHO BOBMORHOCTD BU3YAJUBUPOBATH PE3YAbTAT PAOOTH MPOTPAMMBI TI03BOJISET
VIOCTOBEPUTLCA, UTO TeHepupyeMas MOBEPXHOCTh MefiCTBUTENBHO MOX0Ka Ha pe-
aJbHOe MOPCKOEe BOJIHEHUeE, a He ABJIAeTcS aOCTPAKTHBIM MHOTOMEPHBIM CJyYaiiHbIM
MPOIIECCOM, COBIAIAIONINM C PEAJbHBIM JHUIIb CTATACTHIECKH.

B [16] Mmomeab AP ucriosib3yercs /it IPOTHO3UPOBAHKSA BOJIH 3bI0OM [/ yIIPaB-
JeHus mpeo6pasosareseM sHepruu BoaH (I19B) B peaabrom Bpemenu. [ apder-
TuBHOI paboTs 119B Heo6xomnMo, 4TO6H YacTOTa BCTPOEHHOTO OCIIMJIIATOPA COB-
majiaia ¢ 9acToToil MOPCKUX BOJH. ABTOPBHI CTATHU TPEACTABIAIOT MOIHEM BOJHHI
Kak BPEMEHHO P 1 cpaBHUBAOT 3(PeKTUBHOCTL Mofiesn AP, HefipoHHBIX ceTeii
¥ IIRJMIECKUX MOJiesieli B TPOrHO3upoBanny Oyaymux suadenuii paga. Momeanr AP
naeT HauboJee TOUHBINA TTPOTHO3 JIJii HUBKOYACTOTHBIX BOJH 3bI0M BILIOTH JI0 JIBYX
TUIIOBBIX MEPUOIOB BOJH. JTO TIPUMEP YCIENTHOro mpuMeHeHus mporecca AP nia

MOJI€JIMPOBaHUA MOPCRUX BOJIH.
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3.2. OcHOBHBIE (DOPMYJIBI TPEXMEPHOT'O MPoOIecca
APCC

Mopear APCC ana mopcroro BosHeHWS ompejesiseT B3BOJHOBAHHYI MOP-
CKYI0 TTOBEPXHOCTh KaK TPeXMepHHI (J[Ba MPOCTPAHCTBEHHBIX M OJHO BpEMEHHOe
m3MepeHue) MPoIece aBTOPErPECCHr CKOJMB3AIIET0 CPEeHEr0: Kamaasa TOIKa B3BOJI-
HOBAHHON IMOBEPXHOCTH IPEJCTABJIAECTCA B BUJE B3BEIIEHHON CYMMBI IIPEIbIIYIIHUX
110 BpeMeHU U IIPOCTPAHCTBY TOYEK U B3BEIIEHHOW CYMMBI IIPEABIAYIINAX 110 BpeMEH!
W TTPOCTPAHCTBY HOPMAJBHO pacHpeefeHHbIX CAyYallHBIX UMIYabcoB. OCHOBHBIM

ypaBHenueM aiaa TpexmepHoro mporecca APCC aBiserca

N M
C% = Z CI)j. il + Z @;.E#_j., (3)

rie ( — ToabeM (aNmJanKara) B3BOJIHOBAHHON MOBepxHOCTH, ¢ — Koa(¢uimeH-
THl Tipotiecca AP, © — roapdummentsr mporecca CC, € — Oeblit ITyM, UMeOTTiii
TayccoBo pacnpenererne, N — mopsiok mpouecca AP, M — nopsagor mporecca
CC, npuuem ®; = 0, O35 = 0. 3uech cTpearn 0603HaYalT MHOIOKOMIIOHEHTHbIE
WHJIEKCHI, COflep:Kalie OT/eJIbHY0 KOMIIOHEHTY [ Rasma0ro usmeperus. B oomiem
cJaydae B Ka4eCTBe KOMIIOHEHT MOTYT BBICTYIIATh JIOObIe CKaJIAPHBIE BEJUUNHBI (TeM-
neparypa, CoOIeHOCTh, KOHIIEHTPAIA RaRoTo-a1160 pacTBopa B Bojie u T.11.). [lapa-
MeTpaMy YpaBHEHUA CayskaT Koa(puimeHTs u mopsaaru mpoieccoB AP u CC.
WNmvuranyuorHas Moe b MOPCKOTO BOJTHEHNA MTpeiHa3HadeHa /I BOCITPON3Be-
NIeHNA PeaJUCTUIHBIX pean3alnii BeTPO-BOJIHOBOTO TIOJIA U TPUTOHA JIJIA WCIIOJIb-
30BaHWA B pacuerax AuHAMUEN cyaHa. CBOCTBA CTAIIMOHAPHOCTH U 06PATUMOCTH

ABJAIOTCA OCHOBHBIMA KPUTEPUAMHU BbI60pa TOI0 UJX UHOTO IIponecca AJd MOdeJJ -

poBaHUA BOJH PasHBIX MPoguaeii, KOTopele 00CcyxAaI0TCA B pasaene 3.2.
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IIponece aproperpeceun (AP). Ilpomnecec AP — aro mporece APCC toabro

Juiib ¢ OAHUM CJIy‘—I&fIHbIM NMITYJIbCOM BMECTO UX B3BEIIeHHOI CYMMBbI:

—

N
G= Z (I);- 7t €k (4)

=0

4

<

Roadpdunuents aBroperpeccun ® onpenensaoTcs s MHOTOMepHBIX ypaBHenunit lOma—
Yoxkepa (10Y), noxyuaeMbIx mocae JOMHOKeHHA Ha (> » 00enX dacTell ypaBHeHH 1

B3ATHA MaTeMaTHdeckoro oxknuganusa. B o6mewm Buse ypasuennd I0Y sanuceiBaorcs

KaRr
N 1, ifk=0
=D S0l 0= B (5)
7§ 0, ifk+#0,

rae v — AK® npouecea ¢, 02 — muenepeus 6enoro myma. Matpuunas gpopma Tpex-

MepHOil cucrembl ypaBHenuii 0¥, ncnosbsayemoii B fanHoi paGoTe, UMeeT CJaeIyio-

U BUL,.
b5 Y0,00 — OF I'yn I't --- I'n,
r Dy o1 _ | 001 | r_ I'n I |
Iy
Py Vi Ty, r, T,

0 1 Ny

oI - I Yigo  Vigl tcc VigiNg

1 0o -, : . . .,

I - j Yig1 o Vigo e X

T, = 1 =" ,

L; = T g

Ny 1 0

A S VigNs U Vil Vigo

Iockoabky mo ompepenennto @5 = 0, To mepByto CTPoKy u cToaber; Marpuipl I

MoskHO oTOpocuTh. Matpuna I', kar u ocraBmascsa oT Hee MaTpuIa, 6yayT 6.109HO-
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0JIOUHO-TETINTIEeBHI, TIOJOKNTETbHO OTIPe/IeNeHbl I CAMMETPUYHBI, T09TOMY CHCTEMY
ypaBHeHUIT MOEKHO 3(DPEKTUBHO PEIIUTh METOI0M XO0JeIKOT0, CIIeIUaJbHO TIpeIHa-
3HAYEHHOT'0 [/ TAKUX MaTpPHIL.

[Toce HaxoxIeHNA pelleHUs CHCTEeMbl ypaBHEHUi quciiepensd 6eJgoro nyma

onpefeaseTcd U3 ypaBHeHud (O) npu k=0 rak

IIponece ckoapzamero epeanero (CC). Ilpomecec CC — aro mporece APCC,

B KoTopoMm ¢ = O:

N
G=) O (6)

S,ILGCB HOBBIC 3HAYCHUA ROSCr)qJI/IL[I/IeHTOB O BBIUUCJIAIOTCA, HaUNHad C IIOCJeIHEeI'0:

ot ¢ = M no i = 0. [Iucniepcus 6esoro myma BEMUCAAETCA U3

2 5

—

M
1+ > e2
A

e}

Asropn [17] mpepgarator ucmob3oBaTh MeTos, Helorona—Padgcona miaa pemenns

9TOTO0 ypaBHEHUA ¢ 6GOJbIIEl TOYHOCTHIO, OMHAKO, B TAHHOM CJIydae 3TOT METO]
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CJI0KHO 0000ITUTH /1A TpeX usmepenuii. Memomp3oBanue 6oJee MeIJIeHHOTO METO/A
He oKasbiBaeT GOJbIIOro a()eKTa Ha OOIILYI0 ITPOU3BOIUTEIBHOCTD MTPOIPAMMBI, 110-
TOMY YTO KOJNIECTBO KOA(P(PUIIMEHTOB MaJ0, U OOJIBIIYI0 YaCTh BpeMeH! MporpamMmma
TPaTUT Ha TeHepalnio B3BOJTHOBAHHO TTOBEPXHOCTH.

Cranuonapuocets u oopatumoctsb npoieccoB AP u CC. [lna Toro uro6sl
MojieIupyeMast B3BOJHOBaAHHAS TTOBEPXHOCTh MpeJcTaBasa coboil (pusnieckoe saB-
JIeHUe, COOTBETCTBYIONIHII TIPOTIECC MOJKEH OBITh CTAIlMOHAPHBIM U 06paTuMbM. Ke-
JIW TIPOIECC 00pamuMm, TO CyIEeCTBYeT padyMHas CBA3b TEKYIIUX COOBITHI ¢ COObI-
TUSMH B TIPOIILIOM, U, €CJHU MPOIECC CMAYUOHAPeH, TO aMILIUTYIA MOIEJUPYyeMOro
(PUBUUIECROTO CUTHAJA He YBeJNUnBaeTcs 6ECKOHETHO B IPOCTPAHCTBE U BPEMEHH.

[Tportece AP Bcerma ob6paTtuM, a Jjid CTaIlMOHAPHOCTH HEOOXOANMO, UTOOHI

KOPHU XapaKTepUCTUIeCKOTO YPaBHEHUA
1 - (1)070712 - ¢0’0’222 S — (I)NZNOJ\GNQ _ 07

JesKAIN 6He eIUHUTHOTO KpyTa. 3nech N — mopsanok mporecca AP, a & — koad-
(PULEHTHI.
[Tpomece CC Bcerma cramuoHapeH, a s 00paTUMOCTH HEOOXOAUMO, ITOOBI

KOPHU XapaKTepUCTUIeCKOTO YPaBHEeHUA

1 — @0,0,12 — @0’0,222 — s — @MZ‘MOMlMZ = 0,
JeKATN 6He eTUHTIHOTO KPyTa. S/ech M — nopsAnok mpotecca CC, a © — koap-
(PULIFEHTHI.

CpoiicTBa CTAIMOHAPHOCTU U 0OPATUMOCTHU ABJAIOTCA OCHOBHBIMU KPUTEPH-
AMY TIPY BBIOOPE TpoIiecca JJis MOJeJINPOBAHNA PAsHLIX Mpoduaeil BOJH, ROTOPHIE
obcy:kaaoTeA B pasuese 3.2.

CMemanubiii mponece aproperpeceun ckoqabasamiero epeanero (APCC). B

o6mem u meqaom, poriecc APCC mosydaercs myTem MoJcTaHOBRU CTeHEPUPOBaH-
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Hoii mporieccom CC B3BOJIHOBAHHOI TOBEPXHOCTH B KaUeCTBE CAYIaiiHOTO UMITYIbCca
nporecca AP, ogaako, njisa Toro 4ro6sl AR® pesyabrupymolmero mporecca cooT-
BETCTBOBaJA 3a/JaHHOl, HEOOXOUMO TIPeIBAPUTEIbHO CKOPPEKTUPOBATH 3HAUEHU

koappurmenToB AP. CyimecTByeT HECKOJBRO CITOCOO0B «CMENTUBAHUA) TPOIECCOB

AP u CC.

* ITogxon, mpetoskeHHbI aBTopamu [17], KOTOPHIiT BRIOYAET B cebs pasee-
ane ARD na gacts aua nponecca AP n gacts nas nponecca CC mo rasmmomy
U3 U3MepeHuil, He TOAXOAUT B JaHHOW CUTyalluu, [IOCKOJbKY B TpeX usMepe-
HUAX HEBO3MOKHO TakuM oOpasom pazneanth ARD: Bcerma ocranyTed 9acTu,

KOTOpbIe He OyayT yuTeHsl Hu B mporecce AP, uu B mporecce CC.

« AJIbTepHATHBHBI MTOJX0/] COCTOUT B UCIIOJIb30BAHUM OIHOM U TO ke (Hepas-
nenennoit) AK® nasa nporeccoB AP u CC mporieccoB pasHBIX MOPAAKOB, OfI-
HAKO, TOTJIa XapaKTepPUCTUKY peaausaliny (MaTeMaTuIeckoil o:Ruanme, amuc-
nepcus u Ap.) OYAYT CMeIleHbl: OHW CTAHYT XapaKTepUCTUKAMU JIBYX HaJO-

HEHHBIX JIPYT Ha JIpyra IIPOILEeCcCoB.

Ilna mepBoro moxxoza aBTopamu [17] mpemioskeHa ¢opMmyaa KOPPERTUPOBKH KO-
a¢uiimenToB npoiecca AP, njsa BToporo ke 1moaxona Takoi popMmyas Het. Tarum
06pasoM, eJIMHCTBEHHBIM ITPOBEPEHHBIM pPellleHneM Ha TaHHBI MOMEHT SBJISETCS UC-
noJibaoBanue mpoieccoB AP u CC mo otfenbHOCTH.

Rpurepun Boidopa npomecca. OpHoii u3 mpo6JeM B TPUMEHEHUH MOJEJN
APCC pisa renepaliuy B3BOJHOBAHHON MOPCKO# MOBEPXHOCTH ABJAAETCA TO, UTO
T Pa3HBIX TPOQUIEit BOH #e00200uM0 NCTIONb30BATh PA3HbIe TIPOTIECCHl: CTOATNE
BOJIHBI MOJIEJAUPYIOTCA TOJBKO mporieccom AP, a mporpeccuBHBIE BOJHB — TOJBKO
mpotieccom CC. ITo yTBep:k/IeHUE IPHUIILIO U3 TPAKTUKU: €CJAN MOTBITATHCA UCTIO0h-
30BAaTh MTPOIIECCH HA00OPOT, PE3yAbTUPYIONAA Peaqnsalus J1u00 pacXoauTces, au6o
He TpeJicTaBasgeT co00il peasbHble MOPCKWE BOJHBI (TarOoe MPOUCXOAUT B caydae

reo6patumoro mpoiecca CC, koTopwiit Becerna cranuonaper). Takum o6pasom, mpo-
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mecc AP mMosker OBITH MCIIOJH30BAH TOJBKO I MOJEJMPOBAHUA CTOSYMX BOJH, a
nporecc CC — A MporpeccuBHBIX BOJIH.

I pyroii mpo6aeMoii ABIAETCA CJIOKHOCTD OMpeeNeHIA ONTUMAJIBHOTO KOJIH-
decTBa KO3 ummenToB 1ia TpexmepHbix mporieccoB AP u CC. [lna omHOMEpHBIX
MPOTIECCOB CYTIECTBYIOT MPOCTHIe B peaJnsaliuy nTepaTuBHble MeTonbl [17], a mid
TPEXMEpPHOTO CIydas CYyIecTBYIOT aHaJormaHbie MeTonbl [18,19], koTopsie ciox-
HBl B peajn3allii, n3-3a 9ero He OBLIM WCIOJL30BAHBI B JlaHHON padore. Pydnoii
BBIGOD TIOPSAKA MOJIN TPUBUAJEH: 3ajlaHue 3aBeJJOMO BHICOKOTO MOPSAIKA CRA3bI-
BAETCSA HA TPOU3BOAUTEJIBHOCTH, HO U HE HA KAYeCTBE Peau3aIiii, TTOCKOJIbKY I1e-
PUOJMIHOCTH MPOIECCOB HE 3aBUCUT OT KoJmdecTBa Koa(duiimenToB. IIporpaMmuas
peaqusanya UTePATHBHOTO METO/Ia MOWCKA OTTHMAJBLHOTO MOPAIKA MOIENN TTOBBI-
cusa OB YPOBEHb aBTOMATH3AIINN TeHepaTopa B3BOJIHOBAHHOI TTOBEPXHOCTH, HO He
KadeCTBO MPOBOIUMBIX SKCIIEPIMEHTOB.

[TpakTwra mMoORa3LIBaeT, 9TO HEROTOPHIE YTBep:KAeHUA aBTOPoB [17] He BHI-
nosHsATeA 1A TpexMepHoit mogean APCC. Hampumep, aBToOps yTBEp:KIAIOT, UTO
AK® npomnecca CC obpriBaeTcs Ha oTcuere ¢, a AK® mporecca AP saryxaer Ha
0eCKOHETHOCTH, OTHAKO, HA IPAKTHKE TPYU UCTI0JH30BAHUY c1a00 3aTyXaoliei u 06-
peBatomieiica Ha orcuere ¢ ARD g rpexmeproro mporecca CC monyvaercs HeoO-
parumbiii iporiecc CC u peaJmsaiiysa, He COOTBETCTBYOIIAA PeAJbHBIMA MOPCKHUM
BOJIHAM, B TO BpPeMs Kak MPW UCII0Jb30BaHNT Toii ke camoit AR®D mjia TpexmepHOro
nporecca AP mosydaercs cranuoHapHbIi 00paTUMBII MTpoIece U ajleKBaTHAS pe-
anmsarus. Takme, aBTOpBl yTBEPHKAAWT, 4T0 TepBhie ¢ Touek AR®D cMermanHoro
mporecca Heo6xoauMo BeIeUTH TIpotieccy CC (IMOCKOJBKY OH OOBIMHO HMCITOJB3Y-
eTcs 1A onucanusa nukoB AR®) u orgarh octanbhbie Touky mpoieccy AP, onna-
KO0, Ha TIpakTuke B ciaydae ARD mporpeccusHoil Boausl potiecc AP cranmonapen
TOJBKO I HaYaJbHOTO BpeMeHHOTo cpesa ARD, a ocraibHBle TOURU OTAAIOTCA
npouecey CC.

Cymmupys BbIlieckasanHoe, Hanbogee paspaboTaHHBIM CIleHApHeM TpuMeHe-

ausa mopesn APCC nia renepaiiuu B3BOJTHOBAHHOW MOPCRO¥ TTOBEPXHOCTH SBJA-
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eTcsA ucnoab3oBanue mporecca AP s crogumx BoaH u nporecca CC masa mpo-
rpeccuBHBIX BoJH. Mcnoan3oBanme cmemannoro nmporecca APCC aag o6ounx tumnos
BOJIH MOJRET CJieIaTh MOfieJb 60Jiee TOTHON TPU YCJOBUH HAJUYUA COOTBETCTBYIO-
MUX POPMYJT KOPPEKTUPOBKU KO3(DPUIMEHTOB, 4TO ABJAAETCA 1EJbI0 TaJbHeAInX
HCCJEeIOBAHUM.

Bepuguranusa uHTerpajdbHbIX XapaKTepUCTHK B3BOJHOBAHHOW MMOBEPXHO-
ctu. [laa momean AP B padorax [8,9,20] skcnepuMeHTAJBHBIM ITyTeM OBLIN Be-

pUPUIAPOBAHBI

* pacrpefeieHs Pa3JINIHBIX XapakTePUCTUK BOJH (BBICOTH BOJH, AJUHBI BOJH,

JJIMHBL TpeGHeidl, Tepruoj BOJIH, YKJIOH BOJH, IIOKa3aTe b TPEXMEPHOCTH),
* JUCIIEPCHOHHOE COOTHOIIEeHME,

¢ COXpaHeHune MHTerpaJbHbIX XapaRTEePUCTUR IJA Caydasd CMEIlaHHOTO BOJHE-

HHUA.

B nanmnoit padore Bepupuimpyiores kar mopesb AP, rak u CC myrem cpaBHeHus
pacrpejieieHuil pasuIHbIX XapaKTePUCTUK BOJH.

B [13] aBTOpHI TOKA3KIBAIOT, YTO HEKOTOPHIE XaPAKTEPUCTUKN MOPCKUX BOJIH
(mepeuncaenHbie B Ta0/1. 1) nmeoT pacrupefenenne Befibynia, a mogbeM B3BOJHO-
BAHHOI TIOBEPXHOCTH — HOpPMaJbHOe pacrpejenenue. [[aa Bepuduraym reHepu-
pyembix Mogieasmu AP u CC peasnusaiiuii ncmonb3yoTes CIpAMIeHHbBIE IUATPAMMBL
(rpa¢purm, B ROTOPHIX 10 ock O X OTRJIAABIBAIOTCA KBAHTUIN (PYHKIIUN pacipe/iese-
HWS, BHIUUCICHHBIE aHAJIUTHIECKH, a 110 ocu OY, BEUUCACHHBIE DKCIEPUMEHT T h-
Ho). Ecau premepuMeHTAIBHO TIOJIYIeHHOE pacipefieJieHre COOTBETCTBYeT aHaJ -
THYECKOMY, TO TPa(UK MpeicTaBsgeT co6oii mpamyio auHuo. KoHIb Tpaduka MoryT
OTKJOHATHCA OT TIPAMOIl JUHUY, TTOCKOJbKY HE MOTYT OBITh HAMEKHO TTOJTYUEHBl U3

peajausanui KOHeYHOW [IJIUHBL.
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XaparTepucTuka RoappummerT popmbr k

Bricora BoJHBI 2
IliuHa BOJIHBI 2,3
IivHa Tpe6HA BOJHBL 2,3
[Tepuon BosHBI 3
YKJI0H BOJIHEI 2,5

[Torasarean TpexmepHocT 2,5

Tabauma 1: 3unadenune koadguimerTa Gopmbl pactpeesennsa Beiibyana nisa pas-
JUYHBIX XapakTepPUCTUK BOJIH.

Bepuguranusa nmpousBoguTes A8 CTOSYNX U TporpeccuBHBIX BoaH. CooTBeT-
crByorue AR® u cipamienHbie iuarpaMMbl pactpefieqeHnil XapakTepuCcTUR BOJTH
npejicTaBJaeHbl Ha puc. 3, 2, 1.

XBocCTH pactipefieiennii Ha puc. 1 OTRIOHAIOTCA OT OPUTUHAJLHOTO Pacipeie-
JIeHUSA JIJIA XapaKTePUCTUR OTIEJbHBIX BOJTH, TOCKOJBRY KasKIY10 BOJIHY HEOOXOIUMO
M3BJeYb U3 MOJYUeHHO! B3BOJHOBAHHO MOBEPXHOCTH, YTOOL USMEPUTH €€ JJIUHY,
MePUOJ, M BHICOTY. AJTOPUTM, KOTOPHI OB rapaHTHPOBAJ 0€30MuO0UYHOE N3BIETE-
HIIe BCeX BOJH, He M3BECTEH, TOCKOJbKY BOJHBI MOTYT M 9aCTO HARJIAABIBAIOTCH IPYT
ra apyra. [IpaBsrit xBocT pacnpenenenns Befidy/ina oTkaIoHAETCA 6OMBIIE, TOCKOTH-
Ky OH TIPEJICTABJIACT PEKO BOSHUKAIOIINE BOJHHI.

CreneHb COOTBETCTBUA A CTOAINX BOJH (pUC. 2) HUKe JIJIA BBICOT W JIJIVH,
MPUMEPHO OJUHAKOBA /IS TO’beMa TIOBEPXHOCTH ¥ BhIIIle JIJIA TepuofoB BOJIH. Bo-
Jiee HU3KasA CTeleHb COOTBETCTBUSA JJIWH W BHICOT MOKET OBITH Pe3yJIbTaTOM TOTO,
qTO pacmpeeseHus OBLIN MOJTYIeHbl AMIUPUIECKH JIJIT MOPCKUX BOJIH, KOTOPHIE, B
OCHOBHOM, SABJAIOTCSA MPOTPECCUBHBIMU, W aHAJOTHUHBIE PACIPeleeHUs I CTOS-
94X BOJH MOT'YT OTJIWYaThCA. Bosee BrIcOKasA cTemeHh COOTBETCTBUA MEPUO0B BOJH
ABJISAETCA CIEJICTBUEM TOTO, UTO TEPUO/Ibl CTOSYNX BOJH M3BJIEKAOTCSA 60Jiee TOUHO,
MOCKOJIBKY BOJIH He TIepeMelaiTcsa BHe MOJIeJTUPyeMoii 061acTi B3BOJTHOBAHHOI T10-
BepxHOocTH. OnMHAKOBAsA CTEMeHb COOTBETCTBUSA JJIA MObeMa TIOBEPXHOCTH MOJY-
qaeTcs W3-3a TOTO, UYTO HTO XapPaKTEPUCTUKA TMOBEPXHOCTH (M COOTBETCTBYIOIIETO

nporecca AP nmm CC), m oHa He 3aBUCHT OT THIIa BOJH.
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26

O
< -
<
nmoagbemM gl
w
N — o
<
N
oS >
v
8 2
w
PR
<+ A
0
| I I I I I I I I I I
-4 -2 0 2 4 05 1.0 1.5 20 25 3.0
X X
[ee)
Ne)
<t
N

Puc. 2: Crnpamiennbie quarpaMMbl i CTOSYNAX BOJH.
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Takum o6pasom, nmporpammuasn peasusaiusa mogesneit AP u CC (roropas mo-
NpoOHO omMcaHa B pas/l. ) reHepupyeT B3BOJHOBAHHY IO TIOBEPXHOCTb, pacipe/iesie-

HUA XapaKRTEePUCTUR OTAEJbHBIX BOJH KOTOpOﬁ COOTBETCTBYIOT HATYPHBIM [TaHHBIM.

3.3. Mojeanposanue HeJJMHENHOCTH MOPCKUX BOJIH

Mopear APCC mosBoJisieT yuecTb acUMMETPUYHOCTb pacipeeneHus BOJHO-
BBIX QMIJIMKAT, T.e. TeHEPUPOBATH MOPCKYE BOJHbI, BAKOH PACIIPE/IeJTeHI aTTLIN-
KaT KOTOPHIX NMeeT HeHYJIeBoil dKkcIecc u acuMMeTpuio. Takoil 3akoH pacmpeese-
HIS XapakTepeH i PeaJbHbIX MOPCKUX BOJH [21] 1 3afaeTcs au60 MOIUHOMIATb-
HOTI anmpokcuMaIeil HATYPHBIX JAHHBIX, JU00 aHAJUTHIECKA. ACHUMMETPUIHOCTD
BOJIH MOJIEJIUPYETCSA C TIOMOIIBI0 HeJMHEHHOTo 0e3bHePIIMOHHOT0 MpeoOpa3oBaHus
(HBII) cayuaitnoro mpoiiecca, ofHako, Joboe HeJqnHeiiHOe peodpas3oBaHue CJIy-
qaiiHoro mporecca MPUBOAUT K mpeobpasoBanuio ero ARD. [[asa Toro 4To6H moga-
BHUTb 3TOT 3(P(PeKT, He0OXOMMMO MpeiBapuTeabto mpeobpaszoBath ARD, kak moka-
3aHO B [8].

IIpeoOpasoBanue B3BOJHOBAHHOIT MoBepxHOCTH. Popmyna z = f(y) mpe-
006pa3oBaHUsA B3BOJIHOBAHHON TTOBEPXHOCTH K HEOOXOIMMOMY OTHOMEPHOMY 3aKOHY
pacipesesenus F'(z) nojydaercs ImyTeM pellieHus HeJMHeHOTO TPaHCIeHIeHTHOTO
ypaBuenus F(z) = ®(y), rme ®(y) — PyHKIUA OMHOMEPHOIO HOPMAJBLHOTO 3aKO-
Ha pacrpepenennd. [lockoabry GyHRIMA pacrpeneneHns anJnkaT MOPCKUX BOJH
JacTO 3a7aeTcA HEKOTOPOil anmpoKcuMaIieil, OCHOBAHHOW Ha HATYPHBIX JTaHHBIX,
TO HTO ypaBHEHHUE 1eJecO00PA3HO PelaTh YNCICHHO B KAMI0N TOUke yk|Y_ ceTku

CFeHepI/IpOBaHHOﬁ ITIOBEPXHOCTU OTHOCUTEJIBHO Z. TOI‘IL& ypaBHeHHE 3allullleTCda B
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BHUJIe
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Flz) = J%TT / exp {—%] dt. (7)
0

[TockoIBKY (PYHRIME pacipesieieHuss MOHOTOHHBI, I/ PellleHs 9TOr0 ypaBHeHUs
MCIT0JIb3YeTCs MPOCTEHINNI YrCaeHHBII MeTO/ TIOJIOBUHHOTO JieJeHus (MeTo/ Oucek-
IUN).

IIpeaapureabtoe npeodopazopanue ARD. [[1a npeobpasoBanusa ARD ~,
mporiecca ee HeoOXOAUMO Pa3JoERUTh B pAJ, 1Mo moanHomam JIpmuta (pag ['pama—
[MTapabe)
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=) Gt
m=0

rie

2
Cin f w(y)exp ||,
\/2% 2
H,, — nonurom Ipmura, a f(y) — permenue ypaBuenus (7). BocroabzoBasimuch
MOMHOMHUAIBHOM annpokcumanueii f(y) ~ > d;y’ 1 aHAJNTHICCKUMY BHIPAKEHNA-
i
MU JIJIl TIOJTMHOMOB JPMHUTA, (POPMYIY orpefieJeHusa Kod(p(PUIneHTOB MOKHO YIIPO-

CTUTH, UCIIOJB3Ys Cleylollee paBeHCTBO:

1 T L Y2 (k— D! pnst getHBIX K,
V27 S 0 IJIST HeUeTHEBIX k.

OnTumanabHoe koaudecTBO Koaduimentos C,, onpeseasercs MyTeM BBUUCIEHUA
UX TI0CJIeJ0BaTeJbHO U KPUTEPUil IpeKpalleHns cueTa olpee/aercsa coBlageHneM

nucnepenit 000ux 1moJei ¢ Tpe6yeMoii TOUHOCTHIO €:
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B [8] aBrop mpemsaraer ucnoJib30BaTh MOJMHOMUAIBHYIO AIIPOKCUMAIIHIO
st f(y) Takse [jis peodpasoBaHUs TOBEPXHOCTH, OJIHAKO HA TIPAKTHUKE B peaJu-
3aIM1 B3BOJHOBAHHOI MOBEPXHOCTH YACTO HAXOATCA TOUKHU, BHITAAIONINE 34 MTPO-
MEKYTOR Ha KOTOPOM MOCTPOEHa alTPOKCUMAIINA, YTO TPUBOJUT K PE3KOMY YMEHb-
MMeHNI0 ee TOYHOCTH. B 3Tux Tourax ypaBaenue (7) ap(perTuBHEE pemiaTh METOOM
oucerryu. Venosb3oBaHue MOJUHOMUAJIBHON AMIIPOKCUMAIINY B (JOPMYJIaxX s KO-
apunmentos psaga ['pama—IIlapibe He TPUBOAUT K aHAJTOTUYHBIM OIIAOKAM.

Paszaosxkenue B pajg I'pama—Illapase. B [11] 651710 9RCTIEPIMEHTATBHO TT0-
Ka3aHo, UTO pacrpejiefieHne aninkaT MOPCKOil TOBEPXHOCTH OTJIMYAETCSA OT HOP-
MaJIbHOTO HEeHYJIeBBIM dKcIleccoM u acummerpueit. B [12] morasano, 9To Takoe pac-

npefenenue packiaabiBaerca B pam ['pama—Ilapase (PT'II):

2+ )
F(zp=0,0=1,7,%)~ ®(z 1, J)Tw — 39z 1,0) (v22® + 7 (22° + 1))
1 _ (z=w)? 1 1
flz;m,72) ~ e 22 |1+-mz (2 =3)+—7 (2" —6>+3)], (9)
oV 21 §) 24

rie ©(z) — qpyurnus pacupepenenus (PP) nopmaabuoro sakona, ¢ — DIIP Hop-
MaJbHOTO BaKOHA, 773 — acuMMeTpus, 7, — 3Kcinece, f — DIIP, ' — ¢ynrnua
pactupenenenus (PP). Cormacuo [13] a4 anminkaT MOPCKUX BOJTH 3HAYEHUE acM-
MeTpuu BeiOMpaeTcsa Ha uHTepBadte 0,1 < v < 0,52], a 3HaUeHNe dKCIecca Ha WH-
TepBaje 0,1 < o < 0,7. CemeiicTBO TIOTHOCTEl pacmpeieieHs TPU Pa3TUTHBIX
mapaMeTpax MmokasaHo Ha puc. 4.

AcumMeTpHUHOE HOPMAaJbHOE pacnpe/ejeHue. AJbTepHATHBHON anIPOK-
cumaleil pacrpesieaeHns BOJHOBLIX AIMIUKAT CAYKAT POPMYJIa aCUMMETPUIHOTO

HOopMaJbHOTO pactpenenenus (AHP):

f(z;a) = %erfc [—%] , (10)
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Puc. 4: T'pa¢gur niortHoctu pacupenenenus 3akona, ocnoantoro na PI'II, npu
PaBINIHBIX 3HAYEHUAX ACUMMETPHUH 7y, W DKCIIecca s.
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rie 1" — ¢yuruua Oysna [22]. ITa popmyaa He TT03BOJIAET 331aTh 3HAUEHUS ACUM-
MeTPHH U HRCILecca 110 OTAeJbHOCTH — 00a 3HAUeHU PeryJIupyIoTCs IapaMeTpoM «.
[IpenmymiecTBO HaHHOl (POPMYJABI JUNTH B OTHOCUTENBHON MPOCTOTE BHYUCIEHUA:
aTa (PYHRIMA BCTPOEHA B HEKOTOpPble MPOTpaMMbl M OMOJMOTERN MaTeMaTHIecKux

¢yurimii. ['pagur GyHRUIMN 1J5 pasHBIX 3HAUEHUIT v IIpe/IcTaBJaeH Ha puc. d.
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Puc. 5: I'pagur naornoctn AHP npu pasinuHbiX 3HAUEHUAX KOIPQUIIMEHTA
ACUMMETPHH (.



33

Tectuposanue. [liaa Toro 9ro6sr usmeputs Biausuue HBII na dopmy pe-
3yJIbTUPYIOIIeil BBBOJHOBAHHOI IIOBEPXHOCTH, OBLIO CreHEPUPOBAHO TPH peaJfnsa-

TV
* peaausarus ¢ ['ayccoBbiM pacnipenenenuem (6es HBII),
* peasmsanys ¢ pacrpefiesenueM Ha ocHoBe pana ['pama—Ilapase (PT'II), n
* peasusanysa ¢ ACUMMETPUIHBIM HOpMAJbHBIM pactipesienenuem (AHP).

Hawanbasie coctroaaua I'IICY 6b11u 3aaHBl OMMHAROBBIMY [/ BCEX BAIIyCROB MPO-
rpamMmbl, 4T06bI Mofieib APCC BhiiaBasia ofHu 1 Te ke 3HAYeHU [ Rask10i pea-
Ju3aiyi. Beiio mpoBeieHo 1Ba SKCIEePUMEHTA: JIJIA CTOSYNX W TTPOTPECCUBHBIX BOJH
¢ AR®, zaganubiMu hopmynamu us pasaena 3.4.

B To Bpems rak skcrniepuMeHT mnokasaJ, uyro npumenennie HBII ¢ pacnpenee-
auem PI'II yBesmnuuBaer kpyTUsHy BOJH, TO ke caMoe HeJb3s CKasaTb 00 acuMMeT-
PUYIHOM HOPMAJBHOM pacipenenennn (puc. 6). McmoapsoBanue 3Toro pacipeseie-
HYA TIPUBOJUT K B3BOJIHOBAHHON MMOBEPXHOCTH, B KOTOPOil AlJIUKATH Beera 60b-
e uian paBHBl HyJa0. TakuM o6pasom, acUMMeTpUIHOE HOPMAJbHOE pacrpe/enenne
He noaxoaut agasg HBIL. HBII yBenuuuBaeT BbICOTY U KPYTUBHY Kak IPOTPeCCUB-
HBIX, TaK U CTOAYUX BOJH. ¥ BesmueHune acummerpun uian skciiecca PI'I npuBogut
B YBEeJMUEHWIO KAK BBICOTHI, TAK ¥ KPyTU3HH BoJH. Omm6ra anmnpokcumanun AKD
(yp. (8)) mpunumaer suavenus ot 0,20 gia PI'II go 0,70 pia AHP (raba. 2).

Taxum 06pasom, eIMHCTBEHHBIII TECTOBHI CIleHAPUl, KOTOPHII MOKA3AJ MTPH-
eMJieMble pe3ybTaThl — 9TO peanusalyu ¢ pacnpeaenenueM Ha ocHoBe PI'II nas
IIporpeccuBHbIX U cToAuuX BoaH. AHP nckamaer B3BOJHOBAHHYI0 IOBEPXHOCTb I/
ob6oux TunoB BoaH. Peammsanuu ¢ pacnpenenenuem Ha ocuose PI'II xaparrtepu-
gytorcs 6oJbinoil omubkoit anmpokcumaru ARK®, 4yTo mpuBOAUT K yBEJIUIEHUIO
BBICOTHI BOJIH. [Ipuunna 6oJbinoil omubky 3aka04aeTcs B HETOYHOCTH alTPOKCH-
vmanuu P, koTopas He cxoauTes i BceBO3MORHBIX (yHRIHI [23]. Heemorpsa

Ha GOJBIIYI0 ONTHOKY, N3MEeHeHNe BBICOTH BOJH HeBeJUKO (TabJ1. 2).
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IIporpeccrBHbBIE BOJIHBI

I I I I I
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CTossuHe BOJIHBI

I I I I I
0 10 20 30 40

X

Cpessl B3BOJIHOBAHHOI MOBEPXHOCTU € PA3JMUHBIMU PacipeeJeHuAMA
BosHOBHIX anmukat (['ayccoBo, PI'III n acummerprudanoe HopMaJabHOE).
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Tun Boan Pacmpe. v v « Omubéra N Bricora BoaH

nporpeccuBubie I'ayccoBo 2,41
nporpeccuBubie PI'II 2,25 0,4 0,20 2 2,75
nporpeccuBabie AHP 1 0,70 3 1,37
cTosune layccoBo 1,73
cTosTIne PI'II 2,25 0,4 0,26 2 1,96
cTosTune AHP 1 0,70 3 0,94

Tabauma 2: Ommo6kru anmporcumaiiuu AR®D (pasHocTs aucnepenii) ajid pasaunaHbIX
pacripejieieHuil BOJHOBBIX alllaukar. N — KOJM4ecTBO KO3(hPuimeH-
ToB anmnpokcumanun ARD.

3.4. ®opma ARD 144 pasHbIX BOJHOBBIX MPOQUIeii

Anaautndeckuit meroa. Ilpamoii cmoco6 naxomaenna AR®, coorBeTcTBy-
0Iell 3alaHHOMY TTPO(MUII0 MOPCKOI BOJHBI, BaKI0UAETCA B IPUMEHEHUH Teope-
Mbl Bunepa— Xwununna. CorsiacHo 9Tofl TeopeMe aBTOKOPPeJANMOHHAA (YHRITUA

K ¢ynruuu ¢ paBHa npeodbpasopanuio @ypbe oT KBagpaTa MOAYIA 3TOH PyHRIIANA:

k(1) = F{lcwI*} . (11)

Ecan 3amenuts ¢ Ha (POPMY.Iy M BOJHOBOTO MPO(UIA, TO HTO BHIpasKEHUE JacT
aHAJIUTUYECKYI0 (POPMYAY IJd cooTBeTCcTBYoIeln ARD.

Il TpexMepHOTo BOJHOBOTO MPOoguisd (fiBa MPOCTPAHCTBEHHBIX U OJJHO Bpe-
MeHHOe h3MepeHne) aHaJuTudeckas GopMyaa mpeicTaBasgeT co60ii MHOTOUYIEH BhI-
COKO1 cTeleHu, 1 ee JyUIlle BCETO BHUUCIATD ¢ TIOMOIIBI0 TPOTPAMMBI [JIl CUMBOJIh-
HBIX BBMHUCJICHUI. 3areM, I MTPaKTUUIeCKOTO MPUMEHEeHUA OHA MOKET OBITh all-
MPOKCUMUPOBAHA CYTIEPIIO3UITHEll SKCIIOHEHITAIBHO 3aTYXA0MUX KOCHHYCOB (MMeH-
HO Tak BhaAauT AR® crammonapuoro nmpormecca APCC [17]).

IMnupuyeckuil MetTog. BrpoueM, 1A TpexMepHOTo caydas cyIecTByer 60-
Jiee TIPOCTOI sMIMPUIECKHil MeTo/, HaxoxaeHusa popMbl AR®D, He Tpebdytomuii nc-

I[I0Jb30BaHUA CJA0HKHOTO ITPOTrPaMMHOI'O obecreueHus. I/IBBGCTHO, qTo ARqD, Inpen-
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cTaBJAoIAag co00ii CYyTepno3uINio HRCIIOHEHITUANBHO 3aTYXA0NIX KOCUHYCOB, AB-
Jsiercs pemeHneM ypaBHeHus CTokca g rpaBUTAIMOHHBIX BOJIH [24]. 3Hauur, ec-
JU B MOJIeTUPYeMOM MOPCKOM BOJHEHUU BaskHA TOJbKO (OPMa BOJHBI, & He TOUHBIE
ee XapaKkTepUCTUKH, TO 3alaHHbIl BOJHOBO MPOMUIL MOKHO IIPOCTO TOMHOMKUTD
Ha 3aTyXaIIy0 dKCIOHEHTY, 4To0b moayuuTh noaxoadamyio ARD. dra ARD ue
oTpasaeT rapaMeTpsl BOJH, Takle Kak BbICOTA U [1epUOJl, 3aTO 3TO OTKPbIBAET BO3-
MOKHOCTb MOJIeJMPOBATH BOJHBI Ollpe/ieJieHHbIX JOPM, OIpeeass IPOoQUIb BOJIHbI
NWCKPETHO 33/IaHHON (yHRIMeEH, TOMHORAA er0 Ha HKCIOHEHTY W MCIOJb3ysS pe-
syabpTUpylomyn (GyHknuio B kadectBe ARD. Tarum oO6pasom, sMIUPUIECKUIT Me-
TOJi HETOUYEeH, HO GoJee IMTPOCTOII 110 CpaBHEHUIO ¢ IpUMeHeHueM TeopeMbl Bunepa—
XWHYNHA; OH, B OCHOBHOM, T0Jie3eH A TectupoBanusa mopean APCC.

AR® crosaueit Boanbl. IIpoguab TpexmepHoii miockoii cTosveil BOJTHB 3a-

JaeTcda Rakrk

C(t,z,y) = Asin(k,x + kyy) sin(ot). (12)

Haiinem AR® c nomoipio anaiuTuieckoro Meroaa. J{oMHO®UB opMyIy Ha 3aTy-
XaIyo 9KCIOHEHTY (MOCKOJABRY IpeodpasoBanne @ypbe onpeneneHo A QyHK-

i f, 1J8 KOTopoii cipaBeanBo f —i> 0), mosyunm
T—1L00
C(t,wy) = Aexp [~a(Jt] + |o] + |y])] sin(k,a + k) sin(ot).  (13)

3aTeM, MpUMeHAA TpexMepHoe npeodpasoBanre Pypbe kK 000UM YacTAM ypaBHEHUA
C ITOMOIIIBIO ITPOTPAMMBI JIJII CUMBOJIBHBIX BBIYMCJIEHUI, TI0JYIMM MHOTOYJEH BHICO-

KOIi cTelleHU, KOTOPHIil alllIpOKCUMUPYeM BhIpaskeHueM
K(t,x,y) = vexp [—a(|t] + [z] + [y])] cos St cos [Bz + By] . (14)

Taxum 06pasom, ocie MpuMeHeHnA TeopeMbl BuHepa— XWHYMHA TOJTyIaeM UCXO/T-

HY10 (DOPMYJLY, HO ¢ KOCHHYCAMHU BMECTO CHUHYCOB. JTO pasjanyue BakHO, IIOCKOJIbKY
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snauenre AKD B Touke (0,0,0) paBao nucnepcun nporecca APCC, roropoe mipu
MCII0JTh30BAHUY CUHYCOB OBLIO OBl HEBEPHBIM.

Ecau momeITaThes MOJyIuTh TY e caMyo (DOPMYJY ¢ TOMOIIBI0 AMITAPUIECKO-
ro MeToja, To BepaskeHune (13) HeoOXOAUMO alallTHPOBATh 1A cooTBeTcTBUA (14).
JTO MOKHO OCYIIECTBUTH J1O0, W3MeHAA a3y cuHyca, JuO0 3aMeHOll cMHyca Ha
KOCUHYC, YTOOBI CIBUHYTh MAKCUMYM (DYHRIIUM B HAYAJ0 KOOPMHAT.

AR® nporpeccusHoii BoHB. [Ipoduib TpexmMepHOii II0CKOI IporpeccuB-

HOW BOJIHHI 3a/laeTCAd Kak

C(t,z,y) = Acos(at + kyx + kyy). (15)

IlJis1 aHAUTHYEeCKOTO MeTOo/a TIOBTOPEHNe MIaroB 13 IMpeblIyIIX ABYX maparpagon
naer

K(t,z,y) = yexp [—a([t| + |z| + [y|)] cos [B(t + x + y)]. (16)

Il SMOMPUYECKOTO MeTO/Ia TIPO(UIbH BOJHBI MOKHO IIPOCTO TOMHOKHUTH Ha 3aTyXa-
Iy 10 9KCTIOHEHTY, He n3MeHsAA nojaokenne makcumyma AR® (rak aTo Tpedyercsa
IS cTOSYel BOJIHB).

CpaBHeHUe MBYUEHHBIX MeTOOB. VIToTO, aHAIUTHIECKUIT METO/ HAXOME Ie-

A AR® Mopcrux BOJH CBOMUTCA K CJAEAYIONUM ITaram.

« Ob6ecrevynrsb 3aTyXaHne BbIpameHUA NJIA HpO(bI/IJIH BOJIHBI Ha :|:OO, JOMHOEHNB

€ro Ha 3aTyXalollylo 9KCIIOHEHTY.

* Baars npeobpasoBanue Dypbe oT KBapaTa MOLYJIA TOJYIUBIIETOCA MPOPU-

JIsl, BOCIIOJIb30BABIINCH [TPOT'PAMMON /11 CUMBOJIBHBIX BBIYMC/ICHUI.

* AHHPORCHMI/IPOB&TB HOJIY‘IPIBH.IPIfICH MHOTOYJICH ITOAXOAAIINM BhIpaeHueM IJId

ARD.

IlBa mpuMepa sTOro pasjefa IOKa3blBAIOT, YTO 3aTyXalolye IPo(uIn cTo-

AYUX U TPOTPECCUBHBIX BOJH CXO0:KH 10 (popMe ¢ cooTBeTcTByOIMMU ARD ¢ Tem
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JWITH pasananeM, 9To Makcumym AR® nomken ObITH TepeHeceH B HAYAJI0 KOOP/IH-
HAT, 9TOOBI COXPAHUTH AUCIEPCUI0 MojeaupyemMoro mpoiecca. [Ipumenenne smmm-

pudeckoro Metoja HaxoxaeHnsa AR® cBoquTes k caeyonyM maram.

« Ob6ecrnevynrsb 3aTyXaHn€ BbIpamMEeHUA NJIA HpOCbI/IJIH BOJIHEBI Ha :l:OO, JOMHOEHUB

€T0 Ha 3aTyXalollyl0 sKCIIOHEHTY.

* Ilepenectu MmakcumyM rogyuuBIneiics (yHKIIMKA B HAYAJIO0 KOOPIUHAT, UCIIOJb-

3yd CBONCTBA TPUTOHOMETPUYECKUX (DYHKIMI 114 caBura (passl.

3.5. BriBonn

B cuny cBoeit Hepusudeckoii npupoast mopesb APCC we Braouaer B cebsd
IOHATHE MOPCKOII BOJHBI; BMECTO 3TOT0 OHA MOJIEJIUPYET B3BOJHOBAHHYI0 TIOBEPX-
HOCTb RaK e[iHoe Tiesoe. [[BUKeHA 0TIeJbHBIX BOJIH U X (DOPMa YacTO MOy YatoT-
cA TPyOBIMH, & TOYHOE KOJMIeCTBO TeHePUPYEeMbIX BOJH HensdBecTHO. Hecmorps Ha
9TO, MHTETPAJbHBIE XapPAKTePUCTURN B3BOJIHOBAHHON TTOBEPXHOCTH COOTBETCTBYIOT
PeaJbHBIM MOPCRIM BOJHAM.

Teoperuuecku, npoun caMux MOPCKUX BOJH MOTYT OBITH WCIOJH30BAHBI B
ragectBe ARD, ecau mpeaBapuTesbHo 06€CeUnTh UX DKCIIOHEHIINAJBHOE 3aTyXa-
HEEe. ITO MOKET TI03BOJUTH TeHEPUPOBATH BOJHBI TIPOUBBOJBHBIX TIPO(UIEHl, He TIPH-

oeras k HBII, u aBasercs oxgHoil u3 TeM JAJbHERIINX KCCISLOBAHNM.
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4. Iloxe naBaeHUM MOA AMCKPETHO 3aLaHHOM
B3BOJHOBAHHOU MOBEPXHOCTHIO

4.1. U3BecTHBIE (DOPMYJIBI ONPEeTeHU TOIA
TaBJICHUN

Teopus BoiH MaJdbiX aMIIUTYA. B [25—27] naercsa pemenue o6paTHoil 3a-
Jady TUAPOAVHAMUKN /I caydas HAeaJbHONl HeCcKHUMaeMOi KUJKOCTH B paMKax
TEOPUH BOJH MAJBIX aMILIUTY] (B MPEANON0KEeHNN, YTO IJIWHA BOJHBI MHOTO 00JIh-
me ee BBICOTH: A > h). B artom cayuae o6patHas 3amada JuHeiiHa W CBOIUTCA K
ypaBHeHuio Jlamiaca co cMeIaHHBIM TPAHUYHBIM YCJOBHEM, a YpaBHEHUE JIBUKe-
HUSA UCIIOJb3YeTCSA TOJbKO A HAXOKIEHWA JABJICHUIl 110 M3BECTHHIM 3HAYEHUAM
TPOM3BOHBIX MMOTEHIMAa a ckopocTu. [Ipeanonoxkenne o MajoCcTH aMILIUTY/T, BOJH
o3HavaeT caaboe u3MeHeHne JOKAJbHOTO BOJTHOBOTO YMCIa BO BpEMEHHU W TIPOCTPaH-
CTBe 110 CPaBHEHUIO C TIOA'heMOM (AITJIMKATOI) BSBOJIHOBAHHOW MOBEPXHOCTH. JTO
M03BOJIAET BHUUCINUTH TTPOM3BOHYIO MObeMa MOBEPXHOCTH 10 2 Kak (. = k(, Tme
k — BoJHOBOe umcI0. B IByXMepHOM caydae pelnieHre 3alnchiBaeTCA ABHOM (Pop-

MYJIOM

X

O 1 i /aé/az+aa @)
(€ I, 17
oz |, Jira T2 ¢ W (17)

I() :/804/(926&’

1+ a2
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Ile @ — YKJOHBI BOJH. B TpexmMepHOM cayuae pellleHue 3allUChIBAETCA B BUJE 3JI-
JUTITHYECROTO Mr(PepeHITnaibHoro ypaBHeHud B 9acTHHIX pousBogubix (1Y UII):
0%¢

—(1+a§)+a—y2(1+0‘§)+2%

0%¢
Y 0xdy *

a—i + o, + ayay = 0.

YpaBHeHHUe MpeJoJaraeTcsa penaTh YUCIeHHO TyTeM CBeIeHnS K PA3HOCTHOMY.
Rax 6yner morasano B pasuese 4.3 ¢opmyra (17) pacxogurcs Mpu MOMBITRE
BBIYMCJUTH TI0JIE CKOPOCTEi i BOJH OOJNBIINX aMILIUTY/, & 3HAYUT HEe MOKET OBITh
MCII0JNb30BAHA COBMECTHO C MOJEJbI0 MOPCKOTO BOJHEHUS, TeHepupyoleil BOJIHbI
TPOM3BOJBHBIX aMILIUTY/I.
Jluneapuzamusa rpanuunoro yeaosusa. Mogean JIX mosBosiser BoiBecTH sB-
HY10 (POPMYJIY JIJIS TI0JI CKOPOCTeil Ty TeM JrHeapus3alini KNHeMaTH4ecKoro TpaHnd-

HOT'O yCJIOBUI. @opMyﬂa HJIA TIoOTeHIMaJda CROPOCTH 3allMIeTCA Rak

¢('CU7 Y, z, t) — Z i:_ge v Uptnz Sin(unx + UpY — wnt + én).
n
n

Dopmyna mudpdepeHupyeTes A0 TOJyIeHUA TPOU3BOAHBIX OTEHIINAAA, KOTOPbIe
MO/ICTABJAIOTCA B IUHAMAYECKOE TPAHUYHOE YCJIOBHE [I15 OllpefleleHus T0Js J1aB-

JEeHUN.
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4.2. Onpepenenue oA AaBJAeHUI MO AMCKPETHO
3aJlaHHOI B3BOJHOBAHHOI MOBEPXHOCTHIO

AnamuTudeckue permeHus IPAHUIHBIX 3aad [ KIACCHUECKUX YpaBHEHHil
9aCTO MCIONb3YIOTCA /A NCCACIOBAHNA PABINYHBIX CBONCTB ypaBHEHW, 1 I/ Ta-
KUX UCCTEOBAHNUI 3a1TCh (DOPMYJIBI 00ITIeT0 peleHnsA Hey00Ha BBULY CBOEI CJI0sK-
HOCTY 1 HAJWIUA WHTETPAJIOB OT HeM3BECTHHIX PYHRINT. OMHUM U3 METO/I0B HAXOK-
nenns anagutudeckux pemenuii 1Y U1l asiasgerca meron @ypre. OcHOBOIT MeToIA
cayskUT mpeobpasoBanne Pyphe, mpuMeHeHne Kotoporo k HekoTopsm Y UII mos-
BOJIAET CBECTH WX K ajre0pamieckoMy, a ero pelleHne 3alnchiBaeTcsA Kak oOpar-
HOe TIpeobpasoBanne Pypbe 0T HEROTOPOH PYHKIMU (KOTOpPAA MOKET COIepPIKAThH
nmpeobpasoBanusa Pypwe o apyrux pyurnuii). [lockoabry am1 mpeodpasoBanusd He
BCETa MOKHO 3alicaTh aHAJUTUIECKH, TO BMECTO 9TOT0 WIYTCA YaCTHBIE pellie-
HUSA 3a/1a91 U QaHAJUBUPYETCA UX MOBeJieHNe B PasJudHbIX o6JacTax. B To ke Bpe-
M, 9UCTEHHBIN pacueT AUCKPeTHHX mpeobpasoBanuit Pypbe BoO3MOKEH /IS J060i
IVCKPETHO 3aJaHHON (PYHRITNH, UCTIOb3ySA aqropuTMbl BIID. 9tu aaroputme nc-
MOJH3YIOT CUMMETPHUI0 KOMILIEKRCHBIX AKCITOHEHT [ TIOHUKEHWA aCUMITOTHIECKO
caosnoctu ¢ O(n?) no O(nlog,n). Takum obpasom, aike eciu obliee pelieHIe
coflep:RUT TpeobpasoBanns Pypbe 0T HEW3BECTHHIX (DYHKIUII, OHU BCE PABHO MO-
I'yT OBITH B3ATH YUCACHHO, & UCMoab3oBanue aaroputmoB BIID nenaer aTor mopxop
3 PeKTUBHBIM.

AusbrepnaTuBabM ogxonoM k periernto 1Y U1l apagercsa ux cBesienue k pas-
HOCTHBIM yPaBHEHUAM, PeliaeMbIM C TIOMOTIHI0 TIOCTPOEHUA PABINIHBIX THCJIEHHBIX
cxeM. IIpu aTom pemnienne moydaerca TpuOINEEHHBIM, & ACUMITOTHYECKAA CIOK-
HOCTb COOTBETCTBYIOIUX AJTOPUTMOB COTIOCTABUMA CO CI0KHOCTHIO anroputMa BITD.
Hampuwmep, 114 cTarimoHaAPHOTO AJIUITAIECKOTO YPABHEHUA B YACTHBIX MTPOU3BO/I-
HBIX CTPOUTCA HesABHAA UMCJCHHAA CXeMa; 9Ta CXeMa PaCUUTHIBAETCA UTePaIoH-

HBIM METOOM, Ha RasK/IOM Iare KOTOpOoro NIieTcsA permeHne TpeX,[LI/IaFOHaJIbHOﬁ nJjan
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natuguaronaabHoir CJIAY meTomoM mporoHKW. AcCUMITOTHYECKAS CJ0KHOCTD aJ-
roputma cocraisger O(nm), Tae n — ROJUIECTBO TOUEK HA CeTKe B3BOJHOBAHHOI
TTOBEPXHOCTH, & M — YHUCJI0 UTepaIuii.

HecmoTrpsa na mupokoe pacrnpocTpaHeHue, UTePaTUBHBIE AJTOPUTMBI Hedd-
(eKTHBHO 0TOOpaKAOTCA HA apXUTEKTYPY MapasiebHbIX MAITWH BBULY HeM30e:k-
HOIl CMHXPOHUBAINH TIPOIIECCOB TOCHe KaKI0i nTepaIun; B 9aCTHOCTH, OToOpaske-
HIe Ha COTIPOIECCOPHl MOKET BRJIWUATH B ce0A KOMMPOBaHWE TAHHBIX Ha COTPO-
meccop u 0OpaTHO HA KaKAO0H WTeparyu, 9TO OTPUIATENBHO CKa3bhiBaeTCsd Ha WX
MTPOM3BOAUTENLHOCTU. B TO ke Bpems, Hajudre OOJBITOTO ROJMYECTBA Mpeodpa-
soBaHuit Pypbe B pelieHNN ABJAETCHA CKOpee IPeuMyIecTBOM, UeM HeJ0CTATKOM.
Bo-mepBuix, pemienus, mojydeHHbe ¢ IOMOIbI0 MeToa Pyphe, ABHBIE, a 3HAUUT
XOPOTIO MACIITAOUPYIOTCA Ha GOJbII0e KOJMIECTBO MapaiieJbHo paboTAONIX BhI-
YUCJUTENbHBIX AP ¢ UCTIOIH30BAHUEM MTPOCTEHINNX MPUEMOB TTapaJiebHOTO TTPO-
rpaMmmupoBanus. Bo-BTophiX, N airoputMoB BII® cymiecTByOT roToBbie ONTH-
MUBWPOBAHHBIE PEATUBAINH [JI PASINIHBIX aPXUTEKTYP TIPOTECCOPOB U COMPOIIEC-
copoB (GPU, MIC). 9tu npenmyimectBa 06yCJIOBIMBAIOT UCIIOJIb30BAHUE METO/A
Dypre 171 1M10TyUeHUA ABHOTO PellleHNs 3a/1auyl olpefieqeHus aBJeHuil Mo B3BOJI-

HOBaHHOI MOPCKOI ITOBEPXHOCTHIO.
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4.2.1. JIByxMepHoe 110Je MOTeHI1aJda CKOPOCTH

Ddopmyaa A KUAKOCTH OecKOHeUHOoI rayounsl.  3amada Pobena s ypas-

Henus Jlamaaca B ABYX M3MEPEHUAX 3allMCbIBACTCA KaK

Ct + Crgbz = Ld}x - ¢Z7 Ha 2z = C(l’,t)

V13

Il7s ee permenus Bocmoab3yemes meTogoM Pypbe. BossMem mpeobpasosanme Pypobe

oT oboux vacreil ypaBHenuii Jlamaaca u moayuanm
—4n? (u? + %) Fyo{o(z,2)} = 0,

OTRyJa uMeeM v = +iu. 3ech u gajee OyaeT CMIoab30BaAThCA CAAYI0MAA CUMMET-

puuHas gopma mpeobpasosanus Dypne:

Furl fla, )} = / / F(a,y)e 2 gy,

Nmiem penienue ypaBHeHus B Bujie oOGpatHoro mpeoopasosanus Pypee ¢(x,z) =

FyH{E(u,v)}. Hogcrapasaa' v = iu B popmyiy, pemienne nepernumercs Kak
o(z,z) = F, {e™E(u)}. (19)

Iast Toro 4T0GH! MOficTAHOBKA 2 = ((7,1) He TIOMeIlaJa UCIO0Jb30BAHUIO ITPeodpa-

soBanuit @ypre B perennn, mepenumnieM (19) B Buge cBepTEU:

¢(x,2) =Di(w,2) « F, {E(u)},

! Bopakenue v = —iu He MOAXOMUT B JIAHHO{ 3a/[aue, MOCKOJIBEY MTOTEHIMAN CKOPOCTH JIOJIKEH CTPEMATLCA K HYJIIO ¢
yBeJanYeHneM IIyOUHBI 10 6€CKOHEUHOCTH.



44

rie Dy (x, z) — HeKoTopas (pyHKIUsA, BUJ KOTOPOIi OyeT oripe/eseH B pasaene 4.2.3
W 1 KOTOPOii BeImoHsAeTes cooTHomenue F,{ Dy (x, 2)} = e*™*, TlogcraBasas Bbl-

paskeHue s ¢ B IPAHUYHOE YCIOBHE, IOy INM
G=1(if(x)—1) [Dl (x,z) * F;l{QﬂuE(u)}] :

rne f(x) = (/1 + 2 — (. [Ipumenssa npeodpasoBanue Dypbe k 06eUM 4acTsAM,

1I0Jy4aeM BhlpaseHue a8 KoapuuueHTos L.

1 Fu{G/ (if(x) — 1)}

E(u) = 2mu Fu{Di(x,2)}

Brimosiasas nopctanoBry z = ((x,t) u mojAcTaBIAA TOJTyUYeHHOe BhipaskeHue B (19),

MoJIiydaeM OKOHYATEeJbHOe BhIpaskeHue s ¢(x, 2):

[ ARG (@) = D)
Oa.2) = F; {zm FuDr (v, D)} } (=0

Muomurens e*™* /(2ru) menaer rpaduk QYHKIMH, OT KOTOPOi Gepercs 00-
paTHoe rpeobpasoBanus Pypbe, HECUMMETPUIHBIM OTHOCUTENBHO ocu OY . ITo 3a-
Tpynusaer npumenenne BII®, mockosibky oHO TpeGyeT nepuogMIHy 0 (GyHKIUI0, TPU-
HUMAIOIY 0 HyJeBble 3HAYeHUA Ha KOHIIaX MPOMe:KyTKa. B To ke BpeMms, ncmoab3o-
BaHUe YMCJIEHHOT0 MHTerpupoBanus BMecTo BII® He 1103BOJUT MOJYUUTH [TPEUMY-
IMECTBO HaJl PellieHreM Beell ccTeMbl ypaBHEHUIT ¢ TTIOMOIIBI0 PA3HOCTHBIX CXeM. ITY
mpo6.JieMy MOsKHO 060fiTH, MCTIONb3Ysa (hopMmyry (22) [ KUTROCTH KOHETHON TJIy-
OWHBI C 3aBeIOMO GOJIBIIMM 3HAUEHUEM TIyOUHbBI BogoeMa h. BuiBom (popMyJIb 1aH B
cJelyoIeM pasee.

dopmyaa 1ja KUAROCTH KOHeuHoi rryounsl. Ha nHe Bomoema BepTuKaib-
Has COCTABJANIAS CKOPOCTH MepeMenieHrs KUIKOCTU J0JKHA PABHATHCA HYJIO,
T.e. ¢, = 0 HA z = —h, THe h — ray6uHa Bomoema. B aToMm caydae mnpeHeOpedb

pPaBeHCTBOM v = —iu, MOJYyUYeHHBIM U3 ypaBHeHus Jlamnaca, Heab3s, U pelieHue
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WIEeTCsS B BUJIE
o(x,2) = }";1{ (C’le%uz + 026_2”2) E(u)}. (21)
[TopcraBass ¢ B ycaoBue Ha J[He BOIOEMa, MOy UM
Cre2mh _ Cye?meh —

orkyga umeeM Cy = 1Ce?™ u Cy = —1Ce ™", Koucranra C 31ech IPOU3BOJIBHA,
MOCKOJBKY IPH HOACTAHOBKE CTAHET YaCTHI0 HEMBBECTHHIX KOd(¢uImenToB F(u).

[ToncraBasasa moayuennsie Bupaskenusd niada Cp u Cy B (21), mosydaem BeIpakeHue
oz, 2) = F, {cosh (2mu(z + h)) E(u)} .

[TogcraBisas ¢ B rpaHndHOE yCa0BUe Ha CBOOOAHOI MTOBEPXHOCTH, MOJydaeM

G = fla)F,; H{2miucosh (2mu(z + h)) E(u)} — F, "{2rusinh (27u(z + h)) E(u)} .

3nech sinh m cosh mawoT cxoxne pesyabraTel BOJUBHM CBOOOIHOI TTOBEPXHOCTH, W,
MOCKOJIBKY 3Ta 00JacTh ABJAAETCA HanboJIee HHTEPEeCHOH ¢ TOUYKM 3PeHUsA MPaKRTH-
4eCKOro mpuMeHeHus, moaoxkuM cosh (27u(z + h)) ~ sinh (27u(z + h)). Bemoanss
aHaJOTUYHBIE TIPEIBIIYINEeMY paseny oreparuu, moJydaeM OKOHYaATeJbHOe BhIpa-

JeHue nid ¢z, z):

[ cosh (2ru(z + h)) F{G/ (if(x) — 1)}
e,z 1) = 7 { ou Fu{Dy(r.C(00)) } (22)

re D, (x, z) — HeroTOpas (GpyHRINA, BUJ ROTOpOii Gynet onpesener B 4.2.3 u aia
ROTOPO#i BEMOJHAETCA cooTHOmenue F,{ Dy (x, 2)} = cosh (27ruz).
Cseienue Kk (popmyiaMm JuHeiiHO Teopum BoaH. CrpaBesauBOCThL MOJY-

YeHHBIX (OPMYJ MPOBEPUM, IOJICTaBUB B KadecTBe ((x,t) M3BECTHHIE aHAJUTUYE-



46

CKHe BBIpameHus JJs MI0CKUX BOJH. CHMBOJbHBIE BBUMCJAEHUS MIpeobpasoBaHuil
dypre B 9TOM pasyesne TPOU3BOIUINCH ¢ ToMoIIbio TakeTa Mathematica [5]. B sm-
HelHOi TeopuH MUPOKO UCIIOJIb3YeTCs MPeJIIoI0KeHne 0 MAJOCTH aMILIUTY/L BOJH,

9TO TI03BOJIAET YIIPOCTUTH UCXOMHYI0 cHcTeMy ypaBHeHuit (18) mo

¢xx + ¢zz = 07
G = —0¢. Ha 2 = C(xat)7

pelleHne KOTOPOil 3anuIercs Kak

627ruz
t)=—-F, " Fu .
ot = -5 { GG
[Tpoguas mporpeccuBHOi BoJHBL 3aaeTcs Gopmyanoii ((x,t) = Acos(2m(kx —t)).

ITopcranoska sToro Bepakenus B (20) gaer pasencrso ¢(z, z,t) = —2 sin(2m (kx —

t)) cosh (2rkz). Yto6wl cBecTn ero kK (opmyse JUHEHHONH TeOPUU BOJH, TIpeJcTa-

BUM THUITePOOJMIECKIi KOCHHYC B 9KCIIOHEHIINAJIBHON (hopMe U 0TOPOCUM UJIeH, CO-

—2rkz

Iep:ramii e , Kark mpotuBopeuaruii yeaosuio ¢ — 0. [locae B3aTusa neii-

Z—>—00
CTBUTEJBHO YaCTU BHIPAKEHUS TTOJNYIUTCSA U3BeCTHAS (POoPMY.Ia JUHEHHOH Teopun
o(x,z,t) = %62”’” sin(2r(kx — t)). AHaJIOrn9HO, MPEION0KEeHNEe O MAJIOCTH aM-

TIIATY/T, BOJH TI03BOJIAET YIPOCTUTH (hopMyIy (22) mo

¢($,Z,t) - _“F_l

xT

cosh (2ru(z + h))
27w cosh (2muh)

]:u{Ct}} :

[TopcranoBra GOPMYJIB 11 TPOTPECCUBHOT TIIOCKOI BOJHBI BMecTO ((z, 1) naet pa-

BEHCTBO

Acosh (27k(z + h))
k  cosh (2wkh)

o(x, z,t) = sin(2w(kx — t)), (23)

9TO COOTBETCTBYeT (opMyJie JUHEHHO Teopun I KOHETHON Ty OrHBI.
Pasnuunble 3anucu penleHus ypaBHeHus Jlamaca, B KOTOPBHIX 3aTyXalomasd

IKCIIOHEHTa MOJKEeT BCTpPeYaThCA KaK CO 3HARKOM ((—|—)), TakK 1 CO 3HAROM «-», MO-
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I'yT CTATh NPUYMHON PA3HUIIB MEXAY POPMYyIaMu JUHEHHO Teopurn U PopMyIaMu,

BBIBEJIEHHBIMI B JJaHHOII padoTe, riae BMecTo sinh ucrnosabsyercs cosh. Bopasmkenue

cosh(2wk(z+h)) _ sinh(2wk(z+h))
cosh(2rkh)  ~~ ~ sinh(27kh)

npeBpamniaeTcs B CTPOroe paBeHCTBO HA MMOBEPXHOCTH, U
pasHWIIA MeKTY TPaBoii TeBOil YaCThi0 YBEJMINBAETCA MTPU MPUOIMKEHNN R THY BO-
noema (A TOCTaTOYHO GOJbINON TIyONHBI OMNOKA BOJUBY TOBEPXHOCTH KUAKOCTH
HesHaunTespHa). [loaToMy 17ia mocTaTodHo GOJBIIONH TIyOWHBI MOKHO HCIIOJIB30-
BaTh J0OyI0 13 (yHRIui (cosh mau sinh) 1/ BeMUCAEHUA TOTEHINANA CKOPOCTH
BOJIM3M B3BOJIHOBAHHOI ITOBEPXHOCTH.

Ceepmenne gopmya (20) u (22) K ¢opmysam JUHEHHOH TeOPUU BOJH IMOKa-
3bIBaeT, 4To popmyaa (20) miad KUIKOCTH OECKOHEYHOI TIyOUHBI He TTOAXOMUT I
BBIUMCJIEHNUSA TOTEHIIHANa CKOPOCTH ¢ UcTob3oBanneM Metona @yprwe, T.k. He 00.1a-
naeT HeoOXoaMMoOii i ipeodpasoBannsa Dypre cummerpueii. OmHAKO, [ TAROTO
caydas MOSKHO MCIOJb30BaTh (OPMYJAY JJA KOHEUHOI ruiyOuHBl, Tosaras h pas-
HBIM HEKOTOPOMY XapaKTepHOMY 3HaueHWI0 TIyOuHbl. [Lg cTOAYNX BOJIH cBefieHue

K (popMysaMm JUHeHHO Teopuu MPOUCXOAUT C AHAJOTUYHBIMU MIPEI0N0KEeHUAMMY.

4.2.2. TpexmepHoe 1ojie HOTEHIHAJIA CKOPOCTH

B tpex namepenusax mcxopHaA cucrema ypaBHeHuil (1) mepenuchiBaeTcsa Kak

G ? - _
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Il7s ee pemenns Takke Bocroab3yemes Mmetonom @ypne. BospmeM mpeodpaszoBanme

dypre oT ob6oux yacreit ypasHenuii Jlamaaca u moxryanm

—47* (W + 0* + w?) Fupuwi{d(z,y,2)} =0,

oTEyIa uMeeM w = =iv/u? + v2. Pemenne ypaBHeHus GyaeM HCKATh B BHie 00-
paTHoro npeobpasosanua Dypre ¢(z,y, z) = F,, {E(u,v,w)}. Hogcrapaas w =

iVu? + 02 = i|k| B ncxonHy0 GopMyay, moIyUaeM
gb(x, Y, Z) = ‘Fx y{ (C 627r|k‘\2 026—27T|E|z) E(u, U)} .

[TopcraBisas ¢ B ycjaoBue Ha JHE BOfoeMa aHAJOTUYHO TBYXMEPHOMY CJIydalo, Mo-

Jydaem

o(z,y,2) = f;;{cosh (zw|12|(z + h)) E(u, v)} . (25)

[ToncraBasasa BelpakeHue s ¢ B TpPAHUYHOE YCJIOBUE, ITOJLYYUM

G =ifi(z,y)F,. {27ru cosh < k| (z + h)) E(u, v)}
+ifa(z, y)F,. {27rv cosh ( 7|k|(z + h)) E(u,v)}
= f;;{zwm cosh (27|12|(z + h)) E(u, v)}

Fl[eflxy Cx/\/1+c2 C2 Cxﬂf2xy Cy/V1+C3%+C92_

Takxe xak u B pasgeqe 4.2.1 mbl npeanoaaraem, aro cosh (2ru(z + h)) ~
sinh (2ru(z 4+ h)) B6aM3u cBOOOIHO MOBEPXHOCTH, OJHAKO B TPEXMEPHOM CJIydae
HTOTO HEeJO0CTATOTHO /I permennsd 3agadu. g Toro 9To0b MOTyIuTh ABHYI0 (op-
MYy I8 KO3(PQUIMEeHTOB £, MBI JOJKHBI TPEANON0KITh, YTO MPeodpasoBaHmsa
dypre B paBeHCTBe UMEOT pafiiajbHO CUMMETPUYHBIE f/ipa, T.e. 3aMEHUTh U U U
Ha \IZ\ Ectb 1Ba MOMeHTa, MOJ/IeP:KRUBAIOIINX ATO IIpe/IoJokeHrne. Bo-1epBoix, B
4UCcJeHHO} peannsallud MHTerpUpOBaHUe BeJleTCs 10 MOJOKUTEIbHBIM BOJHOBBIM

qucjgaM, Tak YTO 3HAK © U ¥ He BJAUAET Ha pellleHue. Bo-BTOPHIX, CKOPOCTb POCTA
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cosh B si/ipe nHTErpasa 3HAYNTEIHHO BhIIIE, YeM CKOPOCTh POCTA U MK |E|, Tak 4To

3aMeHa cJ1ab0 BauseT Ha BeanunHy pernenus. HecMorps Ha aTu 1Ba MOMeHTA, MC-

MoJIb30BaHUe 60Jiee MaTeMaTHIEeCKN CTPOTO TIOAX0a OBLIO OBl TIPeIOYTUTENbHEE.
Bumosasas sameny, npumenss mnpeoopasosanre dypre k o6enM dacTAM pa-

BEHCTBA, U, MOJICTABJAA Pe3yabTaT B (25), moJdyyaeM BhpaskeHue A ¢:

i cosh (2n|k|(z + 1) Fu{G/ (ifi(a,y) +ifolz,y) — 1)}
oy 2,8 = Ty 2| FuudDs (2,5, ¢ (2,9))} |

rae Fuo{Ds (2,y, 2)} = cosh (2r[k|2).

4.2.3. ®opMy/ibl HOPMUPOBKH JIJIS MOTEHIMAJOB CKOPOCTeNl

B pemenuax (20) u (22) aByxmepHOoii 3afaun onpeeJeHs M0Jad TaBJIeHn
npucyrerByor Gpyukuun Dy (z, z) = F, {e*™*} u D, (z, z) = F, {cosh (2muz)},
KOTOPBIE MOTYT OLITH 3aITMCAHBI HECKOJIBKUMY PA3TUIHBIMA aHAJUTHIECKIMI BHIPa-
REHUAME U TPEJCTaBAAT CJAOKHOCTD NMPU BHUUCACHUN Ha KOMIbOTepe. Raskmas
¢yHKIUA — 3T0 IpeodpasoBanre Pypbe OT JUHEHHON KOMOUHAIINY SKCIIOHEHT, KO-
TOPOE CBOJUTCA K IJIOXO ONPeJIeeHHOM IebTa (PYHRIMA KOMILTEKCHOTO apryMeHTa
(eM. Taba. 3). O6BIYHO TAKOTO THIIA (DYHKIINHU 3aIMCHIBAIOT KK IIPOU3Be/IeHNe JIeJb-
Ta (DYHRIMHA OT IefCTBUTENBbHON U MHUMOM 9aCTH, OJHAKO, B JAHHOM CJay4yae TaKoi
MOJXOI He paboTaeT, TOCKOJIBKY B3ATHE 00paTHOTO TpeobpasoBanusd Pypbe He TACT
DRCIIOHEHTY, YTO CUJBHO MCKA3UT Pe3yAbTHPYIIee moje ckopocteil. [Liasa momryde-
HUSA OJHO3HAYHOTO aHAJUTHYECKOTO BHIPAKEHWSA MOKHO BOCIIOJNb30BATHCA HOPMHU-
poBkoii 1/ cosh (2ruh) (KoTopas Tak:ke BRJIYAETCA B BhIpasKeHUe A ROIPPuU-
nueHToB F(u)). UucieHHbIe SKCIIEPUMEHTHI TOKA3BIBAIOT, YTO HOPMUPOBKA XOTh U

ITO3BOJISET TTOJYUYNUTH aleKBaTHOE I10J€e CKOpOCTeﬁ, OHO MaJiO OTJNYaeTCA OT BbIpa-
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JKeHWii u3 JUHEeHON Teopuy BOJH, B KOTOPHIX WieHH ¢ ( omyckaiorced. Rak cien-

cTBUe, popMyJia I TPeXMepHOro caydas He BBIBOAUJIACD.

dynkiusa  Bes HopMupoBEE C HOPMUPOBEOIi
Dy (x,2) Sz +iz) L sech <W

Dy(x,2) L[0(x—iz)+0(z+iz)] % [seeh (W) + sech (W)}

Tabaumna 3: Popmyast pisa Berauciaenus Dy (x,z) u Dy (x, z) us pasn. 4.2.1, uc-
TMOJIB3Y 0TIe HOPMUPOBKY JIJISl MCKII0UEHA HEOHOBHAUHOCTH OIIpejie-
JIeHUA JIeabTa (GYHRIMI KOMILIEKCHOTO apTyMeHTa.

4.3. Bepupuranusa mogaei moTeHIMAIOB CKOPOCTEN

Cpasuenue nosydeHHbIX 06mux popmya (20) u (22) ¢ usBecTHHMI POpMYyIa-
MU JIMHEHHOl TeOpUH BOJIH T03BOJSAET OIleHUTh Pa3Jnuune Mexy MOJAMU CKOpocTeii
IS BOJH Kak OOJbIINX, TAK ¥ MAJBIX aMILIUTY/. B 001eM ciaydae aHaIuTHIECKOe
BHIpasKeHne [ MOTeHIMaNa CKOPOCTH HEeM3BECTHO Jaske I MJIOCKUX BOJH, II0-
HTOMY CpaBHeHMe MPOU3BOIUTCA uncaeHHO. MMesd BBULY BBIBOJB pasneda 4.2.1,
CPABHUBAIOTCA TOJBKO (DOPMYJbI 1 KOHEUHO TJTyOWHHI.

Orauune ot opmya JuHelHON Teopuu BoaH. [L1g Toro 4T06H MOJYIUTH
MOJISl TIOTEHINAJIO0B CKOPOCTEHl, MJOCKUEe BOJHBI PA3JINYHbIX aMILIUTY/ ObLIN CreHe-
pupoBanbl. BosHoBb e uncaa B mpeodpaszoBaHnax Pypbe BHIONPAINCH Ha HHTEPBAJE
oT 0 10 MARCHMAJBLHOTO BOJHOBOTO UUCJHA, ONPeeaeMOro YMCJAeHHO U3 TI0JydeH-
HOl B3BOJTHOBAHHO} TOBEPXHOCTHU. JKCIIEPUMEHTHI TPOBOAMINCH [l BOJIH MAJBIX U
OOJIBIINX aAMILIUTYI.

JKCTIePUMEHT TIORa3aJ, ITO TOJA TMOTEHIUAJ0B CROPOCTell /I BOJH 00Jb-

MMUX aMILIUTY], ToJydeHHbie o opmyae (22) nja ROHeYHON TIyOuHbBI U 110 (op-
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myJae (23) auHeitHON Teopuu, Ka4eCTBEHHO OTanvaiTcA (cM. puc. 7). Bo-mepBoix,
KOHTYPBHI IOTEHIAIA CKOPOCTU UMEIOT BU[, 3aTyXawIleil CHHYCOUIbI, 4TO OTJIHYA-
eTcs OT OBaJbHON (DOPMBI, OMUCHIBAEMOIl JUHeliHOl Teopuu BOJH. Bo-BTOPHIX, 110
Mepe TpulJIMKeHNsA K THY BOJoeMa TOTeHINAN CKOPOCTH 3aTyXaeT ropasyio ObicT-
pee, 4eM B JuHeiHO#l Teopuu, a 00JacThb, Iie CKOHIIEHTPUPOBAHA OOJbIIAA YACTh
DHEPTUHU BOJHBI, elle 60Jblie pubInxkeHa k ee TpedH0. AHAJOTUIHBIH YK CIeHHBI
DRCIIEPUMEHT, B KOTOPOM 13 (opMyJabl (22) OBLIM MCKJIUYEHH WIE€HBl, KOTOPBIMU
mpeHe6peranT B paMRax JUHEHHONl Teopuu BOJH, TTOKA3aJ MOJHOE COOTBETCTBUE
MOy YUBINUXCA TI0Jeli TOTeHINaI0B CROPOCTell (HACKOJBRO 9TO TT03BOJAET CeaaTh
MallliHHAA TOYHOCTD).

Orauume oT (POPMY.I TEOPUM BOJH MAJOI aMILIUTY/bl. JKCIIEPUMEHT, B KO-
TOPOM CPABHUBAJUCH TOJIA MOTEHIIUAJIOB CKOPOCTEil, TOIyUeHHbIe YUCICHHO Pas-
JUIHBIMA (DOPMYJIaMH, HOKABAJ, YTO M0Js CKOPOCTeil, moaydeHHble 1o (popmyJe (22)
1 popMmyse Mg BOJH MaJoil aMIanTyabl (17), comocTaBUMBl I/ BOJTH MAJbIX aM-
MAUTYA. B 9TOM aRcmepuMenTe MCIONb30BAMNCEH BE PeaJu3alii B3BOJHOBAHHOM
MOPCKOfI TIOBEPXHOCTH, TOJydeHHbIe TI0 Mofiean AP: omna comepskana BOJHBI Ma-
JIOIl aMILIUTYbI, pyras — OoJabiioii. MuTerpuposanne B popmyse (22) Besoch 110
NMANa30Hy BOJHOBBIX 4YHMCeJ, MOJYIeHHOMY M3 MOpCKoil moBepxHocTu. [ BosH
MaJIoil aMILIUTYIB 00€ (POPMYJIbl TIORA3AJIH COTIOCTABIUMBIE Pe3YJIbTATHl (PasHUIA B
3HAYeHMAX CROPOCTH MPUITUCHIBAETCS CTOXacTUueckoiil mpupone moaean AP), B To
BpeMsA Kak [ BOJH OOJBIINX aMILIATY/, YCTOHINBOE TI0JIe CROPOCTell Maga TOJbKO
¢dopmyra (22) (puc. 8). Takum obpasom, obmasa dopmyrta (22) moraswsBaeT ya0-

BJIE€TBOPUTEJbHbIE PE3yJbTaThl, HE BBOJAA OI'PaHUYCHUA Ha aMIIJIUTYAYy BOJH.
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Puc. 7: Ilosa moreHmuama CKOPOCTH IPOrPeCcCUBHOT BOHEL (1, y,t) = cos(2mz —
t/2). Iloxe, mosyuerHoe 1o o6mieii gopmyae (cBepxy) u 1o ¢opmyiae us
JWHEeHHO Teopuy BOJH (CHUBY).
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Puc. 8: CpaBHenue noJieil moTeHIMa a CKOPOCTH, TTOJTYIEHHBIX TI0 001Iell (hopMy-
Je (u1) U popmysie IJaA BOJH MAJON aMILTUTYALL (us):

TIOBEPXHOCTH BOJH MaJioii (CBepXY) M GOJBINON aMIIUTY a6 (CHUSY).
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4.4. BoiBojabl

[TosryuenHbie B maHHOM pasfese GOPMYJIbl TO3BOJIAIOT IIPOU3BECTH YNCAEHHBI
pacder 1oJiA ckopocTedi (a 3BHAYUT U TOJIA IaBIeHWIT) BOJUBY TUCKPETHO WU MaTe-
MaTUIeCKU 3aaHHOI B3BOJHOBAHHON MOPCKOil TIOBEPXHOCTH, MUHYA TPETION0Ke-
HUSA JUHEHHON TeOPUH U TeOPUH BOJH MAJIBIX aMILIUTY/. st BOJH MaJIbIX aMILIUTY/]
HOBBIE (POPMYJIBL JIAIOT TO 3Ke caMoe T10Je TOTeHIaIa CKOPOCTH, 9TO U (POPMYJIbI U3
JUHEeHO# Teopun BoJH. [[J1 BOH GOJBIIMX aMILIUTY]L NCTIOJIb30BAHNE HOBBIX (DOP-
MYJI TIDUBOJIUT K CABUTY OOJACTH, TJe CKOHIIEHTPUPOBaHA OOJbIE BCETO SHEPTUU

BOJIHBI, OJIM:Ke K ee TPeOHI0.
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5. BuicokonpousBoguTebHbIA IPOIrPAMMHBIN
KOMILIEKC JJIsA MOAEeJUPOBAHUA MOPCKOTO
BOJHEHHA

5.1. Peamusanusa auas cucrem ¢ oomeil namarnio (SMP)

5.1.1. T'enepanua B3BOJHOBAHHOI MOBEPXHOCTH

ITapaaaeabusie aaropurmsl s mogeaeir AP, CC u JIX. Hecmorpsa na To
uro Mogeann AP u CC aBiAoTes 4acThio 0JJHO cMelaHHO MO/Ie/, OHI UMEIOT pas-
HbIE MapaJiebHble aJITOPUTMbI, KOTOPBIE OTINIAITCA OT TPUBUAJBHOTO AJTOPUTMA
mopean JIX. Anroputm AP 3armaiouaercsa B pa3dueHNN B3BOJTHOBAHHOI TTOBEPXHO-
CTH Ha YaCTU OJMHAKOBOTO pasMepa BOJb KaKION M3 KOOPAMHATHBIX OcCeil W WX
MapaieJbHOM BHUUCAECHUN € YI€TOM Kay3aJbHBIX OTPAHUYEHUil, HAKIATHIBAEMbIX
ABTOPETrPeCCHOHHBIMYI 3aBUCUMOCTAMU MeRIY TOURaMu moBepxHocTu. B momgean CC
Takue 3aBUCHUMOCTH OTCYTCTBYIOT, a ee (popMyJa IpejicTaBiser co0oil cBepTRY Ge-
JIOTO IIyMa ¢ K0a(hpuiimeHTaMu MOJIes I, KOTOPas CBOJUTCA K BEIYMCAEHUIO TPeX Ipe-
o6pasoBanuii Dypbe mocpencTBOM TeopeMbl 0 cBepTEe. TakuM o6pasoM, ajJropuT
CC sarqouaercs B napaJielbHOM BBIYUCJIEHAN CBEPTKU, KOTOPas OCHOBAHA HA BHI-
ynciennn BII®D. Haronen, asroputm JIX nesaercs mapaJiesbHbIM MPOCTHIM BbI-
YUCICHNEeM KasKI0il TOUKM MapaJiesbHO B HECKOJbKUX MOTORAX. TakuMm oGpasoM,

[mapadJuieJbHasd peaJudanusa MogeJan APCC Bruaouaer B cebst ABa MapaJileJIbHbIX aJi-
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TOPUTMA, TI0 OFHOMY JIJIi Ka:K/I0# COCTaBAAIINEH MO, KOTOPHe CI0KHee, deM
anaropuT™ s mogenu JIX.

OcHoBHas 0co6eHHOCTH (hopMybl Mosiesii AP — aBToperpeccrnoHHbIe 3BaBUCH-
MOCTH MESKY TOUKaMU B3BOJHOBAHHOI IIOBEPXHOCTH 110 KaKIOMY U3 UBMepeHuil, —
KOTOPHIII TPENATCTBYOT MMapaieJbHOMY BRIMUCIEHIIO KAk 101 TOUKYM TTIOBEPXHOCTH.
BwmecTo 3T0OTO TOBEPXHOCTD pasesiaeTcsa Ha paBHBIE YACTH M0 KaKI0MY U3 U3Mepe-
HW, ¥ JIJIA RAKI0N JacTH YCTAHABINBAIOTCA MHPOPMAIIMOHHBIE 3aBUCUMOCTH, OTpe-
TeJsdonye TopsAnok Beraucaennd. Ha puc. 9 morasansl atu 3aBucumoctu. Crpeska
0603HAYAET 3aBUCUMOCTH OHON JaCTU OT HAJUYUA APYTOil, T.€. BHIMUCACHUE TACTU
MOKET HAYaThCA, TOJBKO €CJIU BCe YaCTH, OT ROTOPHIX OHA 3aBUCHUT, YiKe BBIUUCIE-
HBL. 31ech YacTh A He uMeer 3aBucuMocTeil, vacTu B u D 3aBHCAT TOJBKO 0T A, a
qacTh F 3aBucut ot A, B u C. B o0mem caydae, Kamaas 9acTh 3aBUCUT OT BCeX
qacTeil, IMEIOIMUX MPeIbIIY N WHIEKC XOTA OB TI0 OTHOMY U3 U3MepeHwuil (ecau Ta-
Kue JacTu cymecTByoT). [lepBas yacTh He nMeeT HUKAKWX 3aBUCUMOCTEil; pasMmep
RaKION 9ACTH TT0 RAKIOMY W3 M3MepeHuii BROupaeTca 60IbINAM U PABHBIM KOJH-
9eCcTBY KO3(D(PUIMEHTOB 110 COOTBETCTBYIONEMY M3MePEeHH0, YTOOH IPUHUMATHL BO
BHUMAaHUE TOJbKO TPUIeraole 9acTi B pa3perieHny 3aBUCUMOoCTeli.

Rampaa gacTb uMeeT TpexMepHBIl WHEKC U COCTOSHUE 3aBepiieHuA. AJro-
PUTM HAaYMHAETCA C OTIPABKU BCeX OOBHERTOB, COMEP:RAIINX 3Ty WH(OPMAIUIO, B
odepenib. [Tocae aToro mapaJiesbHbie TTOTOKW 3aITyCKAIOTCSA, RAKIBII TTOTOR MOCTe-
MOBATEJNBHO UITET TEePBY YacTh, JJAS KOTOPOil BCe 3aBUCUMOCTH YIOBIETBOPEHBI
(myTeM MPOBEPKU COCTOSAHUSA KakA0i U3 dacTeil), NBBIERAET 3Ty YaCTh U3 0UepPe/n,
reHepUpyeT B3BOJTHOBAHHYIO TIOBEPXHOCTD [IJIA ATOI YaCTH W YCTAHABIMBAET COCTO-
AHNE 3aBepiieHuA. AJTOPUTM 3aKaHUINBAETCH, ROTYIA 0OUepelib CTAHOBUTCA IIYCTOI.
HlocTym K odepeqn M3 PasHBIX MIOTOKOB CHHXPOHUBUPYETCA TOCPEICTBOM OJOKIPO-
BOK. Aaroput™ noaxomut aisa SMP mammn; B cryaae MPP wactu, ot RoTophIx 3a-
BUCHT JIAHHASA, TOJKHBI OBITH MTPEIBAPUTESBHO CROTIMPOBAHBI HA y3eJ, Ha KOTOPOM

OyIyT IMPOBOAUTCS BBHIMUCTEHUS.
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Puc. 9: ABtoperpeccuonHble 3aBUCUMOCTH MeKAY UYaCTAMU B3BOJHOBAHHOI
TIOBEPXHOCTH.
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Takum o6pasoM, mapaJieJbHbIil aaropuT™ Mofean AP cBoguTes k co3maHmio

MUHUMAJUCTUIHOTO IIJaHUPOBIIUKA 3alad, B KOTOPOM
¢ Ramgasd 3a/lada COOTBETCTBYET YaCTH B3BOJHOBaHHOM ITOBEPXHOCTH,

¢ IOPAOOK BBIIOJHEHNUA 3ada4 OIIpeaeaseTCcsa aBTOPEerpeCcCuoOnHubIMU 3aBUCUMO-

CTAMHU, 1

* ouepeqb 06padaTHBAETCA MPOCTHIM ITYJIOM TOTOKOB, B KOTOPOM RaK/BII TIOTOK
B IIMKJe U3BJeKaeT U3 ouepeu MepByo 3a/1auy, 18 KOTOPOil Bce 3aBUCUMbIE

3alad 3aBEPIIEHbI, U BBIITOJHAET €€.

B momeu CC, B otamune ot AP, oTcyTcTBYIOT aBTOpETpeccuoHHbIe 3aBUCHMO-
CTH MESKIY TOYKAMU; BMECTO TOTO, RasKAaA TOUKA TIOBEPXHOCTH BABUCHUT OT TIPEJIbI-
AYIIUX TI0 BpeMeHHU U MTPOCTPAHCTBY 3HaUeHuit 6eqoro myma. Popmyaa mogesu CC
MOKeT OBITH IepenucaHa Kak cBepTka 6ejgoro myma ¢ Koa(uilmeHTaMu MOJen B
rauecTBe Azpa. Mcmnoab3ys TeopeMy o cBEPTKe, CBePTKa MePenuchBaeTcA Kak 00-
patHoe Tpeo6pasoBanne Dypre oT MpousBeieHNA MPAMBIX TpeobpasoBannd Dypre
oT 6eqoro myma u koad¢uimerTos. Ilockoapky rommuectBo KoadunmentoB CC
MHOTO MeHbIlle, YeM KOJUYEeCTBO TOYEK MOBEPXHOCTH, TO HapaJjienbHoe BIIP e
MO/IXOJIUT, TIOCKOJBRY TpeOyeT MOTOJHeHre MaccuBa RO3(PPUIMEHTOB HYIAMA A
TOTO YTOOBI €70 pasMep COBIAIA C PAa3MEePOM MaccuBa TOYEK MOBEPXHOCTU. BmecTo
9TOTO, TIOBEPXHOCTh pa3duBaeTcsA Ha YaCTH 10 RaKJOMY U3 UBMEPeHuil, KOTOpHIe 0-
MOJTHAIOTCA HYJAAMHI, 9TOOB TIOJYIUThH PasMep PaBHBIN KOJINIeCTBY KOA(PPUITTEHTOB
TOMHOKeHHOMY Ha JiBa. 3aTeM, mpeodpasoBanre Pypbe BHUUCIACTCA MapaJIeab-
HO I/ KamROO0N JacTw, MOMHO:KaeTcs Ha 3apaHee BHMHCJIEHHOe MpeodpasoBaHme
dypre oT KO3 PuUIIIEeHTOB U obpaTHOEe MpeobpasoBanne Pyphe BHUUCIACTCA OT
pesyabrara. [locie sToro, RamkIaa 9aCTh 3aTMCHIBAETCSA B BHIXOHOW MACCHUB, a Te-
perphIBaoIIye APYT Apyra (W3-3a 3aN0JHEHUS HYJAAMI) TOUKN CRJIATBIBAIOTCS APYT
C IPyroM. ITOT aJTOPUTM M3BeCcTeH B 06JacT 06paboTKN CUTHAJOB Kak «overlap-

add» [28-30]. 3amosHenne HyIAMI HEOOXOAUMO JIJiA MPEIOTBPAIIEHIA MACKAPO-
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BaAHHBIX ONTMOOK: 6€3 Hero pesyJabTaToOM BhMUCICHUT ObLIa OBl IIMKJINIECRASd CBepT-
KA.

Hecmotpsa Ha To uto aaroput™ mofesu CC pasbuBaeT MOBEPXHOCTH Ha Te iKe
caMble 9acTu (HO, BO3MOKHO, IPYroTo pasMepa), 9To u ajroput™ mopean AP, or-
CYTCTBHE aBTOPErPECCHOHHBIX 3aBUCUMOCTEll MesKIy HUMH MO03BOJSAET BBHIUCIATH
WX TapaJieqbHo 6e3 UCII0Jb30BAHNUS CIeIMAJIN3UPOBAHHOTO TJIAHUPOBIIUKA 3a/1a4.
OnHako, ATOT aJITOPUTM TaK:Ke TpeOyeT MOTOJTHeHne KAk /01 JacTh HYAAMI, 9TOOI
pe3yJIbTaT BHMUCIEHUIT COBIATAT C PE3YAbTATOM, MOJYUYEHHBIM TI0 UCXOIHO (hop-
myse momesin CC. Takum o6pasom, aaroputm mofesu CC aydmie MacmTabupyercs
Ha 60JIBIIOe ROJMIECTBO Y3J0B BBUIY OTCYTCTBUA HH(POPMAIMOHHBIX 3aBHCAMOCTe
Me:RIy 9acTsAMH, HO pasMep dacTeil 6obine, 4eM B airoputme mopeu AP.

OTmauTe bHON 0c00eHHOCTRI0 anropuT™a Mofean JIX aBiagercs ero mpocro-
Ta: 4TOOBI C/leJaTh ero napaJiie/ibHbM, B3BOJHOBAHHAS TOBEPXHOCTh pas/ensercs
Ha YaCTH PABHOTO pasMepa, Kakaas u3 KOTOPBIX TeHepupyeTces napaJsuienbo. Mesk-
Iy YACTAMH OTCYTCTBYIOT MHPOPMAIIMOHHBIE 3aBUCUMOCTH, YTO JIEJAET 3TOT aJr0-
PUTM TIOAXOJSANIUM I/ BHIUUCAEHUSA Ha BUAEOKApPTe: KaMKIbIi anmapaTHbIA MOTOK
BBIYUCJAAET CBOI TOYKY MOBepXHOCTH. [Ipm aToM, (pyHKIMU cCHHYyCA W KOCUHYCA B
dopmyie Moje i Me/IJIeHHO BBIYUCAAIOTCA Ha MPOIeccope, UTo eaeT BUICOKAPTY
ete 6oJiee BHITOTHBIM BEIOOPOM.

Uroro, recmorps Ha To uTo Moziean AP u CC aBisgioTea cocTaBHBIMI YaCTAMUA
OJTHOU CMeNTaHHO MOJesn, UX TapaJjeJbHble aJTOPUTMBI (PYHAAMEHTAILHO OTJIN-
qalTCsA W ABJAAIOTCSA 00Jiee CHOKHBIMU, YeM TPUBUAJIBHBIN MapaJIeJbHbIH aJIrOPUTM
mozean JIX. OdderTuBHas peasusarysa aaropurMa AP Tpebyer crenmannsupo-
BAHHOTO TIIAHWPOBINUKA 3224 JII yIeTa aBTOPerpecCHOHHBIX 3aBUCUMOCTEl MesK-
Iy 9acTsAMM B3BOJHOBAHHOI MOBEPXHOCTH, B TO BpeMsa kak ajroputM CC tpebyer
MOTIOJIHEHUS KaKI0# YacT HYIsMU, YTOObI UMETH BOBMOKHOCTH 00padoTaTh UX Ia-
paaieabHo. B orimune ot sTux mopedeit, B Mopesu JIX orcyrerByor uHpopmaim-

OHHBbIE 3aBUCUMOCTHU MEHKYy 1aCTAMU, HO OHa TaKKe TpGGyGT 00JIbIIIEe BHIUUCIUTENb-
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HBIX pPecypcoB (omeparuii ¢ miaBawimneil TOUKoil B CeRYHAY) A TPAHCIeHIeHTHBIX
(yHELUI B popmyde.

ITapaaneabHblii aaropuT™ reHepaiuu 6eg0ro myma YITo0B HCKIOUUTD T1e-
PUOAMYIHOCTh W3 TeHEePUPYEeMOil MOJENbi0 MOPCKOTO BOJHEHUS Peajusalii B3BOJ-
HOBAHHOI MOBEPXHOCTH, JII TeHepalun 6eJioro myMma HeoOXOANMO HCII0JIb30BaAThH
I'TICY ¢ pocrarouno GoJibiuM repuojgoM. B kadecTBe Takoro reHeparopa B pa-
6oTe Mcmoab3yeTcd napajienbHan peaiusanud Buxpsa Mepcenna [31] ¢ nmepuogom
219937 _ 1. 910 mo3BoIgeT CO31aBATH allepHOAUIecKUe Pealu3alii B3BOTHOBAHHOM
MOPCKO#l TIOBEPXHOCTH JIJIsA JIOOBIX CIleHAPWEB MPUMEeHEeHU s, BCTPeUaeMbIX Ha MPak-
THEE.

3amyck Heckoapkux ['IICY ¢ pasHbIME HaYaJbHBIMU COCTOSHUSAMM B IapaJ-
JIEJILHBIX TIOTOKAX He rapaHTUPYyeT HEKOPPeJMPOBAHHOCTD FeHePUPYEMBIX TTOCJAE/0-
BATEJBHOCTE! TCeBJOCTYUANHBIX YKCe], W [ TIPefocTaBJeHus TaKoil rapaHTuu
MCIIONb3YeTCA aJrOpuTM AUMHaMudeckoro cosnanud Buxpeit Mepcerna [32]. Cyrtb
AJITOPUTMA 3aKJII0YAETCA B TIOMCKE TAKMX MATPUI] HAYAJBHBIX COCTOSHWIA reHepa-
TOPOB, ROTOPHIe OBl A MAKCUMAJbHO HEKOPPEJNPOBAHHBIE MOCIE0BATEIBHOCTH
MICEeBIOCAYIARHBIX YHCE] TPY MapaJiebHOM 3aycke HeCKOJIbKUX Buxpeil Mepcen-
Ha ¢ 9TUMU HAYaJbHBIMU cocTosHUAME. [[ocKOIbRY Ha TTOMCK HAYAJIBHBIX COCTOAHUI
TPATUTCS 3HAYUTENbHOE KOJUIECTBO MPOIECCOPHOTO BPEMEHHU, TO BEKTOP COCTOS-
HUIl COBJIAeTCsA MPEBAPUTENBHO [T 3aBEIOMO GOJIBIIEr0 KOJMYECTBA TapaJieb-
HBIX ITOTOKOB M COXPaHSAETCA B (aill, KOTOPHIl BIIOCJIECTBUN CUNTHIBAETCS OCHOB-
HOTI TIpOrpaMMoii repej; HauaJJoM reHepaluy 6eJoro IyMa.

Yerpanenue unrepsada pasrona. B momean AP 3nadenue mogbnema B3BOJ-
HOBAHHOII TOBEPXHOCTH B K0 TOUKE 3aBUCHT OT MPEJIBIAYIIUX TI0 TPOCTPAHCTBY
W BpeMeHM 3HauYeHWil, M3-3a 4ero B HadaJje peaausaryuu obpasyeTcs Tak HasbBae-
MBITT unmepsan paseona (cMm. puc. 10) — TIPOMEKYTOK, HA KOTOPOM pPeajusarius
He coorBeTcTByeT 3amanHoit AR®. Croco6 pemenusa 9Toil TpobJIeMbl 3aBUCUT OT
KOHTEKCTa, B KOTOPOM MPOM3BOJUTCA UMUTAIIMOHHOE MofienpoBanue. Kemu peasn-

3allud UCII0Jb3yeTCA B KOHTERCTE pacueTa OCTOMYMBOCTH CyJlHa oes yueTa MaHEBpPU-
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poBaHUsA, TO MHTEPBAJ HUKAK He TOBJUAET Pe3yJIbTaThl SKCIIEPUMEHTA, TIOCKOJIBKY
HAXOIUTCA Ha T'paHuile (JaJeKo OT WCCIeyeMoro MOPCKOro o0bekTa). AnbTepHa-
TUBHBIM TIO/IXO/IOM ABJAETCSA TeHePallysa B3BOJIHOBAHHOI TTOBEPXHOCTH Ha WHTEePBaJIe
pasrona mMofesibio JIX 1 reHepalua 0cTaJIbHON peasusaluu ¢ ToMoIbio mojgean AP.
Ecan nsygaerca ocToiiunBOCTh Cy/HA B YCJIOBUAX MaHEBPUPOBAHUA, TO WHTEPBAT
MPOTIe BCET0 NCKJANYUTH W3 peaqusanuy (pasMep WHTepBaJa TPUMEePHO paBeH Yuc-
ay ro3pdunmentoB AP). Ograko, 9T0 TPUBOAUT K TIOTepe GOJBIIOTO YHCIa TOUEK,
MOCKOJIBKY MCRJI0UEHWEe TPOUCXOMUT TI0 KAKIOMY M3 TPeX N3MepeHuil.
ITpousBogureabnocts peanusanuii Ha OpenMP u OpenCL. Pasmuuusa B
nmapaJiieJbHBIX aJrOpUTMax Mojieseil mesaeT uX 3(peRTUBHBIMU Ha PasHBIX apXu-
TEKTypax MpoIeccopoB, U [ TOTO YTOOH HaliTH Hamboaee d3P(HEeRTUBHYIO U3 HUX,
BCE MOJIeJ OBLIM TTPOTECTUPOBAHBl KaK Ha MpoIleccope, Tak W Ha BUIEOKapTe.
Mopemn AP u CC He Tpe6yOT BHICOKO ONTUMUBUPOBAHHBIX KOMIOB, JJI TOTO
4TOObI OBITH APPEKTUBHBIME, UX TTPOU3BOIUTEIBHOCTD BHICOKAs M (€3 MCI0Jb30Ba-
HUS COTIPOIECCOPOB; HA 3TO €CTh JIBe MPUUNHBI. BO-11epBHIX, 9TH MOJIEJN He UCII0JTh-
3YI0T TPAHCIeH/IeHTHbIe (DYHKIIUU (CHHYCHI, KOCUHYCHI M SKCIIOHEHTHI) B OTJINIKE OT
monesau JIX. Bee Bbucaenusa (McrJawodasd Ko3Q(OUIMEHTH MOJEJIN) TPOU3BOAATCSA
qepes TOJMHOMBI, KOTOpPbie 3(D(PeKTUBHO BEUUCAIIOTCA HA COBPEMEHHBIX TTPOIECCO-
pax, ucmosb3ysa uaHeTpykimr FMA. Bo-BTophix, BeMUCAeHTE TaBICHA IPOUCXOTAT
o ABHOI (hopMmysie ¢ WCrmoab30BaHNeM HeCKOIbKNX BAoKeHHBX BII®D. [locroabry
nByxmeptaoe BII® onHoro u Toro ke pazmepa MOCTOAHHO BHIYUCASAETCH HA KAKIOM
BPEMEHHOM cpese, ero Ko (UIMeHThl (KOMILJIEKCHbIe SKCIIOHEHTHI) BHIUUCAAIOTCA
OJIMH Pas JIis BCEX BPEMEHHBIX CPe30B, a JaJjbHefilne BEIUCAeHUsA BRIYAOT B Ce-
6 JIWITHL HECKOJIBKO TPaHCIeHIeHTHBIX (yHEIuUi. B cayuae momean CC, mpousso-
IUTEJBHOCTH TaKsKe TOBHINAeTCA 3a CUeT BBHMUCJIEHWUA CBEPTRHU ¢ ToMolnsio BIID.
Takum o6pasom, Bbicoras mpousBoguTebHOCTh Mofieqeii AP mw CC obGycaoBiaena
CRYIHBIM MCITOJb30BAHIEM TPAHCIEHIeHTHHX (PYHKIMI 1 WHTEHCUBHBIM HCIIOJIH30-

BaHueM BII®, He roBops y#e 0 TOM, UTO BHICOKAS CKOPOCTb CXOIUMOCTH U OTCYT-
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HuTepBan pa3rona

Puc. 10: Wurepsan pasrona B HauaJje peajusaiiuu mpoiecca AP.
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CTBUE IIePUOJUIHOCTHU 1103BOJAIOT HUCIIOJb30BaTh Iropasao MeHbIIe ROS(i)Ct)I/IHI/IeHTOB

10 cpaBHEHUIO ¢ MojieJibio J1X.

[Tpoteccop AMD FX-8370

[TamaTts npoiieccopa 16I'b

Buneorapra GeForce GTX 1060

[TamATH BUJEORAPTHI 6I'b

RecTrnii muck WDC WD40EZRZ, 540006./MuH.
RoandecTBo mporeccopHbix agep 4

KoaudecTBo MOTOKOB Ha PO 2

Ta6auna 4: Houduryparusa cucremsl « Gpulaby.

[TporpamMmmuas peanusaiiusa MCIOJb3yeT HECROJbKO OMOJMOTEK MaTeMaTnde-
CKUX (PYHKITUIl, YNCIEHHBIX AJITOPUTMOB U MPUMHUTHBOB BUBYaJM3aluu (mepedmnc-
JIEHHBIX B Ta0. D), ¥ HaNMcaHa ¢ UCI0Jb30BaHNEM HECROJbKUX TEXHOJOTHI mapaJ-
seaproro porpammupoBanug (OpenMP, OpenCL) g BoaMo:kHOCTH BEIGOPA HAN-
6osee apperTUBHOM. [[J1A KAKION TEXHOJOTUH W RAKION MO n ObLIa ONTUMUBH-
poBaHa reHepalysa B3BOJTHOBAHHOI MOBePXHOCTH (3a nckIoueHueM mopean CC, ais
KOTOPO#l OBlTa caenaHa Toabko peaqusanusa OpenMP). Bruraucaenue morenmuana
cropocTH OBLT0 peanusoBano Ha OpenMP, peaausanua va OpenCL 6vlL1a caenana
TOJIBKO JIJII BUBYAJM3AIINT B3BOJTHOBAHHO MOBEPXHOCTHU B peabHOM Bpemenu. [l
KasKI0I TEXHOJOTUU MPOrpaMMa TepeKOMIMINPOBAIACh, BaMyCRAJACH HECKOJIBKO
pas u uaMepsJgach MPOUBBOAUTENBHOCTh KaKI0! BHICOKOYPOBHEBOH (DYHKIIMU I10-
CPeICTBOM CHCTEMHBIX JacOB.

Pesyaprars TecTupoBaHusa npejictaBieHb B Tab. 6. Bee TecTH 3amyckaanch
Ha MaIllHe ¢ BUAEORAPTOI, XapakTepUCTUKN KOTOpoil coopans B Tab. 4. Bee Te-
CTHI 3aITYCKAJINCH C OMHUMK ¥ TEMHU K€ BXOMHBIMU TTapaMeTpaMu Jjisd BCeX MojeJeit:
peaausanus anunoit B 10000 cek. u pasmep BoixoiHoit ceTkr 40 X 40M. EnuncrBen-
HBI TapaMeTp, KOTOPHIA OTJIHdaJcsa, 3TO TOPAIOK (KOJIMIECTBO K09 PUITMEHTOB):
nopsanok mogneneit AP u CC 6bl1 BoIOpaH paBHBM 7,7,7, a mopamok mopean JIX
40,40. 910 cBA3aHO ¢ OOJIBITMM ROJMIECTBOM KOI(PPUIMEHTOB, HEOOXOTUMBIM IS

NCRJIOYCHUA ITIEPUOAUIHOCTH MO E/IN JIX.
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Bo Bcex Tecrax renepaiiys B3BoiHoBaHHOI noBepxHocTu 1 HBII 3anumator
OGJIBIIYI0 YacTh BpeMeHu paboThl, & BbUUCAEHHUE TTOTeHIMala CKOPOCTH BMeCTe C

OCTaJbHbIMU ITOAIIPpOrpaMMaMi JUIIb MaJdylo €ro 4aCThb.

Bubanorera Hasnauenue

DCMT [32] napaJsepablit 'TICY

Blitz [33,34] MHOTOMEPHbIE MACCUBHI

GSL [35] soraucaenne OIIP, ®P, BII®

IPOBEPKa CTAIMOHAPHOCTH IIPoIiecca
LAPACK, GotoBLAS [36,37] onpenenenue kosdguimertos AP
GL, GLUT [38] TpexMepHas BU3yaJu3aIus

CGAL [39] TPUAHTYAAIMA BOTHOBBIX UHCET

Tabauma 5: Crmcor 6MOIMOTER, NCTIOIH3YEMBIX B TPOIPAMMHOI peaJusalim.

Mopear AP moraswsiBaeT HaMOOJBITY0 MPOW3BOIUTENLHOCTh B Peaanu3aliuu
ra OpenMP n nammensmyio B peaausarym Ha OpenCL, uTo Takke ABagercsa Ham-
GoJiblleil ¥ HaMMeHbIIel TPOU3BOAUTENbHOCTBIO CPeI BCeX KOMOWHAIMI MojeJei
W TeXHOJOTHil. B camoii onTuma ibHON KOMOWHAIMY TIPOU3BOAUTENbHOCT AP B 4,5
pas Bhiie, deM npousBoguTeabHocTh CC, 1 B 20 pas Bbile, 9eM TPOU3BOAUTEb-
HoCcTh JIX; B camoil HeomTuMabHOM KoMOmHaIM — B 137 pas memnenneii, uem CC
n B 1Ba pasa menienteil, uem JIX. OtHomenne mesxmy nanbosbiieir (OpenMP) u
ranMensbiieil (OpenCL) npousBoguTenbHocTHI0 MOfen AP cocTaBageT HeCKOIbKO
coTeH. ITo 00'bACHAETCA TeM, 9To dopmyaa mMopean (4) apgerTuBHO 0TOOpaAsKAET-
csl HA apXUTERTYPY IEeHTPAJIbHOIO TIPOIleccopa, KOTOPHI 0TInYaeTes 0T BUIEOKap-
Thl HAJTWYNEM HECKOJBRUX K3IIell, aMAThI0 ¢ HUBKOI MPOIMYCKHOI CITIOCOOHOCTHIO 1

HeOOJBIIUM KOJIUIECTBOM MOJIyJIell 1/ onepaliyii ¢ miaBaoleil TOuKoii.

* IJra popMyJa He COAEeP:RUT TPAHCIeHAEHTHBX (PYHRIWI (CHHYCOB, KOCUHYCOB

1 DKCIIOHEHT),

* Bce ollepallui YMHOKEHUS U CA0KeHUA B PopMyJie peatnsyloTcs MocpeIcTBOM

FMA wnerpyrmuit mporeccopa, u
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* 3((PeKTHBHOE HCII0Jb30BaHUE (JIOKAJIBHOCTH) K3IIA JTOCTUTAETCS TTyTeM HC-
noJb30BaHuA 6udbanorTekn Blitz, koTopas peasusyer onTUMU3UPOBAHHBINA 00-
XOJI, DIEMEHTOB MHOTOMEPHOTO MAacCHUBa, OCHOBAHHBIN Ha 3aM0JHAIIEH Tpo-

CTPAHCTBO KpuBoil ['mibbepra.

B orsmune ot 1eHTpaIBHOTO MPOIEccopa, BUIeoRapTa uMeeT MeHbIee KOJNIeCTBO
K9ITIel, TAMATH ¢ BRICOKOT TPOMYCKHOT CTTOCOOHOCTHIO M GOJbBIT0E KOJUIECTBO MOTY -
Jiefl A orlepalyii ¢ TIaBaolneil TOUROi, 9To ABJAAeTCS HauMeHee 0JaronpuATHBIM

ciieHapueM s mopienu AP.

« @opmyna monenun AP He cofep:kuT TpaHCIEHASHTHBIX (YHKINI, KOTOPBIE

MOTLJIU OBl KOMIIEHCHUPOBATDb BLICOKKUE 3adCPHKN ITaMATH,

* B BHUJEOKapTe NpucyTcTBYIOT uHCTpyKiuu FMA, Ho oHY He yBeanuuBaloT mpo-

N3BOIUTEJBbHOCTh M3-3a BBICORUX 3alepiHer nHaMATu, 1

* ONTHUMAJILHBIN O6XO,[L MHOT'OMEPHOTI'0 MaCCrBa HE UCITOJb30BaJCA BBUAY OTCYT-

CTBHUA 61/16JII/IOT6R, peaqnusyrimx ero ajasd BUOeOKapThl.

HakoHerr, apxuTekTypa BUIEOKAPTH HE COJEPKUT TPUMUTUBB CHHXPOHU3AINY, TT03-
BOJIAONIUX 3()(DEKTUBHO Pean30BaTh aBTOPETPECCHOHHBIE 3aBUCUMOCTH MEKIY OT-
NeJbHBIMIA YacTSAMHU B3BOJHOBAHHOW MOBEPXHOCTH; BMECTO 3TOTO OT/eJbHAS TIO]I-
nporpamma OpenCL samycraercsa Ijia ka0l yacTu, a yopas/ieHre HHPOPMAIIH-
OHHBIMU 3aBUCHMOCTSAMH MERAY HUME OCYIIECTBJAAETCA Ha CTOPOHE IEeHTPaJbHO-
ro mporeccopa. Takum o6pasom, B ciayuae mogesun AP apxurekrypa 1eHTpagbHOTO
MPOIeCCoOpa MPEeBOCXOAUT apPXUTEKTYPY BUIEOKAPTHI, TIOCKOJIBKY 00Jiee derTnB-
HO 00pabaThiBaeT CJIOKHBIE HHPOPMAIIMOHHBIE 3aBUCMOCTH, TIPOCTHIE BBIYNCICHUS
(coIoReHNA M YMHOKEHWS) W CJAOKHBIE TMAa0JOHB JOCTYTIa K TTaMATH.

B otamune ot momesn AP, monenn JIX mokassiBaeT HAMOOJBITYIO TTPOU3BOM-
TeJbHOCTh Ha BUEOKApTe W HAMMEHBITY MPOU3BOAUTENBHOCTh HA IEHTPAJIBHOM

npoieccope. IIpuunnoii aTomy cay:xar
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OpenMP OpenCL

[Togmporpamma AP CC JIX AP JIX
Ompenenenne koapunmento 0,02 0,01 0,19 0,01 1,19
[TpoBepra mopesu 0,08 0,10 0,08

[lenepaiiysa moBePXHOCTH 1,26 5,67 350,98 769,38 0,02
HBII 7,11 7,43 0,02

Konuposanue nanabix ¢ GPU 5,22 25,06
Bora. norennuagnon ckopoctu 0,05 0,05 0,06 0,03 0,03
3anuch BHBO/IA B (pafit 0,27 0,27 0,27 0,28 0,27

Tabauma 6: Bpems pabors (c.) peamusanuit OpenMP u OpenCL moneneit AP, CC
n JIX.

* 60JbIII0e KOJMYECTBO TPAHCIEHAEHTHHIX (DYHKIWI B ee (popmyne, ROTOpPbIe

ROMIIEHCUPYIOT BBICOKME 3alePHKN 1TaMsATH,

* JIMHENHBIN MAa0J0H TOCTyMa K MaMATH, KOTOPHI MO3BOJAET BEKTOPU30BATH
BBIUKCJIEHUA U 00BUHUTH OMEePaIlid I0CTYTa K MaMATH U3 Pa3HbIX TTOTOKOB,

n

* OTCYTCTBHe MH(POPMAIIMOHHBIX 3aBUCUMOCTel Me:k1y TOYKaMU B3BOJHOBAH-

HOIl IOBEPXHOCTH.

HecmoTpsa Ha To 4TO BUAEORApPTa Ha TECTOBON cucTeMe Oojiee TTPOM3BOIUTEIbHA,
9eM IeHTPAJbHBI Mpoileccop (¢ TOUYKM 3peHMs olepalnii ¢ miaBawieil Toukoil B
CeRYHJY), 00MIasd Mpou3BOAUTENbHOCTh Mofiean JIX 1o cpaBHeHUIO ¢ Moje b0 AP
menbine. [IpuanHoil aTOMY CIy:KUT MejJIeHHAS Tepeiada JAHHBIX MERIY MaMsAThIo
BUJIEORAPTHI U IEHTPAJBHOTO MPOIeccopa.

Mopesr CC 6uicTpee, uem monenb JIX, Ho MemneHHee, uem moneab AP. ITo-
CROJIBRY CBEPTKa B ee (hopmyse peanusoBana c nomoiisio BITD, ee mponsBopuTesnb-
HOCTH BaBUCUT OT MTPOM3BoauTeabHoCcTH peatusaiun BIIP: 6ubanorerka GSL B cay-
qae meHTpaabHoTo mporeccopa u clFFT B cayvae Bumeoraptel. B manHoit padote

ITPON3BOJUTEJABHOCTb MOJIEJIN CC na BuaeorapTe He ObLIA ImpoTecTupoBaHa BBUY
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aHepoctynHocTu Tpexmeproro BII® B 6ubmorere clFF'T; eciin 661 mpeodpaszoBanme
OBLIO TOCTYITHO, OHO MOTJIO OBl clieIaTh MOfie]b faske Gojee ObicTpoil, uem AP.

HBII sanumaer MeHbllle BpeMeHU HA BUJEOKApTe, UeM Ha IeHTPaJbHOM TTPO-
meccope, OHAKO, €CJaU TTPUHATH BO BHUMaHUE BpeMs Tepeiadil JaHHBIX MeKIy Hu-
MU, BpeMs CTAHOBUTCSA COTOCTABUMBIM. JTO 00bACHAETCH OOJBITNM KOJUIECTBOM
TPaHCIEHEHTHBIX (PYHKINI, KOTOPEIe HEOOXOAUMO BHIUUCAUTH IJsA KaKI0H TOURH
B3BOJHOBAHHOII MOBEPXHOCTH I TIpeo0pasoBaHusa ee KoopauHat z. lasa rammnoii
TOYRY HeJWHelHOe TpaHCIeHIeHTHOe ypaBHenue (7) permaeTcsa MeTooM OMCeRITIH.
Buneokapra BITOJHAET 9TY 387129y B HECKOJIBKO COTEH pas ObICTPee, 1eM IeHTPaJb-
HBI1 TPOTIECcCop, HO TPATUT MHOTO BpeMEHU Ha Mepeaady pesyibraTa o6paTHo B Ta-
MATH Mporieccopa. TakuM 00pasoM, eMHCTBEHHAA BO3BMOKHOCTH ONTUMUBMPOBATH
9Ty TIOJIIPOTPAMMY 3aKJII0YAETCA B MCIOJH30BAHUYN METO/Ia TIOMCKA ROPHSA ypaBHe-
HUA ¢ KBAIPATUIHON CXOAUMOCTDI0, YTOOB YMEHBIINUTH KOJIUIECTBO TPAHCIEHIEHT-
HBIX (DYHRIUIT, KOTOpBIe HEOOGXOUMO BHIUUCIUTD.

ITpousBoguTesbHOCTH BBOAA-BBIBOAA. HecMoTps HA TO UTO B TeCTaxX U3 MPeJIbl-
NYIIero pasfesa 3aluch TAHHBIX B (DailJbl He 3aHUMAeT GOJBII0e KOJIUIeCTBO Bpe-
MeHMW, MCII0Jb30BAHINE MOHTHPYEMBIX TI0 CeTH (DailJIOBBIX CHCTEM MOKET 3aMe[IUTh
ATOT ATAI MporpaMmbl. [ ero onTUMHU3AIUN YACTH B3BOJHOBAHHON MOBEPXHOCTH
3amnCchIBAIOTCA B (hafifl, Kak TOJBKO TeHepallus BCero BpeMeHHOTo cpe3a 3aBepiieHa
(pue. 11): Bamycraercs OTAEJbHBI TOTOK, KOTOPHIl HAUMHAET 3alNCh, RAK TOJb-
KO TepBBIil BpeMEHHO! cpes3 CTAHOBUTCSA TOCTYIEH, U 3aBepIuaeT, Mocje TOTO Kak
OCHOBHAA TPYIIA MOTOKOB 3aKAHUYMBAET BHIUMCJIEHWUA U TOCJIEIHUIN Cpe3 3aluChl-
Baercs B (paitn. CymmapHoe Bpems, 3aTpaurBaeMoe Ha BBOJ/BBIBOJI, YBEeJMINBAET-
s, HO CyMMapHoe BpeMs padoThl TPOTPaAMMbl YMEHBINAETCA, TOCKOJIbKY BBOJL/ BHIBO]
MPOU3BOAUTCSA TapaieabHo Boraucaenuam (Tabd. 7). UemoabsoBanne sToro moaxona
IS IORAJBHBIX CHCTEM UMeeT TOT ke 3(P(erT, HO BBIUTPHIIT B TPOUBBOIUTENLHOCTH

MEHBIIIe.
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XFS

—_ o—oo 0—o —o-9 Ge—9 G0 0O oo o eo 60 G—0—© Ge—© 60— GO 06—O 6—O GO G0 6®O

1.5

0.0 0.5 1.0
Bpewms, cek.
NFS
[ [ [ [ [ [ [
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Bpewms, cek.
GlusterFS
—— — generate_surface
] — write_surface
[ [ [ [ [ [
0 2 4 6 8 10
Bpewms, cek.

Puc. 11: I'padur cobuituii mjaa XFS, NFS u GlusterF'S, mokassiBatonuii BpemeH-
Hble WHTEePBAJIbI I KaK/0r0 U3 MIOTOKOB, Ha TIPOTSAMKEHNN KOTOPHIX TIPO-
M3BOJIUTCA 3aMKCh B (paiin (KpacHbIll) U BeMUCAeHUA (IePHBIi).
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I II

[Togmporpamma XFS NFS GlusterFS XFS NFS GlusterF'S
lenepanua nmosepxuoctu 1,26 1,26 1,33 1,33 3,30 11,06
danuck BBosia B (paitt 0,28 2,34 10,95 0,00 0,00 0,00

Tabauma 7: Bpemsa pa6oTs! mopmporpamm (cegr.) Mpu NCTIOJIb30BaHUT (aiiJIOBHIX CH-
crem XF'S, NFS n GlusterF'S coBmecTHo ¢ mociemoBaTesbabpM (I) u
napaJsiebabM (II) BerBOmOM B (haii.

5.1.2. Buiuuciaenue nmojsa moTeHIUada CKOPOCTH

ITapanneabHoe BbUMCAEHUE 1O/ MOTEHIMAJIA CKOPOCTU. TecThl I Mo-
neqeit AP, CC, u JIX nmorasaJu, 4To BoMUCAEHIE TOJIA TTOTEHIIAAAA CKOPOCTH 3aHN-
MaeT JHIb MATYI0 TOJI0 CyMMapHOTO BpeMeH! paboThl ITPOIPaMMBI, OfHAKO, a6CO-
JIOTHOE BpeMs BLIUUCIEHUA Ha MJIOTHOI ceTke XY MokeT ObITH Oosbmum. OnHo 13
MPUIOKEHUIT, B KOTOPOM HCIOJIb3YeTcs MI0THAA CeTKa, — HTO MMUTAIMOHHOE MO-
NleJMPOBaHNEe W BU3YaJU3aIllisd B PeaJbHOM BPeMEeH! B3BOJHOBAHHOI TIOBEPXHOCTH.

BI/ISyaJII/IS&HI/IH B peaJibHOM BpEMEHN TTO3BOJAET

* HAaCTPOWTH mapameTps Mosiean 1 AR®P, MrHOBeHHO TTOTyYas pesyibTaT n3Me-

HEeHW, U

* CpaBHHUTDH pasmep u Gopmy obJacTeil, B KOTOPBIX CKOHIEHTPUPOBAHA OCHOB-

Had 9aCTh 9HEPTUU BOJH.

[TockoabKy BUByaIU3aIis IPOUSBOUTCS HA BUIEOKAPTE, BHUUCICHIE TI0TEH-
IMaJa CKOPOCTH HA IEHTPAJBHOM IIPOIECCOPe MOKET CHeJaTh Mepeiavy AaHHBIX
MEesRLy aMATHIO IBYX YCTPOMCTB y3kuM MectoM. Jlis Toro uto6bl 060iiTH 310, TIPO-
rpamMMma MCnoJb3yetr mporpammusiii naTepgeiic Bsanmoneiictsua OpenCL/OpenGL,
TTO3BOJIAIONININ cO31aBaTh 6y epHhl, Ncroab3yeMble coBMecTHO KoHTeRcTaMu OpenCL

1 OpenGL, 4To nckI0UaeT KOIMPOBaAHUE TAHHBIX MeEIY yeTpoiicTBaMu. Kpome To-
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ro, (hopMysIia TpexXMepHOTo MoJA MoTeHIasa cropocta (4.2.2) 0co6eHHO MOIXOIUT

HJISA BBIYUCJACHUS Ha BUOEORapTe:

* OHA COJEPKUT TPaHCIEHIeHTHBe QYHRIN (rumepOoandeckue KOCUHYCH 1

KOMILIeKCHbIE DKCITIOHEHTH);
* OHA BHUHUCJAETCA Ha GOJBINON YeTHpeXMepHoil obaactu (t, x,y, 2);

* OHa ABHad N He nMmeerT I/IH(bOpMaL[I/IOHHBIX 3aBUCUMOCTEN MeRIYy OT/IeJbHbIMA

TOYKAMU B U3MEpeHUusx ¢t u z.

st Toro 4TOOB! BBISICHUTD, HA CKOJIBKO MCIIOJIb30BAHME BUIEOKAPTH MOIKET
YCKOPUTH BBIUMCJAEHUS I10JIS OTeHIMala CKOPOCTH, ObLIa IIPOTECTHPOBAHA YIIPO-

menHas Bepeus (4.2.2):

. | cosh (27 |E|(z + h))

24220 = Fas o cosh (2n i) "t
= }—;;{91(% U)Fu,v{92($7 y)}} : (26)

KRop, Beraucsonuii moTeHumas ckopocty, 6b1 epenucan Ha a3bike OpenCL u ero
MPOU3BOAUTEILHOCTH CPABHUBAJACH ¢ peasmsaiueil Ha OpenMP.

Hs kamaoil peaqusalyy n3MepaIoch BpeMs padoThl COOTBETCTBYOMUX MO/
IPOrPamMM 1 BpeMs Tepejiadn TaHHbIX Me:xk Iy yerpoiictBamu. [lose moreHmasa cko-
POCTH BBIMUCAANOCH [T OHOT TOUKM 110 ocH £, 128 Touek 1o ocu z, pacroaoKeHHbIX
T[T, B3BOJTHOBAHHOI TIOBEPXHOCTBIO, U JIJIA KAMKI0H TOUKY TI0 OCH X 1 Y YeTHIPpeXMep-
HOli ceTrU (t,x,y, z). Memay samyckaMu MpOrpaMMbl U3MEHSAJICA pasMep CEeTKHU MO0
ocH .

B peaymsanuax ucnonb3yoresa pasusie 6ubanorekn BIID: GNU Scientific
Library (GSL) [40] ana OpenMP u clFFT [41] maa OpenCL. Ilogmporpammsr

BII® us sTux 6u6I10TER UMEIOT CJAeYIOIe 0COOeHHOCTH.

* Ilopanoxr gactor B BIIP y o6oux 6ubdanorer pasusiii. B cayuae clFFT aie-

MEHTHI PE3YyJAbTUPYIOIIEr0 MaCCUBa HOTTOJHUTEJBbHO CIABUTAIOTCA, YTOOLI COOT-
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BETCTBOBATH KOPPEKTHOMY TIOJI0 TIOTeHIna a cropoctu. B caydae GSL nu-

KaKOTO CIBUTA He TpedyeTcs.

* PaspsiB B Toukax cetku (x,y) = (0,0) o6padarsiBaercsa 6ubanoreroii clFFT
ABTOMATHYECKHU, B TO BpeMs Kak Gubanorera GSL BhaeT uckamenHbie 3Ha-
4eHus B ATO¥ TOUKe, 103TOMY ¢ cayuae GSL sHaueHus B 9TUX TOUKAX MHTEP-

HOJIUPYIOTCA.

Hpyrue orsmaus nopnporpamm BII®, Biugomue Ha Ipou3BOAUTENLHOCTD, He OBLIN
BBIABJIEHBI.

IIpousBoUTENbHOCTH KO, BHIYMCAAIONIEr0 10/e MOTeHINAJa CKOPOCTH.
JKcriepuMeHTH mokasanu, uro peanusaiusa OpenCL npesocxoaut OpenMP o nipo-
M3BOIUTENbHOCTH B 2—6 pas (puec. 12), ogHAKO, pacrpejiesieHne BpeMeHH paboThl
Me:RTy TIofirrporpaMmMamu otandaercea (Tad. 9). B ecarydae mporeccopa 6oJblne Beero
BPEMEHHU TPATUTCSA Ha BHUUCIEHUE g1, & B CIydae BUACORAPTH BpeMsA BBIUUCJIEHUSA
g1 COTIOCTABUMO ¢ go. RommpoBaHme pesyabTUPYONETOo MOJA TOTeHINAIA CKOPOCTH
MERTy TIPOIecCOpoM U BUEORapToii 3aHuMaeT ~ 70% o011ero BpeMeHu BbMUC/Ie-
HUA HTOTO 0. Brrucienue go 3anuMaet 6oJblie Bcero BpemMenu B caydae OpenCL
1 MeHblle Becero BpeMenu B caydae OpenMP. B o6oux peanamnsanuax go BHUUCAAETCA
Ha TeHTPAJBHOM ITPOIEeCCOpe, MMOCKOJIbKY rOTOBAA MOIITPOTPAMMA BHIUUCICHUS TIPO-
n3BoaHof Ha OpenCL He Obl1a Halifena. B cayuae OpenCL pesyabrar BeMuCIeHNAI
nyGJupyeTes IS Rask10i TOUKU CeTKH MO OCH Z, IS TOTO 4TOOBI TIePEMHOKUTH BCe
TOYKM OTHOTO BpeMeHHOTO cpesa B ogHoil nopmporpamme OpenCL, a, 3atem, ronu-
pyercA B TaMATh BUAEORAPTHI, YTO HETATUBHO CKA3BIBAETCA HA TPOU3BOAUTEIHHO-
cti. Bee TecTh 3amyckagnch Ha MaliiHe ¢ BULEOKAPTOil, XapakTePUCTURHE KOTOPOil
MPOCyMMHUPOBAHBI B Ta0. 8.

[Tpuumna pasHoro pacrpeyieJeHus BpeMeH! PadoThl MeR/IY TTOAIIPOrpaMMaMu
OpenCL u OpenMP Ta ke, aTo 1 B caydae pasnoit mponsBoguTebHOCTH MOfien A P
Ha TeHTPAJBHOM TIPOTIeCcCOpe U BHUEOKapTe: BUIEOKAPTa BHIIOJHAET GOJBIIE Olle-

parnuii ¢ IaBaolIneil TOUR0l B CeRYHIY U uMeeT O0JIble MOy eil TpaHCIeH/IeHTHBIX
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[Tporeccop Intel Core 2 Quad Q9550

[Tamars mporeccopa 8I'b

Buneorapra AMD Radeon R7 360

[TamaTs BugeoRapTH 2I'b

MRecrruii muck Seagate Barracuda, 7200 06./muH.

RoaudecTBo mporeccopubix auep 4

Taoauma 8: Hougurypanus cucremsl « Stormp.
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w —
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8 OpenMP
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) | ////
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/ OpenCL .-
//// ---------- 5
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O/ I R G e
DU RN e
o - ﬁ 8- OpenCL/OpenGL
T | | l
128 2048 4096 8192 eag

Pasmep B3BOJIHOBaHHOM MOBEPXHOCTH 1O ocu OX

Puc. 12: CpaBuenune mpousBOANTESBHOCTH BePCHUil KO/a, BRIYUCAAIONIETO TI0JE T10-
TeHIaJ a CKOPOCTH, s IeHTpaJsbHoro npoieccopa (OpenMP) u Bupeo-
kapth (OpenCL).
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(QYHRIIMI, 4eM TIPOIeccop, YTO YCKOPsAET BhIYUCAEHUE g1, HO B Heil OTCYTCTBYeT KA,
ROTOPHIT HEOOXOINM I/ OTITUMHU3AIAN HePeryIapHoro mabaoHa JoCTyna K mamsa-
TU TIPU BBIUUCICHUN ¢o. B oTamdme ot mopean AP, mpousBoguTeibHOCTH BBIUUCTE-
HUA MHOTOMEPHOI IPOU3BOIHO HA BUIEOKAPTE Jierde YBeJNUUTh BBUALY OTCYTCTBUSA
MH(POPMAIIMOHHBIX 3aBUCUMOCTEll MeRAY TOURAMU: B TaHHON paboTe ONTUMHUBAIUA
He Oblia MpoBejeHa BBUAY OTCYTCTBUA TOTOBOI peasusaruu. Kpome Toro, Takas
peanusanysa MOKeT MO3BOJUTH 3(PPEKTUBHO BBIUUCIUTL HEYIIPOIIEHHYI0 (OpPMYIY
MOJHOCTBHIO HA BU/IEOKAPTE, TIOCKOJbKY OMyIeHHbIe B (DOpPMYJie PYHKIUU TAKEKe CO-

liepsKaT MPOu3BOTHBIE.

[Togmporpamma OpenMP OpenCL
DyHKRIUA ) 4,6730 0,0038
DyHRIUA g9 0,0002 0,8253
BII® 2,8560 0,3585
RonupoBanue TaHHBIX ¢ BUIEKAPTHI 2,6357

Tabauma 9: Bpemsa pa6oTsl (cek.) MOAMPOTPAMM BBUUCAEHUA TOJA TOTEHIIAAIA

CKOPOCTH B PeaJbHOM BPeMEeHHU [/ B3BOJHOBAHHOI TTOBEPXHOCTH (pas-
mep o OX pasen 16384).

Kar u oxumanoch, coBMECTHOE HCIOJb30BaHUE OTHOTO Oydepa KOHTEKCTa-
M OpenCL u OpenGL yBeanmunBaer nponsBOJUTENbHOCTD Iy TeM UCKJIIOUEHUA KO-
MUPOBAHUA JAHHBIX MERIY TaMATHI0 IEHTPAJBHOTO TIPOIleccopa U BUACOKAPTHI, HO
Tak:ke Tpedyer, 4TOOBI JaHHBIE ObLIM B (popMaTe BEPIINH, ¢ KOTOPHIM Hemocpe-
crBerHo padoraer OpenGL. IIpeo6pasoBanme B 9TOT (opMaT BHIIOJHAETCH OBICT-
PO, OIHAKO Pe3YAbTUPYIOIIUIT MACCHB BaHUMAET GOJbIITe TAMATH, TOCKOJbKY KasK1asd
TOYKA 3alMCHIBAETCA KAk BEKTOP U3 TPeX KOMIOHeHT. [[pyrum HemocTaTtkoM coB-
mecTHoro ucrnoab3oBanusa OpenCL u OpenGL aBisgercsa Tpe6oBanume pydHoil 6.0-
KUPOBKH 0011eT0 Oy hepa: HeBHIIOJHEHNE STOTO TPeOOBAHUA MOKET CTATH IIPUINHOM
MOABJEHUSA apTeakToB N300paKeHNa Ha dIKpaHe, KOTOPhle MOKRHO YOPaTh, TOJBKO

nepesarpysmB KOMIIBIOTED.
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5.1.3. BriBonanl

TecTHl TIOKa3aJ M, 9TO BAIEOKAPTa MPEBOCXOIUT IEHTPAJIBHBINA TPOIECCop 10
IIPOUBBOAUTEJIBHOCTH B 3a/la4ax ¢ OOJIBIIUM KOJINYECTBOM apu(hMeTHIECKUX orepa-
Ui, TPeOYIIMX GOJbIIOe ROJMIECTBO ONepaliyii ¢ IIaBaoieil TOuKkoil B CeKyH/Y,
OJTHAKO, ITPOM3BOUTENbHOCTD T1a/IaeT, KOTJia 00'beM JIAHHBIX, KOTOPbIe HY:KHO CKO-
MUPOBATH MERAY MaMATHIO MTPOIECCOpa W BUIEOKAPTH, YBEINUNBACTCA WU, KOT/A
mabJoH 0CTYIa K MaMATH OTJInYaeTcs oT jauHeiiHoro. [TepBas mpobiema Mosker
OBITH pellieHa MTyTeM UCIIO0Jh30BAHUSA COIIPOIIECCOPa, B KOTOPOM MaMATh C BBHICOKO
MPOTTYCKHO CMOCOOHOCTHIO PacIookeHa Ha OJHOI TaTe BMeCTe C MPOIeCCOPOM
¥ OCHOBHOW TaMATBI0. JTO MCKJIIYAET Y3KOe MECTO NPH IMepechlIke TaHHBIX, HO
MOJKET TaKiKe YBEJIUUYUTb BpeMs BBITOJHEHUS BBUAY MEHBINEr0 KOJMYECTBA MOJLY-
Jeii 1y omepanuii ¢ maaBaomeil Toukoii. Bropyio mpobieMy MOKHO peImuTh Mpo-
rpaMMHO, TIPA HAJIUYUKM OUOJUOTERY M BHIUUCIEHUS MHOTOMEPHBIX TTPOU3BOTHBIX
rHa OpenCL.

Mopemu AP u CC npeBocxogat mozessb JIX B TecTax Mpou3BOAUTENLHOCTH U
IJIA ATOTO He TpedyeTcs HaJIudne BUAeOKapTH. VX CHIBHBIME CTOPOHAMU C BHIUWC-

JUTEJbHON TOYKHU 3peHnA ABJAIOTCA

* OTCYTCTBHE€ TPaHCUEHJEeHTHBIX (DYHRUNN, U

¢ HIPOCThIE AJTOPUTMBI, ITIPOU3BOJAUTEJIbHOCTH ROTOPBIX 3aBUCUT OT ITPOU3BOAU-

TeJBHOCTH OMOJIMOTERY 1A MHOTOMEePHbBIX MaccuBOB 1 6ubaoreru g BIID.

Obecriedenrie 0OCHOBHOTO (PYHKIIMOHAJA TTOCPEICTBOM HU3KOYPOBHEBBIX OMOIMOTER
fieJiaeT MPOU3BOIUTENBHOCTD MPOIPAMMBI TEPEHOCUMOi: TTO/IeP:KKa HOBBIX apXu-
TEKTYP MPOIECCOPOB MOsKeT OBITH o6aBIeHa MyTeM 3aMeHbl 6ubanoTek. Hakonerr,
MCII0Jh30BaHNE ABHON (DOPMYJIBI TO3BOJAET TPATUTH JUITH HEOOMBIIYIO T0JI0 CyM-
MapHOTO BpeMeHH PabGoTHl IPOrPaMMbl Ha BEIMUCJIEHNE TI0JIA TOTEeHIAIa CKOPOCTH.

Ecan 661 Takoii popMysasl He OBLIO WJIW OHA He cofiep:kaJa Obl MHTEeTPAJB B BUIe
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npeobpasoannii @ypbe, Ha BHMUCTEHHUE 110 TTOTEHIIMANA CKOPOCTU TPeOOBAIOCH

OBl TOpasao 60JbIIe BPeMeHHN.

5.2. OTKa30ycTOMYNBHIN MJIAHUPOBIIMK MAKETHBIX
3aay

5.2.1. Apxurekrypa cucrembl

duznueckuit yposenb. CocTouT u3 y3J70B U TPAMBIX/MapIIPyTH3UPYEMBIX
(pusUYECKUX ceTeBbIX coeqnHeHnii. Ha aToM ypoBHe mpeonaraercs moJaHas cere-
Bas CBABHOCTB, T.€. BO3MOKHOCTD OTTIPABJATH CeTeBbIe MTARETH MeRILY 0001 mapoii
y3JI0B RJacTepa.

YpoBeHb pe3ujieHTHBIX npoieccoB. CocToUT U3 MPOIECCOB, 3aMyTEHHBIX
Ha y3Jax KJacTepa M nepapXnieckuX JOTUIeCKUX cBA3el (TIaBHBI/TOMIMHEHHbIH)
Me:sry HuMu. Ha kasmmom yase samymier poBHO OJIH IIPOTIece, T0ITOMY 3TH TOHATUSA
B3amMo3aMeHsAeMbl B laHHoil padore. Posib riiaBHOTrO 1 MOAUMHEHHOTO HA3HATAETCA
pesuieHTHBIM IIpolleccaM TMHAMUYeCKH, T.e. J1000i ((u3UIecKuil y3eJa MOmKeT CTaTh
TJIABHBIM WM TOTYMHEHHBIM, WU ObITH U TeM, U APYruM ofHoBpeMeHHO. [lisa nu-
HAMAYIECKOT0 Ha3HaueHUsA PoJeil MCIoab3yeTca aJropuT™ BeIbopa Jujaepa, He Tpe-
OyIOIMmuii TepruoaMIeckoil OTIPaBKY MUPOROBENATENbHBIX COOOIIEHUI BceM yaaam
RJACTEPa, BMECTO 9TOTO PoJb omnpeseaserca IP-anpecom yaaa. [logpo6Hoe ommca-
HUe aJropuTMa IpuBefieHO B pasfene 5.2.2. Kro cujabHbIME CTOPOHAMU SABJAAIOTCSA
MacITabupyeMocTh Ha GOJbII0e ROJMIECTBO Y3JI0B U HU3KNe HARJIAIHBIE PACXO/IbI,

qTo geJJgaeT ero HNpuroJHbM s BBICOROIIPOU3BOIUTEJIbHBIX BquHCﬂeHHﬁ; ero cCJja-
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00ii CTOPOHOM ABJAETCA UCKYCCTBEHHASA 3aBUCUMOCThH MECTa, BaHUMAEMOT0 y3J0M B
nepapxumu, ot ero IP-anpeca, aTo mesaer ero HEMPUTOMHBIM /I BUPTYAJbHBIX CPe/,
rie IP-anpec y3ia MoskeT nuHaMudeckn MeHATHCH.

EnnncrBennoe mpenHasHaueHue APEBOBUIHON MepapXuu COCTOUT B OaJaH-
CUPOBKe HAIPYy3KU MEKTY ysJaamu kjaactepa. Harpyska pacrpenenseTcsa oT TeKy-
Iero yaJa K ero cocelAM B MepapXuu ITyTeM MpocToil urTeparyu 1mo HuM. Korma B
Mepapxuu MOABJAAIOTCA HOBLIE CBA3Y WM MEHAITCA cTapbie (M3-3a TOTO YTO HOBHIH
y3eJ IPUCOeMHAETCA K KIacTepy WM paboTawiuil y3eJa BHIXOAUT U3 CTPOs), Pe-
3UJIEHTHBIE TIPOIIECCHI COOOIMAI0T APYT APYTY KOJIUUIECTBO Y3JI0B, HAXONANMXCH 30
COOTBETCTBYMOIEll CBA3BI0 B MepapxXuu. ITa MWHPOPMAIUA UCIONb3YyeTeA A paB-
HOMEPHOTO pacipe/eseHns HATPY3KHU, Jame ecau pacupeseseHHas mporpaMma 3a-
IycKkaeTcs Ha TOIYMHEHHOM y3Jje. Kpome Toro, mepapxus ymMeHbIIaeT KOJUIECTBO
OJTHOBPEMEHHBIX CETEeBBIX COeIMHEHNUIT MKy Y3/IaMu: HA KaKIy10 CBA3b B NePaApXUK
YCTAHABJIMBACTCS U MOIEPKUBALTCSA TOJBKO OJJHO COeJIMHEHNEe, — UTO YMEHbIIAeT
BEPOSATHOCTh BOBHUKHOBEHUS TIEPErPY3KH CETH MPU GOJBIIOM KOJUYECTBE Y3J0B B
RJIacTepe.

banancupoBka Harpyskm peasusoBaHa ciaeayomum obpasoM. Horma ysen A
MBITAETCSA CTATh MOAYMHEHHBIM Y371y B, OH OTIpaBisfeT cooOlleHNe Ha COOTBET-
crBytomuii [P-anpec, nepenaBas, CKOJBKO y3J0B yiKe CBA3AHBI C HUIM B HePapXuu
(Brarouad ceb6sa camoro). Ilocae Toro kak Bce cBA3M B MepapXuu yCTAHOBJIEHbI, KasK-
bl y3eJ UMeeT JIOCTATOUYHO WH(POPMAIUU, 4TOOB CKa3aTh, CKOJBKO Y3J0B HAaXO-
IIUTCSA 3a Kam 0 n3 ero cBaseil, a CyMMapHoe KOJUYeCTBO Y3J10B 38 BCEMU CBABAMHU
paBHO 00IIEMY KOJUYECTBY y3J10B B Raacrepe. Kcau 970 cBA3H MesKIY TJIABHBIM 1
MOYNHEHHBIM Y3JI0M, ¥ TOJYMHEHHBI Y3€J X0UeT y3HATh, CROJBKO Y3J10B HAXO/UT-
cf 38 CBA3BIO C IMIABHBIM, TO U3 CyMMapPHOTO KOJINYECTBA Y3JI0B 38 CBA3AME IMIABHOTO
CO BCEMU ero TOJYMHEHHBIM y3JaMH OH BHUUTAET KOJUYECTBO Y3JOB 3a IJIABHBIM,
4TOOBI MOJYIUTh TPABUIbHYI0 cyMMy. [lis pacnpesnesenus ynpapisomux 00bek-
TOB (CM. pasf. 5.2.1) MeRAY y3IaMU UCIOAb3YeTCA MUKJINIECKUil aaropuT™ (round-

robin), T.e. MPOU3BOANUTCA UTEPAIHSA T10 BCEM CBABSAM TERYIIET0 y3Ja, BRI0Iad CBA3b
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C TJIABHBIM Y3JIOM, W, IIPUHUMAsA BO BHUMaHWUe KOJMYECTBO Y3J0B, HAXOIAIUXCS 38
ka0 U3 cBaseil. Takum o6pasom, Jasme ecau IporpaMma sarycraercs Ha MOLUK-
HEHHOM y3Jie, HaXOAAIUMCA BHUBY MepapXui, ee YIpaB/dolme 00beKThH pacipe-
IeJNA0TCA pABHOMEPHO MesKIY BCeMH y3JaMu KJIacTepa.

[TpenoskeHHBII TOAXOM, MOKET OBITH PACIIMPEH ITyTeM BRJIUYEHUA CIOKHOI
JIOTWRY B aJTOPUTM pacipe/ieJeHnsa Harpy3ku. Bmecre ¢ RoJMI€CTBOM Y3108, HAXO0-
NAMAXCA 38 CBA3LIO B HEPAPXUH, MOKeT OBITH OTTIPaBJIeHA J06as MeTPURA, KOTOPasd
HeoOXoauMa I/ peasusariuy aToit Joruku. OnHakro, ecam 9Ta MeTpuKa 06HOBIAETCS
qaie, YeM U3MeHseTcs nepapxus, UIu Iepuoudecku, ToO U COOONEHNs O TeKYIeM
COCTOSHUU OYAYT OTIPABJIATHCA datie. [[adg Toro 4ToObl ATH MepechlIkd He TTOBJN-
AJMU HA TIPOM3BOUTEIBHOCTD MIPOTPAMM, JIJIA HUX MOKHO HCIOJb30BATH OT/IEJIbHYTO
¢usryecryo ceTh. Takske, KOTIA MPOUCXOIUT U3MEeHEHNEe NepapXuu, YIIPaBJIAIONIe
00'BEKTHI, ROTOPHIE Yike OTIPaBJIEHBI Ha Y3Jbl 10 9TOT0 U3MEHeHNUsA, He YIUTHIBAIOT-
cA MIPU pacrpejieIeHn HAIPYBKY, N3-3a Uero 4acThie M3MEeHEHUsS MepapXuu MOTYT
cTaTh MPUINHON HEPABHOMEPHOI 3arpy3Kke y3J0B KiacTepa (KoTopas, OJHAKO, CTa-
HeT PAaBHOMEPHOIl CO BpeMeHeM).

HlnraMuveckoe HasHaUYeHHEe POJeil TJABHOTO W MOJYNHEHHOTO y3Ja BMecTe C
pacrpesieieHueM YIPaBIAONX 00bEKTOB JeIaeT apXUTeRTYPy CHCTEMBI OHOPO/I-
HOIl B paMKax ofHOTO KjaacTepa. Ha rRasmoM yaJe 3aIyineH ofiuH 1 TOT ke Pe3nuIeHT-
HBIT TIpoTiece, W HURAKON MpeBapuTe bHON KOH(UTYpanyun He Tpedyercs, 9TOOH
00beTMHUTD MTPOTIECCHI, BANYIIEHHbIe HA PA3HBIX Y3JaX, B HePapXxuio.

Yposenb ynpapasgonux o0bekToB. RawodeBas 0co6eHHOCTH, OTCYTCTBYIO-
mas B TeKYIIMX TeXHOJOTHAX MapaJsieJbHOT0 ITPOTPAMMUPOBAHUSA, — 9TO BO3MOK-
HOCTh 3a/laBaTh WepapXuiecKre 3aBUCUMOCTH MEKIY MapaJsesbHO BHIIOJTHAONIM-
mucs 3agadamu. Horma Takas 3aBUCHMOCTh €CTh, PyKOBOAAIIAA 3a/laua CTAHOBUTCA
OTBETCTBEHHOII 3a Tepe3aIyck MoAIMHEeHHOIT, BaBepInBIeiica HeyIauHo, Ha 0CTaB-
muxcA y3naax kaacrepa. [ad Toro 4To6s MMeTh BO3SMOKHOCTD TePe3alyCcTuTh 3a-
Jady, y KOTOpOil HeTy IJIaBeHCTBYOIIeN Hax Heil 3aJa4u, CO3JaeTcs ee KOIusd, U

oTmpaBJisgercsa Ha Apyroit y3ea (cum. pasm. 5.2.3). CymecTByeT HECKOJIBKO CHCTEM,
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KOTOPBIE CIIOCOOHBI BBITOJHATH HAIlpaBJIeHHbIe alliKJIMdecKre Tpadbl 3a1a4 napaJ-
JeabHo [42,43], omHaKo, rpadbl He TOIXOIAT I ONpe/ieJeHusA CBA3ei pyKOBOIUTEb-
MOUMHEHHbIH MeRTY 3aa9aMu, TIOCKOJBRY BepIIuHA I'pada MOKeT UMeTh HeCKOJTh-
KO BXOAAMMX pebep (a 3HATUT HECKOJBKO PYKOBOJAIINX y3J0B).

OcHoBHOe HazHaUeHWe IMpeJaraeMoro MoaXoja COCTOUT B YIPOIIEHUU pas-
paboTKM pacpeeNeHHbX TPUI0KEHN, pab0Tal0IMUX B TAKETHOM peRIMe, 1 TIPO-
MERYTOTHOTO TTporpamMmHoro obecriedenns. Upesa coctout B obecriedeHUN 0TRA30-
YCTONYMBOCTA HA CAMOM HUBKOM W3 BO3MOKHBIX ypoBHeil. Peammsarusa paspese-
Ha Ha JIBA CJOA: HIKHWIA CJIOM COCTOUT M3 MOANPOrPAMM U RJIACCOB JIJIA TIPUIOKE-
HUi, paboTanmux Ha ogHOM y3Je (6e3 B3BauMOJeiCTBUA 110 CeTH), & BEPXHUll CJI0i
npeJHa3HAUYeH A TPUJIOKeHUl, paboTalomyuX Ha TTPOU3BOJLHOM KOJHIECTBE y3-
JoB. IMeeTcs iBa TUMA CUJIBHO CBA3AHHBIX CYIIHOCTEH — BTO ynpagisroujue 00s-
ermol (MW 00sexmol IJI RPATKOCTH) U KOHBeepbl, — ROTOPHIE COCTABIAIOT OCHOBY
ITPOTPAMMBI.

Ypasadmorue 00beKTH pean3yioT JOTURY (MOPAJOK BHITOJTHEHN) TPOTpaM-
MBI B MeTOfIaX act W react W XpaHAT COCTOSHUE TeKYyIeil BeTku ucroHenns. Kak
JOTHKA, Tak ¥ COCTOAHME 3a/aloTcs mporpammuctoM. B merone act rakad-an6o
(PYHRIUA 60 BRIHUCAAETCA HETIOCPECTBeHHO, JUO0 pasjaraeTcs Ha BBIBOBH BJIO-
JKEHHBIX QYHRIWI (TTpefcTaBaseMble MOTINHEHHBIME YIIPABAAIAMA 00HEKTaMHN),
KOTOPBIE BITOCJE/CTBUU OTIPABAAIOTCA HAa KOHBeilep. B MeTone react momumHeH-
HBle yIpaBfgione 00 beKTH, BePHYBIINeCS ¢ KoHBeliepa, o6padaThBalTCA UX PO-
IUTEJbCKUM 00beKTOM. BBI30BBI MeTO/M0B act W react MpoMsBOAATCA aCHMHXPOH-
HO BHYTPH IOTOKOB, NMPUCOEJNHEHHBIX K KOHBeiepy. [Lig Kamporo ynpasJsiomie-
ro o6beKTa MeTOJ act BHISHIBAETCA TOJBRO OfMH pas, W JJif HECKOJbRUX 00beK-
TOB BBIBOBHI TPOMCXOAT TAPaJIeTbHO IPYT APYTY, B TO BpeMs Kak MeToj react
BBIBBIBAETCSA OJWH Pas A KakI0ro MOTINHEHHOTO 00heKTa, U BCe BBI3OBHI MTPOHC-
XOJAT B OJHOM TIOTOKE [IJi MTPeIOTBPAIleHusA OHOBPEeMeHHOTO UBMEHEeHHS COCTOsA-
HUA HECKOJBKMMHU TIOTOKAMU (JIJI PASHBIX POJUTENbCKUX 00HEKTOB MOT'YT UCIIOJb-

30BaThCA PasHbIe TOTOKN).
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KouBeiiepsl 0CyImecTBIAIOT aCHHXPOHHbBIE BBIBOBBI METO/IOB act U react, cra-
pasch cesaTh Kak MOKHO 0O0JbIlle BHI30BOB OJJHOBPEMEHHO, YUUTHIBAA MPEI0CTaB-
JIIeMBIi TIAT(OPMOii Tapaieansm (KOJInIecTBO TPOTECCOPHBIX fAflep HA y3Je U KO-
JUYECTBO Y3J0B B KaacTepe). HoHBeiiep BRIWUAET B ceOA MY/ YIPABJIAIIUX 00b-
eKTOB, COflep:RAINMIl Bce TOAUYMHEHHBIE 00'beKTH, OTIIPABJIEHHBIE B HETO POJUTENA-
MU, U ITyJ TIOTOKOB, 00padaThBAOIIUil ATH 00BEKTH B COOTBETCTBUHN C ITPABUIAMI,
ONMCAHHBIMU B TIpeibiayIeM maparpade. [I1a ramaoro yerpoiicTBa UCIOAb3YeTCA
oTHeabHbI KoHBeiiep. CymecTBYIOT KOHBelepH 1A mapaiienbHoii 06padboTkru, 06-
paboOTKY 10 pacnucanuio (Mepuogudeckre u OTJIORKEHHbIe 3aa9) U TTPOMEeKYTOU-
HBI{I KOHBefiep g 00paboTKY YIPABAAIINX 00HEKTOB Ha APYTUX y3Jax KIacTepa
(cm. puc. 13).

[To mpunIUIy paboTH MEXaHU3M YTIPaBAAIAX 00HEKTOB U KOHBEiepoB Ha-
MOMAHAET MeXaHN3M PaboThl MIPOIEAYP U CTEKOB BHI30BOB, C TEM JIWITh ITPeUMYIIIe-
CTBOM, 4TO METO/Ibl 00'hEKTOB BHI3BIBAIOTCA ACHHXPOHHO W MAPAJIIEJbHO IPYT APYTY
(HACKOJIBKO ATO TI03BOJAET JOTHEA TporpamMmbl). [losa ympasasiornero o6nekra —
9TO JIOKAJbHLIE TIepeMeHHBIE CTeKa, MeTOJl act — 9TO MOCJIeI0BATEJIBHOCTD MPO-
MeCCOPHBIX MHCTPYKIU 1epe]] BI0sKReHHBIM BEI30BOM ITPOIEIyPhl, & METOJ, react —
9TO MOCJE0BATENBHOCTh HHCTPYRIHIL TT0CJae BJIOKEeHHOTO BhidoBa. Cosmanue u oT-
mpaBKa HA KOHBellep TOMIMHEHHOTO 00heKTa — 3TO BJIOKEHHBI BHIBOB IPOIIEIYPHI.
Haanune aByX MeTOmOB 0OYCJIOBAMBAETCA ACHHXPOHHOCTBHIO BJIOKEHHBIX BHI30BOB
¥ TIOMOTaeT 3aMEeHUTh aKTUBHOE OKUIAHWE 3aBepIIeHus TMOTYNHEHHBIX 00'beKTORB
MaCcCUBHBIM MTPY ITOMOIIY KOHBeiiepoB. KoHBeiiepsl, B CBOI0 0Uepe/ib, TT03BOJAIOT pe-
aJIM30BaTh MACCUBHOE OKUJIAHWE W BBHI3BBIBAIOT IPABUJIBHBIE METO/BI, aHAJIU3UPYH
BHYTpeHHee COCTOsIHNEe 00'beKTOB.

IIporpammuas peaausanusa. W3 coobpasmenuii s¢perTUBHOCTH KOHBeiiep
00bEKTOB W METOJIBI 0OecliedeHrsa 0TRA30yCTONINBOCTH (KOTOpPHie OYAYT OMUCAHLI
najee) ObLIM peaqn30BaHbl Bo PpeiiMmBopke Ha sf3bike C—+—-: ¢ TOUKM 3peHNsA aBTOpa
A3blk C CAUITKOM HUBKOYPOBHEBBIi I HANMCAHUSA PacIpeeJeHHBIX TPOrpaMM, a

MCII0Nb30BaHNe A3BbIKA Java BiedeT 3a co00ii HARIAAHBIEe PACXO/B, M He MOMYAAPHO
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Puc. 13: Oro6paxkenue KoHBeiiepOB POIUTENHCKOTO ¥ IOYEPHETO TIPOIIECCOB HA BHI-
qUCJUTeNbHBIe yeTpoiicTBa. Criombble JUHUKA 0003HAYAIOT arperaiyo,

MYHKTUPHbBIE TUHAN — 0TOOpasKReHne MeRIY JOTHIeCKUMI 1 (PU3UIECKIMU
CYIHOCTAMH.
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B BBICOKOTIPOM3BO/IUTENbHBIX BhUMcAeHUAX. PpeiiMBopk HaswiBaeTcsa Bscheduler u
HAXOJUTCSA Ha 9Tare MPOBePKU KOHIEITIH.
IIporpammusiii uaTepgeiic. Hamabii ynpapadomuii 00beKT UMeeT YeThipe

THUIA ToJell (epednciaeHHbx B Tada. 10):
* 110Jis, OTHOCSIIUECS K YIIPABJIEHHIO TOTOKOM BHITTOJHEHNS,
* 110JifA, OTIpeJIeJIAI0IIe NCXOHOe MeCTOHAXOKEHNE YIIPABJIAONIEro 00bekrTa,
* T0JiA, OIIpefie/IAoIIre TeKyIee MeCTOHAX0KIeHIe YIIPABAAINEro 00beKTa u

¢ TI0JId, oIIpeneadmmue mejaeBoe MECTOHAX0MICHNE YIIPaBJIAIOMIETO 00'beKTa.

[Tose Onucanue

process_id Upentuurarop mporecca (MpUI0KeHNA) B PAMKAX KJIa-
cTepa, KOTOPOMY MPWHAJIEKUT YIIPABAAOIINN 00HEKT.

id Upentuurarop yrnpapadoiiero o0bekTa BHyTPH IPoIiec-
ca.

pipeline Upentugurarop RoHBeliepa, ROTOPHI o6padaThBaeT

YIPaBAAININNA 00HeRT.

exit_code PesynbraT BhITOJMHEHNUA YIIPABJAIOINIETO 00HEKTA.

flags Benomorarenbablit 0MTOBBIE (DJIArH, HMCHOJb3yeMble TIPH
IIJIAHUPOBAHUMU.

time_point MowmeHnT Bpemenu, B KOTOPHIi 3a11JIaHUPOBAHO BHIIOJHEHWE

YIPaBJIANIIET0 00beKTA.

parent Anpec/uneHTUPURATODP POAUTEILCKOTO 00HEKTA.

src_ip [P-agpec ucxonnoro ysaa kjaacrepa.

from_process_id Wpentuurartop mpoiiecca B paMEax KjaacTepa, W3 KOTO-
pOTO TIpHUIIeJ YIPABAAIIMANL 00HEKT.

principal Anpec/upeHTHHURATOP T1€JEBOTO YIIPABJIAIONIETO 06'bEKTA
(06berTa, K KOTOPOMY TeRYINWii HAPaBAAETCA UJIU BO3-
Bpalaercs).

dst_ip [P-anpec 1esieBoro ysaa kaacrepa.

Tabauma 10: Onucanue moJeil ynpaBagoIiero 00beKTa.
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[Tpu cosmanuu RaKAOMY YIPABJIAOIEMY 00bEKTY TIPUCBANBAETCA afipec Po-
IUTEJbCKOTO 00'beKTa U UeHTU(PUEATOP KoHBeliepa. Keau ipyrue moss He yeTaHOB-
JIeHbI, TO YIIPaBAAIIUI 00HERT ABAAETCA Upstream-o0beKTOM — 00HERTOM, ROTO-
PHIii MOKHO pacIpeieJuTh Ha JI060i1 y3ea rIacTepa u J06oe AApo mporeccopa s
M3BJeUYeHNA MapaJieansma. Keau ajgpec 1eseBoro yIpaBJaAoIero o6beKra ycra-
HOBJIEH, TO 00bERT ABJAAETCA downstream-00beKTOM — 00'bERTOM, KOTOPHI MOKHO
HAIPaBUTh TOJBKO K IEJIeBOMY, & AP0 MPolieccopa, Ha KoTopoe Oy/eT HapaBieH
9TOT 00BEKT, OTIPeeIseTcsa aapecoM/uIeHTHPUKATOPOM TeieBoro o0bekTa. Kean
downstream-o0bekT mpenoIaraeTcsa HaIpaBuTh Ha ApyToit y3ea, o [P-aapec 1e-
JIEBOTO y3Ja JI0JKeH ObITh YCTAHOBJIEH, NHAYE CHCTEMa He CMOKeT HallTH 1eaeBoii
00HERT.

HKorma BemosiHeHNe yIpaBIsdionero o0bekTa 3aBepiiaercs (mocje 3aBepie-
HUSA METOJa act), 3TOT 00BEKT ABHO HAITPABJAAETCA K KAKOMY-JIU00 TPYyTOMY 00'beK-
Ty, 9T TUPEKTHBA ABHO BBI3BIBAETCA B MeTofle act. OOBIYHO, 10 OROHYAHWH BBITTOJI-
HeHUS 00beKTa, OH HATIPABJAAETCA K CBOEMY POJUTENbCKOMY OOBEKTY TIyTeM ycTa-
HOBKHM 1M0JiA principal B 3HaUeHMe ajipeca/uIeHTH(PUKATOPA POIUTEH, TeJeBOTO
[P-anpeca B 3Hauenue ucxomnoro [P-agpeca n unentuguraropa mpoiecca B 3Ha-
dJeHne UAeHTU(PURATOPA UCXOMHOTOo Tpotiecca. Ilocae atoro ynpaBagomuii 06beKT
craHoBuTca downstream-o6beRTOM, HANIPABAAETCA CUCTEMO Ha y3eJ, Tye Haxo-
IUTCA eT0 TeKYIMuil PyKOBOAUTE b, €3 NCIMOJb30BAHNA aJTOPUTMa 6aTaHCHPOBRH
Harpysku. i downstream-o65eKToB MeTOJ] react X POAUTEJISA BHISHIBAETCA KOH-
BeiiepoM ¢ TeKyIuM 00'beKTOM B Ka4ecTBe apryMeHTa, YTOObI T03BOJUTH POUTEIIO
coOpaTh Pes3yIbTAT BHITOJHEHUA 00BEKTA.

He cymecTtByer crioco6a mpeocTaBuTh MEITKO3EPHUCTYI0 OTKA30YCTONINBOCTh
K ¢60SM Y3J0B KIacTepa, ecau B IporpamMme MpucyTeTByOT downstream-o6beRTH
KpoMe TeX, UTO BO3BpAIalTCA K CBOWM pomauTe M. Bmecto sToro, mpoBepsercs
KO/l 3aBepIeHns YIPAaBJIAOIEr0 00beKTa W BHIIOJHAETCA M0Jb30BATEIbCKAA TTOI-
mporpamma Jiiisi BoccraHoBienus. Kcim npoBepka Ha ommOKy OTCYTCTBYeT, CUCTEMA

rnepesalryCRaeT BhIIIOJHEHNnE, HaYUHAasd C IIepBOIro poauTEeJbCROTO O6’beKT&, ROTOpHﬁ
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He coszaBat downstream-o0beKTOB. JTO O3HAUAET, UTO €CJIH pelraeMas Iporpam-
MO#l 3ajilada MMeeT WH(OPMAIMOHHBIE 3aBUCUMOCTH MERIY YACTAMU BBIUUCIAEMBbI-
MU TTapaJIeabHO, W Y3eJ BHIXOIUT W3 CTPOSA BO BPeMs BBHUUCIEHUSA ITUX dacCTeil, TO
9TH BBIUMCJIEHUA [TePE3ayCKaeTesa ¢ caMoro Havdaa, 0TOpachiBas YaCTH, BHMUCICH-
HBle paHee. Takoro He TIPOMCXOIUT B BHICOKO MapaJiieJbHBIX IMporpaMMax, rje ma-
paJjiieibHbe YaCTU He WMEIOT TaKuX WH()OPMAIMOHHBIX 3aBUCUMOCTEHl MeRIY ApYyT
IPYTOM: B 9TOM CJy9ae TOJbKO YaCTH C BBIIIEIINX W3 CTPOA Y3JOB BHUUCIAOTCA
3aHOBO, a BCe paHee BBIUMCJIEHHbIE YACTH COXPAHAIOTCA.

B oramume ot (pyHKIMM main mporpaMm, ocHOBaHHBIX Ha Oubamorere MPI,
nepBbIil (TJIaBHBIN) yIIpaBAd0IIuil 00beKT UBHAUAIBHO 3aITyCKaeTcs TOJABKO Ha OfI-
HOM y3Je, a JIPyrue y3Jbl RIacTepa MCIOJAb3YI0TCA MpU HE0OXOIUMOCTH. JTO M03-
BOJIIET MCII0JH30BATH OOJbINE Y3J0B /A YIACTROB KO/ia ¢ OOJBITNOI CTereHbo ma-
pajiennsMa, U MeHbIe A ApyTuXx ydacTkoB. [loxomwmii moaxom npuMeHAeTcs BO
¢peiiMmBoprax g 06paboTEN 60JBIMNAX 00beMOB TaHHBIX [44,45] — yaabl, HA KO-
TOPBIX OY/IET BHIIOJHATHCA 3a/lada BHIOMPAIOTCS B BABUCUMOCTH OT TOTO, I/ie (hU3NU-
YeCKU HaXOAATCA BXOJHBIEe (hailibl.

OroOpaskeHue UMUTAIIMOHHBIX MOJIeJiell Ha apXUTeKTypy cuctembl. Mope-
i AP u CC peasnsoBaHbl B IPOTPAMMHOM KOMILIEKCe, paboTaioieM 1Mo pUHII-
Ty BBUUCJAUTEJIHHOTO KOHBeliepa, B KOTOPOM Kask[0e 3BeHO MpUMeHsAeT HEKOTOPYIo
(YHRITMIO K BBIXOJHBIM JIAHHBIM TIPEIBIIYINEro 3BeHa. 3BeHbA KOHBeiiepa pacmpe-
NeJAA0TCA 10 y3JaM BBUUCIUTESBHOTO KIacTepa, YTOOB CIeJaTh BO3MOKHBIM Tia-
pajenusM 1o olepaluaM, a 3aTeM JaHHbIE, MepeMeIanIinuecs MexR/Iy 3BeHbAMH
KOHBeflepa pacmpenesioTcs MexkIy AApaMu MPoIeccopa, 4To0bl ceaaTh BO3MOK-
HBIM ITapaJieansm 1o fanaeiM. Ha pue. 14 npesncraniena cxema Takoro KoHBeliepa.
31ech TPAMOYTOJILHUKAMI CO CKPYTJIEHHBIMU yTJiaMyi 0003HAUEHBl 3BeHbA KOHBeli-
epa, OOBMHBIMA MTPAMOYTOJBHUKAMI — MACCHBH 00HEKTOB U3 TIPEMETHO 001acTH
3a/lauy, mepeiaBaeMbie 0T OIHOTO 3BeHA K JIPYTOMY, & CTpeJKaMu — HalpaBJIeHue
nmepegadn JaHHbBX. HeroTopble 3BeHbA pasfieJeHbl HA cexyuu, Ramaad U3 KOTO-

pHIX oOpabaThiBaeT OT/EJbHYI0 YacTh MaccuBa. Heau 3BeHbs coeiuHeHB 06e3 muc-
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MOJIb30BaHUA Oapvepa (TOPUBOHTAJIbHAA WU BEPTUKAJBHAA 110J0CA), TO Tepefada
OT/IeJBHBIX 00'EKTOB MESKIY TAKVME 3BEHbAMU TIPOUCXOAUT MAPAJIIETbHO ¢ BBIYHC-
JeHUAMH, TI0 Mepe UX ToTOBHOCTH. CeRIuy paboTaloT mapaJaiesbHo HA HECKOJbRIX
Aapax mporeccopa (HECKOJIBKUX y3Jax Kaactepa). Takum o6pasoMm, MemRILY MHOKe-
CTBOM fjfiep Mpoleccopa, CeRInil 3BeHheB KOHBellepa 1 06'beRTaMy yCTaHABINBAET-
cA CIOPBEKTUBHOE oToOpaskeHune, T.e. Ha OJHOM fApe Tpoleccopa MoKeT paboTaTh
HECKOJBKO CeKINii 3BeHbeB KOHBeliepa, Rasmaas m3 KOTOPHIX MOKeT 00padaThBaTh
HECKOJbKO 00'bEKTOB TIOCJIE/I0BATENBHO, HO OJHA CEKIUA He MO:eT paboraTh cpa-
3y Ha HECKOJbKUX APax, & 00beKT He MOKeT 00pabaThBaThCA cPasy HECKOJbEIMI
cerIuAMU KoHBeiiepa. Takum o6pasom, mporpamma mnpejicTapiaseT coO60ii KoHBeiiep,
depes KOTOPHIIT MPOXOAT yIpaBaAdoIne 00HeKTH.

Kouseiiep 00bekTOB MOKHO cuuTaTh pazputueM Mopesu Bulk Synchronous
Parallel (BSP) [46], nmpumensemoii B cuctemax o6padotiu rpagos [47,48]. Hon-
Befiep Mo3BOJIAET HCKANIUTH TI0OATbHY0 CHHXPOHI3AIHIO (T 9TO BO3MOKHO) MEsK-
Iy TIOCJIeI0OBATEIBHO MYIIMM STAalaMi BBIMUCICHUTT Ty TeM mepeaadn TaHHBIX MesK-
1y 3BEHbAMHU TAPAJJIeJbHO ¢ BBIUUCJIEHUAMHU, B TO BpeMs Kak B Mopesu BSP rio-
OaJbHAA CHHXPOHUBAINSA TPOUCXOUT TTOCHEe KaKIOTO IIara.

KouBeiiep 00beKTOB yckopsAeT TPOTpaMMy MyTeM MapaJiiebHOr0 BBHITOJHE-
HUA 0JJOKOB KO/Ia, PAGOTAIONMX ¢ PA3HBIMU BHMUCIUTENbHBIMEA YCTPOCTBAMU: B TO
BpeMsA Kak TeKyIas 4acTh B3BOJIHOBAHHOI TOBEPXHOCTHU TeHEPUPYyeTeA Ha MpoIiec-
cope, MpeBIAYIAs YacTh 3anuchiBaeTcs Ha Auck. Taroil moaxo/ Mo3BoJsAeT Moy -
9UTH yekopeHue (eM. pasf. 9.1.1), moTOMY 4TO pa3invHble BEIUCANTETbHBIE YCTPOTi-
cTBa paboTalT ACMHXPOHHO, U UX NapaJlieJbHOe NCTI0Nb30BAHNE YBEJMINBAET MTPO-
M3BOJIUTEJBHOCTDH TTPOTPAMMEL.

[Tockoabry Tepenada JAHHBIX MEKIY 3BEHbAMU KOHBefiepa MPOMCXOIUT Tia-
paJiielbHO ¢ BHMUCJIEHUAMHA, TO HA OIHOM W TOM ke KOHBeliepe MOKHO 3aIyCTHUTh
cpasy HeCKOJBbKO KON MPUJIOKEHNSA ¢ pA3HBIMU ITapaMeTpamMu (TeHepupoBaTh cpa-
3y HECKOJIbKO B3BOJIHOBAHHBIX MOPCKUX ITOBEPXHOCTENl ¢ PA3HBIMH XapaKTepPUCTH-

KaMI/I). Ha IIPparRTUREe ORa3blBA€TCs, YTO BBICOROIIPOU3BOANUTEJJNbHBIEC IIPUJOKRECHNUA HE
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Puc. 14: Cxema KoHBeiiepa 06pab0TREYN JaHHBIX, PeaJn3yoINero reHeparnio B3BOJI-
HOBAHHOII MOPCKOIi TOBEpPXHOCTH ¢ TToMoInbio AP mMonesn.



86

Bcerga sarpyskator npoieccop Ha 100%, TpaTd BpeMsa Ha CUHXPOHUBAIUIO MApPaJ-
JIeJLHBIX TTPOIEeCCOB W 3aliCh MAHHBIX Ha Auck. Mcmoab3oBanume koHBefiepa B Ta-
KOM CJIydae MO3BOJUT Ha OJHOM U TOM ke MHOJKECTBE MPOIeCCOB BayCTUThH CPas3y
HECKOJbKO PacyeToB U MaKCUMAJbHO H(PPEKTHBHO MCII0JNb30BATH BCE YCTPONCTBA
romnbioTepa. Hanpumep, Bo Bpems sanucu B (afia ofiHofl 3a1adeil MomeT Mpous-
BOJIUTHLCSA pacueT Ha TPoIieccope APyroii sajadeil. IT0 MUHUMUBUPYET BpeMs IIPO-
CTOS TIpolleccopa M IPYTUX YCTPONCTB KOMIIBIOTEPA U MOBBINAET O0OILYI0 MPOIYCK-
HYI0 CIIOCOOHOCTH RJIACTEPA.

Ronseiiepusaiiys maros nporpaMMbl, KOTOPbie B TPOTUBHOM CJayUae Mocaesio-
BaTeJbHbI, BBITOJHO He TOJBKO JIJIfA KOfla, PAb0Talolero ¢ pa3iniHbIMUA yCTPONCTBA-
MU, HO 1 /I KOfI, Pa3JIHble BETKM KOTOPOTO MOTYT ObITh 3aIlyIeHbl HA HECKOJIb-
KUX amllapaTHBIX IOTOKAX OfHOTO MPOIECCOPHOTO A/Ipa, T.€. BETKH, OCYIIECTBIAI-
1ye JOCTYT K PA3INIHBIM 6JOKaM HaMATH UJIU UCTIOAb3YIOINe CMeIaHHy 0 apugme-
TURY (TeJ0YNCcaAeHHYT0 U ¢ TIIaBaloieil Toukoii). BeTku Kojia, KOTOpbie NCTOIB3YIOT
pasauvHble MOIYJIU IEHTPAJBHOTO TPOIECCOPa, ABAAITCA TMOAXOIATNIIMI KaHIU1a-
TaMHU JIJA apadIeJbHOTO 3aIllycKka Ha TTPOIeCCOPHOM Afipe ¢ HeCKOJbRUMU aIllapar-
HBIMU TTOTOKAMHU.

Takum 06pasoM, BEUUCAUTENBHYIO MOJIE/Ib HA OCHOBE KOHBeliepa MOKHO pac-
CMATPUBATH KaK MACCUBHO acunTpornyto modeas (bulk-asynchronous model) n3-3a
napaieqbHoil TPUPO/IBI TAr0B IPOIPAMMBL. JTa MOJIeJb ABJAETCA 0CHOBOM MOIeNu

OTKa30yCTOWIMBOCTH, KOTOpad Oy/eT omncana aaJee.

5.2.2. OOHapyskeHue y3/10B KaacTepa

Adaropurmbl Bei0opa augepa. Mmorue cucrembl nakeTHoi 00pabOTEY 38141

TOCTPOEHBI 110 MPUHIIUATTY cy60plunayuy: B RAKIOM RIacTepe BRIOUPaeTCA TJIaBHbI
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y3eJi, KOTOPHIil yIIpaBaseT ouepeiblo 3a1a4, TJIAHUPYeT X 3aITyCK Ha TIO[YMHEHHBIX
yaJax W CJEIUT 34 WX COCTOAHMeM. PoJib r1aBHOTO y3ja HasHavaeTcs Jubo cma-
Mmurecky CACTEMHBIM aMIHICTPATOPOM OTIPeIeJeHHOMY (PUSUICCKOMY Y31y, J00
Junamurecru, ITyTeM Tepuofndeckoro n3dpaHusa Kakoro-ando m3 y3/aoB KiacTepa
TJIABHBIM. B 11epBoM cayuae 0TRa30ycTOHIMBOCTD 06ecIednBaeTcs IOCPeCTBOM pe-
3epBUPOBAHUSA JTOTOJHUATEIBHOTO CBOOOAHOTO y3Ja, KOTOPbIi BBHITOJHUT POJb TJIaB-
HOTO B c/Iydae OTKa3a Terylero. Bo BTopom caydae 0TkKa30ycTOHIMBOCTH obeciie-
YuBaeTcs BHIOOPOM HOBOTO TJIABHOTO y3Ja W3 ocraBimuxcsa. Heemorpsa Ha To 4TO
IMHAMAYECKoe 3aJaHue poJeil TpedyeT HAJMIusA aJropuTMa BeIGOpA JHIepa, dTOT
TO/IXOJl, CTAHOBUTCA Bce Oojiee u GoJiee MOMYJAAPHBIM, TTIOCKOJbKY He TpedyeT Haju-
qnA TIPOCTANBAIONINX Pe3epPBHBIX Y3J0B Ha Caydail 0Tkasa raaBHoro yaiaa [49-51]
1 B 00IIeM ciaydae IPUBOJUT K CUMMETPUUHON apXUTEKType CUCTEMBI, B KOTOPOIi
OJIMH U TOT 3Ke CTeR IPOTrPaMMHOTO o6ecriedeHns ¢ OfHUMU U TEeMU ke HacTPOiKaMu
yCTaHOBJEH Ha KamKI0M y3Je kiactepa [H2,53].

Anroputmbl BeIGOpa Juepa (KOTOpBe MHOT/IA HA3BIBAIOT AJTOPUTMAMU Pac-
npederennozo Koncencyca) ABIAOTCA YACTHBIMU CAYYaAMU BOJTHOBBIX aITOPUTMOB.
B [54] aBTop ompesieisieT nxX Kak aJTOPUTMBI, B KOTOPBIX COOBITHE BaBEPIIEHU TPO-
rpaMMBbl IIpe/iBapsaeTcs X0TsA Obl OHAM KaKUM-JI100 APYTUM COOBITHEM, TIPOUCXO/Is-
eM B kascdom TTapaieJbHoM TTpoliecce. BoJHOBEIE aJrOpUTMBI He OTIpeieIeHb [
AHOHUMHBIX ceTefl, T.e. 0HU PaboTAIOT TOJBKO C TeMU MapaJsielbHbIMU TIPOolleccamu,
KOTOPbIe MOTYT ce6s YHUKAJbHO UieHTUPUIIPOBaTh. OIHAKO, KOJUIECTBO TPOIIec-
COB, KOTOpBIE 3aTPArMBAET (BOJHA», MOKET OBITh OITPe/IeJeHO TI0 Mepe BBHITOJHEHUA
anrroputMa. B paMkax pacmpesieJeHHBIX CHCTEM 3TO 03HAYAET, YTO BOJHOBBIE AJT0-
PUTMBI TIOAXOAT [ BHAUCAUTENBHBIX KIACTEPOB ¢ TMHAMIIECKY MEHAIOTIMCS KO-
JUIeCTBOM y3J0B, TAK UYTO BRJIOUYEHNE U BHIKJIIOUEHNE OTHEJbHBIX Y3J0B He BAUAET
Ha paboTy aJropuTMma.

[Topxon K MOMCRY y3J0B KJIacTepa He MCIOJb3yeT BOJHOBBIE aJrOPUTMBI, &
3HAUYUT He TpeOyeT ompoca BeeX y3JI0B KaacTepa Jis BeiOopa aujgepa. Bmecto aToro

KaK/blil y3eq KjaacTepa HyMepyeT Bce y3Jbl MOJCeTH, B KOTOPOIl OH HAXOAUTCS, U
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mpeo6pasyeT CIHCOK B 0pesosudnyo uepapruto ¢ 3aJaHHbBIM 3HATCHUEM 8€MEAEHUS
(MaKkCcUMAaJbHBIM KOJIMIECTBOM TIOAYMHEHHBIX BEPIINH, ROTOPBIX MOKET UMETh Y3e.I).
3arem yseJ ompefieJser cBOil ypOBeHb HEPAPXWUH U MTBITACTCH COCUHUTHLCSA C BHITITE-
CTOATUMH y3JaM1, 9TOOBI CTATh WX MogunHeHHBM. CHada a OH TIpoBepsaeT 6JU3KO0
pacioJiokeHHble K HeMY y3Jbl, & II0TOM BCe OCTAJbHbIE Y3Jbl BILIOTH [0 BEPIINHBI
nepapxuu. Keau BoliecToAINUX Y3408 HET UKW ¢ HUMU HEBOBMOMKHO COEIMHUTHCA,
TO y3eJ caM CTaHOBUTCS IVIABOW BCeil nepapxuu.

IlpeBoBUIHAS HepapXus Y3J0B MOJICETH Olpe/eisieT OTHOIIIEHHEe CTPOTOTO T10-
pANKa Ha MHOKECTBE BCeX y3J0B RaacTepa. HeeMoTpsa Ha TO UTO TeXHUUECKH J100asd
(YHRIMA MOsKeT ObITH BEIOpaHa [/l IPUCBOEHUSA Y3y MOfICeTH HOMepa B CIUCKe, Ha
MpakTURe 9Ta (PYHKRIUA A0MKHA OBITH JOCTATOYHO TJIAAKOI BIOJb BPeMEHHO ocH
W UMeTh JIUIIH PeJIkie CKauKu: ObICTphle M3MEHEeHUA B CTPYKTYpe MepapXxuu y3J0B
(KOTOpbIe YACTO ABAAITCA CJAEICTBAEM TTOTPENTHOCTH W3MePeHuii) MOTYT MPUBECTH
[IOCTOAHHOM IIeperavye poJu IIaBHOTO y3Ja 0T OJJHOI0 y3Ja K APyromy, 4To cjaeaaer
nepapxuio HelpurofHoii nJs pacnpeenenns Harpysku. IIpocreiimeii Takoit pyHk-
nueit apagerca nosuiusa [P-anpeca ysaa B quanasone Becex [P-aipecos nopceru.

Adroput™ co3janusa JpeBoBuHOI nepapxuu. OTHOIIEHNE CTPOTO TOPSAJI-

Ka Ha MHO:KecTBe N y3J0B OfHOI MOACeTH OIpeaeaseTcsa Kak

VniVng € N,VF: N — R" = (f(n1) < f(na) & ~(f(n1) > f(n2))),

rie f — oToOpaskeHue y3Ja Ha ero paHr, a < — o1epaTop, onpeeadIinii OTHOIIe-
HUe CTPOTo MoPAaKa HA MHOKecTBe R". DyHKIMA f IpucBanBaeT y3Jay MOPATKROBBII
HOMeD, a orepaTop < jieJaeT 9TOT HOMep YHUKAJbHbBIM.

[Tpocreiimee oTobpaskenne f CTABUT B COOTBETCTBUE KAKIOMY y3Jy TIOJCE-
Tu nosutiuio ero IP-angpeca B nuamnasone Bcex ajapecoB mnopceTu. bes ncrosb3oBa-
HUSA JPEeBOBUIHON Wepapxuu (KOTHa B TOCETH BHIOMpaeTcs TOJBRO OIWH JHUep)
y3eJ, agpec KOTOPOTO 3aHUMAeT HAUMEHBIIYI0 MO3UINI0 B Jinara3oHe, CTAHOBUT-

cA raaBHBIM. Ecan ajipec yadJja 3aHuUMaeT IIepBYI IMO3UINI0 B AUalla3OHe, TO [IJd
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HEero HeBO3MOKHO BHIOPATH Jujiepa, U OH Oy/leT HaXOAUTCSA Ha BepIINHe WepapXxuu
BILJIOTH JI0 BBIXOA U3 ¢Tpos. HecMoTpsa Ha TO 9T0 MIeHTU(PUKAINIO Y3JI0B HA 0CHO-
Be ux [P-anpecoB serro peaamsoBarh B IporpamMme, Takoi MOIXO0M yCTaHABIMBAET
MCKYCCTBEHHY0 3aBUCUMOCTh POJIH IiaBHOTO y3aa oT 1P-ampeca ysaa. Tem ne me-
Hee, TIO/IXO/I, TT0Jie3eH JIJIA TePBUIHOTO 00'beJMHEHNA Y3J0B B KaacTep, Korga 6osee
CJIOKHBIE OTOOPAKEHUS HEITPUMEHUMBI.

Il ToTo 94TOOB! AJTOPUTM OOHAPYKEHUA MAacCIITaOUpPOBaICA Ha 0OJBIIOE KO-
JUYecTBO y3J0B, nuamnasoH [P aapecoB moacetn oToGpaskaercs Ha JPEBOBUIHYIO
nepapxuio. B Taroit mepapxuu RamAbIN y3eJ ompesieSaeTcs ypoBHEM [ mepapxuu,
Ha KOTOPOM OH HAaXOJWUTCA, ¥ OTCTYIIOM 0, KOTOPBINl paBeH MOPAAKOBOMY HOMEpPY
y3Ja Ha ero ypoBHe. SHAUEHUSA YPOBHA U OTCTYMA OMpeleNdioTcsa U3 caeylomiei

3aJa91 ONTHUMU3AIINHN.
I(n)

n:Zp +o(n), —min, o—min, [>0, 0>0
i=0

rine n — nosuiiusa [P-anpeca yaia B nuanasone IP-anpecos nojceru u p — 3HaueHue
BeTBJeHNA. [VIaBHBIA y3eJ1 1Jis y3/1a Ha YPOBHE [ ¢ OTCTYIIOM 0 UMeeT YpoBeHb [ — 1
u oTetyn |o/p|. Paccrosnue Mesmay JoObIMU IBYMS y3JaMU B Mepapxuu, ajpeca

KOTOPBIX 3aHUMAIOT [TO3UIAN ¢ U j B IMalIa30He olpesie/sieTcs Kak

(Isub(i(7),1(2)), [o(7) = 0(i)/p]),

00 if [; > [y,
ISUb(ll, lg) =

l1 — 1o if I < Is.

Paccrosuue aBisgeTcs cocTaBHbIM, YTOOBI YPOBEHb HEPAPXUH YIUTHIBAJICH B IEPBYI0
ouepesip.

st BBIGOpA IJIABHOTO KAMKIBIN y3€J PAHKUPYET BCe Y3JIbl [OJICETH B COOTBET-
ctBuM ¢ ux nosutueit ([(n), o(n)) u, NCIObL3YS GOPMYIY s OTIPEIeJeHUS PACCTO-

SHUSA, BIOUpaeT OJMMKANIING K IOTeHI[MAJIbHOMY IJIABHOMY Y31y y3eJ, UMelomuii
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HaVMMEHBIIUI paHr. ITO M03BOJAET TporycTuTh [P-anpeca BHIKJIIOUEHHBIX Y3708,
OJIHAKO, I PaspesKeHHBIX ceTeil (B KOTOPHIX y3Jbl 3aHUMAIOT HEIOCJIe0BaTe h-
aele [P-agpeca) coamancupoBaHHOCTD lepeBa He TapaHTUPYeTCH.

DopMyJIy A BEUUCICHUA PACCTOSHUA MOKHO CJIeJTaTh CKOJIb YTOMHO CJIOK-
HOIl (HampuMep, 4TOOB yUeCTh 3aJeP:KKU U MPOIMYCKHYI CIOCOGHOCTb CeTH WJIH
reorpaguueckoe MEeCTOIOJIOKEeHNe y3Ja), OfHAKO, I/ ee IpocTeilnero Buaa 6oJee
BBIFOJTHO MCIIO0Jb30BATH AL20PUmM 00x00a y3JI0B KJIacTepa. ITOT aJropuT™M Tpedy-
eT MeHBITIero KOJMIeCcTBa MaMATH, TOCKOJbKY He HY:KHO XPaAHUTh PAHKUPOBAHHBIN
CIIMCOK BCEX y3JI0B, BMECTO 3TOro oH mepebupaer Bce IP-agpeca cetu B mopsjke,
oripefieiieMOM 3HAUEHUEM BeTBJIeHUA. AJropuT™M padoTaer CAeAyIUM 00Pa3oM.
CuavaJsa 6a30BbIil y3ea (y3eJ, KOTOPHIl UINET TJIABHOTO) BHUUCAAET aJpec CBOETo
MMOTEHIMAJBHOTO IJIABHOTO y3Jia U IbITaeTCs YCTAHOBUTH coefuHeHue ¢ HUM. HEe-
JIU COeIMHEHNe He yaaeTcs, 6a30oBBIil y3eJ M0CIeJ0BATENBHO MTHITAETCH COeTUHUTh-
cA ¢ RAKIBIM Y3JI0M, HAXOAIMUMCA Ha 60Jiee BBICOKOM YPOBHE MepapXui, TOKa He
JOCTUTHET BepINUHBI Mepapxuu (KopHs nepesa). Eeau HU ofHO U3 coeMHEHMI He
yIaercs, 6a30BBII y3eJ MOCIeJ0BATEIBHO MTBITAETCA COIUHUTHLCS € KaKIbIM Y3JI0M
Ha CBOEM yPOBHe, UMeWINuM 6oJee HUBRYIO TO3UINI0 B Tuanadone Bcex [P-ampecon
nofceTd. Kcam HY OfWH W3 y3J0B He 0TBedaeT, 6a30BHIil y3eJ 3aHUMaeT BePITUHY
repapxuu, a 00XoJ nepapxuu MOBTOPseTCs Yepes 3aJaHHbIi TPOMEKYTOR BPeMeH!.
[Tpumep nopsinka o6xoma s KJaactepa u3 11 ysJ0B u APEBOBUAHON Mepapxuu C
BeTBJEHUEM 2 MMOKas3aH Ha puc. 195.

PesyabraTsl TeecTupoBanuA. [lig TecTpoBaHUSA NMPOUBBOJAMTENBHOCTH aJi-
ropuT™a 06xo/a Ha GOJBIIOM ROJMYECTBE Y3JI0B, HA KAKIOM (PU3UIECKOM Y36 KJa-
cTepa 3aIyCcKaaoch HECROJbKO PEe3UIEHTHHIX MMPOIEeCCOB, KaKIBIN N3 KOTOPHIX OBLI
nmpuBa3aH k otfaenbHomy [P-ampecy. KoandecTBo mporieccoB Ha ofHO (uBWIECKOE
AIpo BapbupoBasoch or 2 mo 16. Kammpiii nmporece ObL1 MpUBSA3aH K ONpe/eseH-
HOMY (PUBMYECKOMY SJIPY, YTOOBl YMEHBITUTH HAKJATHBIE PACXOfbl HA MUTPAIIIO
MPOIIECCOB MEKY AMpaMu. AJTOpUT™M MMeeT Hu3KUe TPeGOBAHUS K IIPOIECCOPHOMY

BpPeMeHHU U IIPOIIYCKHOIl CIIOCOOHOCTH CeTH, II0ATOMY BallyCK HECKOJbKUX IIpoliec-
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Puc. 15: JIpeBoBusnas uepapxus i kjaactepa u3 11 y3/10B co 3HaUeHUEM BeTBJe-

ana 2. Rpacabsvu ctpesikamu o603HaUeH MOPAAO0K 00X0/1a HepapXuu y3J10M
¢ IP-anpecom 10.0.0.10.

COB Ha OJTHOM (PM3UUECKOM fApe TeaecoobpaseH, B OTINYNE OT KOJOB BHICOKOITPOM3-
BOJWTEJBHBIX MPUJIOKEHUI, B ROTOPBIX 3TO YaCTO CHUKAET MPOU3BOIUTENbHOCTD.

Kongurypauus TectoBoii cucremsl mokasana B Tada. 11.

[Tporeccop Intel Xeon K5440, 2,83I'T'1
[Tamars 41'b

sRecrtruit nuck ST3250310NS, 720006./MuH.
RoawnaectBo y3a08B 12

Koanuectso AHep Ha y3eda 8

Tabauna 11: Rouguryparmsa cucreMbl «Anty.

[Toxosuit mogxoM wcmoab3yerea B [DH—H7], re aBTOPH BOCITPOUBBOAAT pas-
HOOOpasHbIe MPaKTHIECKUe dKCIIePUMEHTH Ha BUPTYAJIbHBIX KJIacTepax, CO3MaHHbIX
Ha 0CHOBE MTPOCTPAHCTB UMeH Linux, n comocTaBadg0T PesyabTaThl ¢ (PU3NIECKAM.
[IpenmytiecTBO IAHHOTO MOAXO/IA 3aKIA0YAETCA B BOBMOKHOCTHY TTPOBE/IEHUA IKCIIe-

PUMEHTOB Ha GOJBITNX BUPTYATbHBIX KIACTepax, NCI0JAb3y CPABHUTEIbHO HEO0b-
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oe KOJMIecTBO (pusnieckux ysiaoB. [[penmyrnecTBo e mogxona, NCIoJIb3yeMOTO B
naHHoil paboTe (B KOTOPOM He IPUMEHAIOTCSA MTPOCTPAHCTBA NMeH Linux) 3akaoda-
eTcsa B TOM, 4TO OH GoJiee JerKOBECHBIN 1 60Jbllee KOJINIeCTBO PEe3UIEHTHHIX MTPO-
ecCOB MOKHO TIPOTECTUPOBATH HA OJTHOM M TOM jKe (PU3UIeCKOM RJIacTepe.

[TponsBoguTesbHOCTD AJdTOpUTMa 06X0Ma OBLIA TPOTECTUPOBAHA IYTEM H3-
MepeHus BpeMeHH, KOTOpoe HeoOXOauMOo M TOTo YTOObI Bce Y3Jbl RIacTepa Ha-
A IPYT IPyTa, T.e. BpeMeHu, KOTOpoe HeoOX0UMO /Il TOTO YTOOB! [PeBOBUIHAS
repapXuu y3J0B JOCTHUTIA YCTOWIUBOTO cOCTOAHUA. Raskmoe nusMeHeHe nepapxuu,
TO, RAK €r0 BUIUT KaK/BII y3eJ1, 3alUCHIBAIOCH B (haila skypHAIa, ¥ 10 TIPOIIeCTBUN
3aJJAaHHOTO TPOMEKYTKA BPEMEHU BCe Pe3UIeHTHBIe TIPOIeCCH (KasKIblil 13 ROTOPHIX
MOJIEJIUPYeT y3eJ KaacTepa) NpuHyAuTe bHO 3aBepinaauch. [Iporecen samycramcs
MocJaeloBaTeNbHO ¢ 3afiep:kkoit B 100Me., 9TOOB yI0CTOBEPUTHCSA, ITO TJIaBHBIE Y3-
JIbl CTAHOBATCA JOCTYITHBI PaHbIe TOAUNHEHHBIX, & NepapXus He MeHAeTcs POus-
BOJBHBIM 00pa30M B pe3yJabTaTe PA3HOTO BPpeMeHU 3aIycKa MPOIeccoB. JTa MCKYC-
CTBEHHAS 3aJIeP:KKa BIIOCJAEICTBUY ObLIA BBUTEHA W3 Pe3yJbTaTOB TECTHUPOBAHMUS.
Takum 0o6pasoM, pe3yabTaThl TeCTa MPeACTABIAIT 000l BpeMsa oOHAPYReHUA y3-
JIOB B (U/I€AJBHOM)» KJIACTEpe, B ROTOPOM KBl PesuleHTHBII MPoIece HaXOAUT
IJIaBHOTO C I1€PBOii IIOMBITKNA.

Tect 3amycrajcs HeCKOJbKO pas, BAPbUPYSA KOJUIECTBO Pe3UAEHTHBIX IIPO-
eccoB Ha (pusnUeckuil yses. JKCIIePUMEHT TT0KasaJ, uTo obHapyxkenne 512 yaua-
mu (8 (pusmdeckux ysja0B Mo 64 mporiecca Ha y3ea) APYT APyTa 3aHUMaeT He OoJee
nBYX ceryHJ (puc. 16). 9T0 3HaAUeHUE MeHSeTCSA He3HAUUTEJbHO C YBeJIndeHueM
KOJMIeCTBa (PU3nUeckux y3a0B. MemnoapzoBanue 6osee 8 yaiaoB 1o 64 mporecca Ha
y3eJ TPUBOIUT K OOJBIIUM K0JeOaHUAM BpeMeHH OOHAPY:KEeHWs, BBUAY TOTO UTO
00JIBITIOE KOJIUIECTBO MPOIECCOB OTHOBPEMEHHO yCTAHABINBAET COeAWHEHNe ¢ Ofi-
HUM U TeM ke TJIABHBIM ITPoIeccoM (3HaueHNe BeTBJIEHN BO BCeX TeCTax PaBHAIOCH
10000), mosTOMy 9TH pe3yIbTaThl OBLIN UCKJIIUYEHH W3 PACCMOTPEHUA.

O6cysxaenue. Ilockoabky yauy miad BeIOOpa TIABHOTO HY:KHO COETUHUTHCSA

C y3JI0M, aJpec KOTOPOTO N3BECTEH 3apaHee, TO AITOPUTM 00X0/Ia MaCIITaOUPYeTCA
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KonnyecTBO pHu3HueCcKHX y3710B

Puc. 16: Bpemsa o6HapyskeHus BceX Pe3WEHTHBIX MPOIECCOB, BaMyIIEeHHBX Ha
KJacTepe, B 3aBUCUMOCTH OT KOJUYecTBa rpoiieccoB. IlyHkTupHasa aunusd
o603HaYaeT MUHAMAJbHOE W MAKCUMAJIbHOE 3HAUEHNE 38 BCe TPOBeeHHBIE
TECThl, «(PPN» — KOJUYECTBO PE3UTEHTHBIX MIPOIECCOB HA Y3eJ.
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Ha 60JbITI0E KOIndecTBO y3710B. CoeluHeHNe ¢ IPYTUMHA Y3JIaMU TPOUCXOAUT TOJh-
KO B TOM CJIydae, €clu TeKYIINii TIaBHBII y3€J BHIXOAUT u3 cTpos. Takum o6pasom,
ecJu ajipeca y3J0B KJIacTepa pacroJokeHbl HellpepblBHO B TUAIlla30He aJpecoB IO/~
CeTH, Kam/Iplil y3eJ ycTaHaB/IMBaeT cOeJJUHEHUE TOJbKO CO CBOWM TIJIABHBIM y3J0M,
1 Hed((PeKRTUBHOTO CKRAHMPOBAHUSA BCell ceTH Ram/IbIM Y3JI0M He TIPOUCXOINT.
Caemytommye RI0UEBbIE 0COOEHHOCTH OTIMYAIOT IIPEIJI0KEeHHBII MOAX0/ OT HEKO-

TOPHIX cymiecTByonmx [58—60].

« MHuoroypoBHeBas uepapxusa. KojndecTBo TJIAaBHBIX y3J0B B CETH 3aBUCUT OT
3HavueHNsA BeTBJeHudA. Keam oHo menbie roqudectBa [P-anpecos B moacern,
TO B KJacTepe OyIeT HeCKOJIBbKO TVIABHBIX y3/10B. Kem 0HO GoJibile Wan paBHO
roamuecTBy IP-anpecos B mogcern, To B kaacTepe GyeT TOJBKO OIMH TJIABHBI
yseJ. RKoryia karoii-im60 ysesa BHIXOIUT U3 CTPOsI, MHOTOYPOBHEBas Hepapxus
M3MEHATCSA JOKAJbHO, TOJBKO Y3Jbl, TPUMBIKAIONINE K BHITIEIINIEMY U3 CTPOS,

B3aUMO/IefiCTBYIOT JIpyT C IPyrOM.

* Orodopamenue IP-anpecos. [lockoabRy CTPYRTYpa MepapXum 3aBUCHUT TOJb-
ko ot IP-azpecoB ysJ0B, To B ajJropuTMe OTCyTCTBYyeT (hasa BHIOOpa JH[e-
pa. YTo6Bl cMEHUTD TJIABHOTO, KAMKIBIN y3eJ OTIPaBAAeT COOOIIEeHIe TOJbKO

IIpe:kHeMy U HOBOMY IIAaBHOMY y3.Y.

 IToaHocThI0 OcHOBAH HA cOOBITHAX. COOOIMEHNA OTIIPABIAIOTCA TOJBKO MPH
BBe/leHUM HOBOI'O y3Ja B KJAcTep WU MPHU BHIXOJEe U3 CTPOs CYIIeCTBYIOIIe-
ro, MO3TOMY TIOCTOSHHOI HArPy3KHW Ha ceThb HeTy. IlocKoJbRY airoputm mo-
MyckaeT OMUOKY MPHU OTIPaBKe JIO0r0 cooOIeHna, TO HeT He0OXOIUMOCTH
B heartbeat-nakerax, aBjagoIxcA HHANKAIEH paboTOCIIOCOOHOCTH y3J1a B
CeTH; BMECTO 3TOT0 Bce COOOIIEHUs BBITOJHAIT poJb heartbeat-nakeros u

HacTpamBaeTcs BpeMs ORUJAHNA OTIIPaBRU makera [61].

* OreyrerBue pyuHoil KOHPUTrypanuu. Y31y He TpeOyeTcsa HUKARUX MpeBa-

pPUTEJbHBIX BH&HI/Iﬁ, YTOOLI HAlTU TJIABHOTO: OH omnpeneadaeT CeTb, y3JIOM KO-
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TOpoii OH sABJAAeTCH, Bhuuciser IP-aipec moreHnuaibHOTO r1aBHOTO y3Ja U
oTrpaBasgeT emy coobmienne. e 9To He cpabaTsiBaeT, TO IPOIECC TTOBTOPA-
eTcs JIJIA cJaeyoIero moTeHIuaIbHOro IaBHoro yaaa. Takum 00pasoM, ajiro-
pPUTM crioco0eH BHIOJIHUTEH HAYAJIBHYI0 BaTPy3Ky KaacTepa (cuesaTh Tak, 4To-
OBl BCe Y3JIbI Y3HAJM APYT 0 ApyTe) 6e3 MpeBapuTebHO PYTHO HACTPOWRH,
T/ 3TOTO TpedyeTcsA TONbKO Ha3HAYNTH [ P-anpec kam oMy Y31y 1 3ayCTUTD

Pes3uIeHTHBI ITPoIlece Ha HeM.
CymMmupys BIlIecKasanHoe, JOCTOMHCTBOM aJTOPUTMA ABAAETCA TO, 9TO OH

 Macmrabupyerca Ha OOJBIIOE KOJMYECTBO Y3J]0B MOCPECTBOM HepapXuu ¢

HECKOJbRMMHU T'JIaBHBIMU y3JaMU,

* He Harpy:kaeT ceTh OTIPABKOI COOOIEHUl ¢ TeKYIIUM COCTOSHUEM Y3J0B U

heartbeat-nmakeramu,
* He TpebyeT PyuHOIl HACTPONKY /I IePBUYHON 3arpysKu KJIacTepa.

Hemocratkom airoputma aBJiseTcs To, 9To oH TpedyeT, 9T066I [P-anpec name-
HAJCA PEJIKO, ITOOBI OBITH TTOJIE3HBIM JIJIA pacipeiesernsa Harpysku. OH He MOaXOIUT
naA 001aqHOI cpefibl, B RoTopoii Toibko DNS nma ysmaa coxpansercs, a [P-anpec
MOKeT MeHAThcA co BpeMeHeM. Rorma IP-anmpec Mensercs, Terymue coefiiHeHN
MOTYT 3aKPHITHCSA, CUTHAJU3UPYA O «BHIXOJIe U3 CTPOSA» y3Ja U IlepecTpanBas nepap-
X1t y3ja0B. TaruM o6pasom, ORpY:KeHHs, B KOTOPHIX y3Jbl He UIeHTAPUIIUPYIOTCA
[P-anpecamu, He MOAXONAT [ AJITOPUTMA.

IIpyruM HelOCTATKOM aJropuT™Ma ABJAeTCS UCKYCCTBEeHHAA 3aBUCUMOCTD PaH-
ra ysaa ot [P-anpeca: samena oro6pasmenus [P-aspecos Ha uT0-T0O Gosee caomHoe.
Ecan orobpaskenne ncmobayeT 3arpysky TEKYIIero ysJa W CeTH A PaHKUPO-
BaHUSA y3J10B, TO IOTPEIIHOCTb U3MEPEeHUI MOKeT CTAaTh IPUINHON HEYCTONIUBOIA
nepapxuu, a aJropuTM repecTaHeT ObITh MOJHOCTHIO OCHOBAH HA COOBITHAX, T10-
CROJIbKY YPOBHHU 3arpys3ku HE0OXOIMMO M3MEPATH MePUOANTIECKN Ha KaKIOM y3Je

1 PaCIIpOCTPaHATH Ha BCE OCTAJbHbIE y3Jbl RJAdCTEPa.
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AsnropuTt™ 06HAPYKEHNA Y3J0B CIPOEKTUPOBAH /I 6ATaHCUPOBKY HATPY3KH
Ha KJacTep BBMUCIUTENbHBIX Y3J0B (cM. pasa. 9.2.1), n ero mpuMeHeH#e B JPY-
TUX MPUJIOKEHUAX He paccMaTpuBaeTca B faHHoi padore. Rorga pacnpenenennas
W TTapaJiieJbHas IporpaMMa 3allyckaeTcsa Ha OJJHOM U3 Y3J0B KJIacTepa, ee 1oj3a-
Nauyl pacrpeieAnTesA MeKIy BceMH TTPUMBIRAIONINMA Y31aMi nepapXuu (BRJI0Yas
TJIABHBI y3ed, ecan ecTh). [Lasg Toro 4T06b paBHOMEPHO pacrpeeguTh HATPY3KY
IIpY 3aIlyCKe IIPOrpaMMBbl Ha IOJUYNHEHHOM y3Jie, Kak /bl y3e/l XpaHUT Bec Kak/10T0
13 TIPUMBIKAIONIUX Y3J0B MepapXuu. Bec paBeH KoJUUeCTBY y3J0B lepeBa, HaXofi-
Ierocs «3a» MpUMbIKAIONMM y3Jj0M. Hanpumep, ecau Bec 1epBoro mpuMbIKAIOIIETO
y3Ja paBeH 2, TO IUKJINYECKUll aJropuT™ 6aJaHCUPOBKY HATPY3KHU PACIIPeIeNuT e
07133124 Ha TePBBIil y3e. [epe/| TeM Kak [epeiiTh K caeayolleMy yaay.

Cymmupys BbIlIeckasaHHOe, AITOPUTM 00X0f1a
* CHPOERTUPOBAH /I 00JerueHns pacupefieJeHns Harpysky Ha RaacTep,

* IIOJIHOCTHIO OTKa30yCTONYUBBIN, COCTOAHNAE KAMKIOT0 y3Ja MOKHO BBIUUCIUTH

3aHOBO B J1000fi MOMEHT BpeMeHH,

* IIOJHOCTBIO OCHOBaH Ha CO6bITI/IHX, a 3HAYUT He HarpysraeT CeTb Iepuojimnde-

CRO¥1 OTIIpaBKOil cOOOIIeHMIA.

5.2.3. Aaroput™m BocCTaHOBJEHUA T0cC]e c0O0€eB

RouTpoabubie Touku Bocctanopiaennda. (Coou ysja0B pacmpeeseHHON cH-
CTeMBbI MOKHO Pas[eJuTh HA JBa THUIA: cOOil TIOMUNHEHHOTO y3Ja U cO60il TJIaBHOTO
yaaa. [{sg Toro 4To0BI 3amyIieHHAasA Ha KJaacTepe 3ajiaua MorJja mepeRuTh c6oii moj-
YUHEHHOTO Y34, TJIAHUPOBIIIR 3a/1a4 MEPUOANIECKH CO3AeT /I Hee KOHTPOJIbHbIe

TOYKN BOCCTaHOBJCHUA N 3allUChIBaeT UX B HAICHHOC (pGBGPBI/IpyeMOG) XpaHUJIn-
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me. s Toro 4T06Bl cO3ATH KOHTPOJBHYI0 TOUKY, TIAHUPOBIINK BPEMEHHO OCTa-
HaBJMBAET BCe MapaJlieJbHble IPOIECCH 3a/iaui, ROMUPYET Bce CTPAHUIIBI TAMATH 1
BCE CTPYKTYPHI Apa OrepannuoHHOl CHCTeMBI, BBIIeJIeHHBIE I/ ATUX TPOIECCOB, Ha
IIMCK, U TIPOJI0JKAET BHITOTHeHNe 3aiauu. J[J1a Toro 9To0Bl epeskuThb c60ii rIaBHO-
ro y3Jia, Pe3ueHTHbI MPoIece IJIaHUPOBIMKA 3a/1a4 HEIIPEPbIBHO KOIIUPYET CBOe
BHYTpPEHHee COCTOSHUE Ha Pe3epPBHBIN y3eJ, KOTOPBIl CTAHOBUTCS IJIABHBIM ITOCJE
c604.

OnruMusalum paboTsl KOHTPOJIBHBIX TOYER BOCCTAHOBJIEHHUS ITOCBSAIIEHO 60JIb-
moe KoJmaecTBO padoT [62], a arbTepHATHBHBIM MTOIX0/aM Y/eJaAeTCsS MeHbIe BHU-
MaHuA. OOGBMHO BHICOKOTIPOM3BOUTEIbHBIE TIPUIOKEHIA MCII0NB3YIOT ITepeiady co-
oO1eHMiT 11 oOMeHa TAaHHBIMU MeRY TTapaJiieJbHBIMU TTPOTecCaMy U XPaHAT CBOe
TERYIee COCTOSIHUE B TJI00AJbHOI 1MaMsATH, T03TOMY He CYIIeCTBYeT criocoba Ie-
pes3aIycTuTh 3aBEPIIUBIIHICSA TIPOIECC, He 3amucaB o6pas Bceil BbIIEJEeHHON s
Hero nmaMaTu Ha auck. OOBMHO 001Iee YNCI0 TPOIECCOB (PUKCUPOBAHO M 3aaeTCs
TJIAHUPOBIIUKOM, U B cIydae 0TKasa mepesanyckanTes cpasy Bee mporecchl. Cye-
CTBYIOT HEKOTOPHIE 0OXO/IHbIE PeIlleHNs, KOTOPBIe TI03BOJAIOT TIePe3ayCcTuTh TOb-
KO 9acTh TporieccoB [63], BoccTaHOBUB X M3 ROHTPOJBHOI TOURKW Ha BBIKHMBIINX
y3JaX, OMHAKO 3TO MOKET TPUBECTH K TeperpysKke, ecad Ha 9THX y3JaX yiKe 3a-
MyleHbl Apyrue 3ajaqn. TeopeTuuecku, mepesamnyck npoiecca HeoOsa3aTeeH ecu
3ajiaua MOKeT ObITh MPOJIOJKEeHA HA BBUIKMBIIMX y3JaX, HO OUOJIMOTERA Tepenayn
COOOTIEHN#T He 1T03BOJIeT UBMEHATHh ROJUUECTBO MapaJaeJbHbIX IPOIeCCOB BO Bpe-
Ms paboThHl IPOrPaAMMBbI, ¥ OOJIBIIMHCTBO IPOTPAMM BCe PABHO TIPEIOJaraioT, YTo
9TO BHAUEHWE ABJAETCA KOHCTaHTOI. Takum o6pasom, He CYIIECTBYeT HAJEHKHOIO
criocoba obecriedeHnsA OTKA30yCTONUMBOCTY HA YPOBHE OMOJIMOTERY Tepefadn co-
o0OIIeHNiT, KpoMe Kak TyTeM Iepesalycka BceX MapaJiieJbHbIX TMPOIEeccoB W3 KOH-
TPOJILHOW TOUKM BOCCTAHOBJIEHUS.

B 1o ke Bpewms, cymiecTByeT BO3MOKHOCTD IPOJIOJIKUATH BHIIOJHEHUE 3aj1a-
91 Ha MEHbIEeM KOJUYECTBE Y3J0B, YeM OBbLIO M3HAYAJBHO BBIJEJEHO W3HAYAJBHO,

peasnn30BaB 0TRA30yCTOMUNBOCTH HA YPOBHE TIIAHUPOBIINEA 3a/a4. B aToM caydae
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POJIU TJIABHOTO U TIOMYMHEHHOTO TUHAMUYECKU PACIPeeNaioTcsa MeKIy PesuieHT-
HBIMU TTPOIECCAMU TIAHUPOBIMUKA, PAOOTAONIME Ha KaKI0M y3Je RiIacTepa, obpa-
3y IPEBOBUIHYI0 MePAPXUI0 Y3JI0B KJIacTepa, a napaJiiebHas MPorpaMMa CoCTOUT
M3 YIPaBAAOIINAX 00bEKTOB, UCIIOJb3YIOMUX HePAPXUI0 Y3JI0B I TUHAMUIECKOTO
pacrpejieieHuss HArpysKy U CBOI0 COOCTBEHHYIO HepapXxuio JIJIs repesarycka yipas-
JISIOIMUX 00'bEKTOB B cIydae c60s yaJa.

MuHamMuveckoe pacupejeierHue poaeil. OTKa30ycTONYNBOCTD MapaJLIeb-
HOTI ITPOrpaMMbl — 3TO OJ[HA W3 TIP0OJIeM, KOTOpas penraeTcs IaHUPOBITUKAME 3a-
nad 06paboTKEM GOJBININX TAHHLIX WU BBICOKOTIPOW3BOIUTENbHBIX BHUUCIEHWI, O]I-
HaKO, OOJBIIMHCTBO IMJAHUPOBIIMKOB 00€CIIeYNBAIOT TOJBKO OTKA30yCTOYNBOCTH
MOMYMHEeHHHIX y3J0B. Takoro poma c6om 06BTHO 06pabaThBaOTCA MyTeM Iepesa-
MycKka 3aTPOHYTOI 3ajaun (13 KOHTPOJIBHON TOYKU BOCCTAHOBJIEHUS) WU €€ YaCTH
Ha OCTaBINUXCS y3JaX, & BBIXOJ U3 CTPOS TJIABHOTO y3Ja CUYUTAeTCs JU60 MaJ0Bepo-
ATHBIM, JIUOO0 CJAUITKOM CJAOKHBIM I/ 00paOOTKY U HACTPONKY Ha TeJeBoil maaTgdop-
me. CucreMHbIe aJIMITHUCTPATOPH OOBITHO HAXOMAT AJbTePHATUBBI OTKRA30YCTONYN-
BOCTU Ha YPOBHE MPUJIOKEHUA: OHU M30JUPYIOT TJIABHBINA TPOTece TIaHUPOBIINKA
OT OCTAJBHBIX Y3J0B KJIACTEPA, pasMelias ero Ha CIeluaJbHo BIIeJeHHOI MalHe,
VJI, BMECTO HTOT0, MCIIOJb3YI0T TeXHOJOT U BUPTyaausainu. Bee atu aibTepHaTH-
BBl YCJAOKHAIOT KOHPUTYPAIUIO U 00CAYRUBAHNE, U, YMEHbIAsA BEPOATHOCTb BHIXO-
Jla U3 CTPOS MAIIUHBI, TPUBOJIAIIEH K BBIXOLY U3 CTPOS BCEi CHCTEMBI, YBEJMUNBAIOT
BEPOATHOCTH ONMMUOKYU OTepaTopa.

C aT0it TOuKM 3peHHA 6oJiee TTPAKTUIHO PEAJU30BATH OTKA30yCTOWIMBOCTD
TJIABHOTO y3Ja Ha YPOBHE MPUJIOKEHUA, OJHAKO, He CYIECTBYeT YHUBEPCAJbHOTO
3apeROMeH/I0BaBIero ce6s permeHns. BoJbIMHCTBO peaausanyii CaUITKOM TPUBS-
3aHBI K KOHKPETHOMY ITPUJIOKEHHUI0, 9TOOBI CTATh TOBCEMECTHO TIPUMeHAeMbIMu. Ya-
CTO KJacTep MpeJcTaBisgeTcs, Kak MalliHa, B KOTOPOi ecTh YIPaBJIAIONIUN MOLYIb
(rJIaBHBIN y3€J1), OTJINYHBIN OT BCEX OCTAJbHBIX, M HECKOJBKO OIMHAKOBBIX BBIUMCJIV-
TeJBHBIX MOjLyJeii (ounHeHHbIX y3a0B). Ha mpakTuke ke orassiBaeTcs, 4TO TJaB-

HBII 1 I[MIOAYMHEHHbIE y3JIbl (pI/ISI/IT-IeCKI/I OMAVMHAKOBBI, 1 PadJuial0TCA JUIIb ITpoIecca-
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MU TJIAHUPOBIMUKA TTAKETHBIX 3a/a4, 3amymeHHbMu Ha HUX. [loHMManmMe ToTO, 9TO
Y3JBI KJIACTepa ABJAAITCA JHUIIb BHMUCIATEIBHBIMA MOIYJIAMHI, MO3BOJAET PeaJsi-
30BaTh MPOMERYTOUHOE TIPOTPAMMHOE obecrieueHe, KOTOpoe aBTOMATHIECKH Pac-
mpefieJiieT PO IIaBHOTO U MOAYMHEHHOTO Y378 U YHUBEPCAJBHBIM CII0C060M 06pa-
OaTbiBaeT c60M y3J0B. ITO NMPOrpaMMHoe obecriedeHre IPeocTaBIgeT MporpamMm-
HBI{I uHTepdeiic u pacrpejenseT yIpaBadone 00beKTH MEXRIY TOCTYIIHBIMI Ha
NaHHbI MOMeHT y3aamu. Vcmonbays aToT uHTep(eiic, MOKHO HATMCATH IIPOTPaM-
MY, ROTOpas 3allyCRaeTcsA Ha RIacTepe, He 3HASA TOYHOTO KOJIMIECTBA PAOOTAIONINX
y3J0B. ITO IPOMEKYTOUHOE TIPOTPaMMHOe obeciiedeHne padoTaeT Rak KiacTepHasd
omneparoHHas CUCTeMa B TOJb30BATENbCKOM TIPOCTPAHCTBE, TIO3BOJIAIIAS 3aITyC-
KATh pacupejieJeHHble TPUI0KEHIA TPO3PAYHO Ha JI0OOM KOJUIECTBE Y3JI0B.
CummerpuuHas apxuTekTypa. Muorue pacipeneneHHble XPaHUIUIIA TUTIA
RJII0Y-3HAUEHNE W TIapaJieJbHble (ailloBble CHCTeMbl IMEI0T CUMMEeTPUIHYI0 apXu-
TEKTYPY, B KOTOPOii POJIM TJIABHOTO W MOAYMHEHHOTO PACIpPeIeJaAioTcs TuHaMue-
CKM, Tak 9TO JI000H y3€eJ MOKET BBICTYIIATh B POJIY TJIABHOTO, €CJIN TeKYIIUi TJIaB-
HBI{T y3es1 BeIxoguT u3 ctpos [b0—-53,64]. OgHako, Takas apxuTekTypa 0 CUX 0P
He UCTOJb3YeTCA B MJIAHUPOBITURAX 387149 06paGOTRN GOJIBIINX JAHHBIX U BHICOKO-
MpousBoAUTeNbHBIX Bhuucaennit. Hampumep, B nuanuposumre YARN [45], poan
TJIABHOTO U TIOMUYMHEHHOTO fABJAIOTCA cTaTHdeckuMH. BoccranoBiaeHme moctae c6os
MOUNHEHHOTO y3Ja OCYIIecTBIAsAeTCA IMyTeM Iepe3anycka padoTapiieil Ha HeM va-
CTH 3a/Ia91 Ha OJIHOM W3 BBIKUBINUX y3J0B, & BOCCTAHOBJIEHUE MOCJae cO0s TIaBHO-
ro y3Ja OCyIIecTBASAETCA MyTeM YCTAHOBKM pe3epBHOrO TiaBHoro ysiaa [65]. Oba
TJIABHBIX y3Ja YIPABJAAITCA cepBUCOM Zookeeper, KOTOPHI UCIOJb3YeT ANHAMU-
deckoe pacrpejiesienue poJeil 1yd obecriedeHns cBoeil 0TRazoycToiiunBocTu [66].
Taxum o6pasoMm, OTCyTCTBHE TMHAMUYECKOTO pacipejeneHus poJeil y MIaHUpPOB-
muka YARN yenoskHsAeT KoH(UIypanuio Bcero raacrepa: eciau Obl JUHAMUYeCKHe
poJu ObLIM TOCTYIIHBL, Zookeeper OblI OBl JUIIHAM B TAHHON ROH(UTYpaIUH.
Takas ke mpo6JjeMa BOSHUKAeT B IJIAHUPOBIIMKAX 3a/a4 JIJII BHICOROITPOU3-

BOJMTEJBbHBIX BHMMCJAEHUI, TIABHBIN y3es (Ha KOTOPOM 3aITyIeH TJIaBHBII Mpoiiece
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MIAHUPOBITIRA 3a7a9) ABJAAETCA eAnHOi Toukoi cboda. B [67,68] aBTopsl kommpy-
0T COCTOSHUE TIIAHUPOBIIMEKA 3a/]a4 Ha Pe3ePBHBIN y3eJ1, 9T06b 06€CIeunTh BhICO-
KYI0 TOCTYITHOCTH I'JIABHOTO y3Jia, HO POJb PE3ePBHOTO y3Ja 3a/IaeTCs CTaTUIECKH.
Takroe pemenne 6JM3K0 K CHMMETPUYHOI apXUTEKTYpe, TOCKOJbRY He MCII0Jb3yeT
BHEIHU cepBuc A obecliedeHns BHICOROW TOCTYITHOCTH, HO TAaJeK0 OT ujeasa, B
KOTOPOM pe3ePBHBII y3eJ BHIOUpaeTcs INHAMIIECKH.

Haronerr, Hanbosee mpocToii BApHAHT BBICOKOI TOCTYITHOCTH TJIABHOTO y3Ja
peasusoBan B mpoTokose VRRP (Virtual Router Redundancy Protocol) [69-71].
Hecmotpsa na To uro npororon VRRP npenocrasider nuHamudecroe pacipeseJie-
HYe PoJieil, OH He MOKeT OBITb WMCII0Jb30BaH B TLIAHWPOBIIMKAX 3a]a4, MOCKOJIb-
Ky CIIPOEKTHPOBAH [JI MapIIpyTU3aTOPOB, 38 KOTOPHIMH CTOAT WHBEPTUPOBAHHbIE
MPOKCHU-cepBephl. B Takux cepBepax oTCyTCTBYeT cocTosgHMe (0Uepensb 3aaad), Ko-
TOpOe HeoOXOMMMO BOCCTAHOBUTH IOCJE BBHIXOIA U3 CTPOA y3Ja, MOITOMY WX BHI-
COKYI0 JIOCTYITHOCTH 00€CIeUnTh Mpoiie. ITO MOKeT OBITh peain30BaHO Hake 0e3
MapIIpyTH3aTOPOB, NCIOJIB3YA BMecTo 3ToTo cepBuc Keepalived [72].

CumMeTpuIHASA apXUTEKTYPa BHIIOHA /I TIAaHUPOBITUKOB 3a/1a4, IIOCKOJIbRY

IIO3BOJIACT
¢ caeJarTb CI)I/IBI/I‘IGCHI/IG y3Jbl BBanMO3aMEHAEMbIMU,

* peaJu30BaThb JuHaMUIECROE paclipeaeJeHmne p0J1e171 rJiaBHOI'O U ITIOAYMHEHHOT'O

ysJaa u
* peaJnsoBaTh aBTOMATHYECROE BOCCTAHOBJIEHHE TIOCTe ¢O0s JI0O0T0 U3 Y3JI0B.

B nocaenytomux pasmesax oncaHbl KOMIIOHEHTH HE0OXOIUMbIE I/ HATACAHUA Ta-
paJIebHOM TPOTPaMMBI 1 TIAHUPOBIIHEA, ROTOPBIE YCTOMIUBEL K cOOAM Y3108 Kia-
cTepa.

Onpepnenenus uepapxuii. [lag yerpaHeHus HeOTHOBHAUYHOCTH MepapXude-
CRUX CBABEH MeRIY pe3uIeHTHBIMU MTPOIleccaMu U YIIPaBAAIOIIIMI 00'beRTaMU U [T

TOT'0 YTOOLI YIOPOCTUTH U3JOKEHNE, B TEKCTE UCIIOJBb3YIOTCA CJAEAYIOIHE YCIOBHBIE
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o6o3HaueHus. Kcan cBA3b yCTaHOBJIEHA MEKIY JIBYMsA Pe3UJEeHTHBIME TIPOIiecca-
MU, TO OTHOTIIEHHA 0003HAYAIOTCA 2aa8HbLi-noduunennsiti. Kcan cBas3h yeranoBe-
Ha MERIY NBYMS YIIPABJAAIUMU 00BEeKTaMi, TO OTHOIIEHUA 0003HAYAIOTCH JUO0
PYK0600UMEN>-NOIUUHEHHBLI, TNO0 podumenb-nomomor. [IBe nepapxum oproro-
HAJbHBI IPYT K IPYTY B TOM CMBICJ€, UTO HU OJWH YIPABAAIIINI 00HEKT HE MOKET
MMeTh CBA3b C PE3UIEHTHBIM TIpoiieccoM, 1 Hao6opot. [lockoabky nepapxus pesu-
JIEHTHBIX MPOIECCOB MCIONb3YEeTCH [ PACIPe/ieTeHIA HATPY3KN Ha Y3JIbl RIacTe-
pa, nepapxus yrnpaBagomux 00HeKTOB 0ToOpakaeTcsa Ha Hee, U 3TO 0ToOpameHne
MOEET OBITH TPOM3BOJBHBIM: 0OBIYHA CUTYAIINA, KOT/Ia PYKOBOAIIMIA YITPABJIAIOIIAIT
00BERT HAXOMUTCA Ha MOAIMHEHHOM y3Je, & ero TMounHeHHbIe YIIPaBJIAIe 00b-
eKTHl pacripejiefeHbl PABHOMEPHO MEKIY BCEMU y3JaMu KJaacTepa (BRJIYad ysed,
r7ie HAXOMUTCA PyKoOBoOAANMiT 00bekT). O6e nepapxuu MokeT OBITH CROJb YTOTHO
NJIyOOKUMU, HO «HErJyOOKKe)» SBJAAIOTCS TPeANOUYTUTENbHBIMUA JIJI TPOIPAMM C BbI-
COKOIl CTeIeHbI0 TapaJjiesn3Ma, Tak KAk B HUX MEHbIIe KOJUIeCTBO MPOMEKYTOU-
HBIX Y3JI0B, 4epe3 KOTOPHIe JOJIKHB TIPOUTH YIIPaBJIAIIIAE 00'beKTH IPU pacipe-
neJeHun Meskay yaaamu kaacrepa. [[ockolbry cymiecTByeT oflHO3HAYHOE COOTBET-
CTBYIE MEKTY Pe3UIeHTHBIMU ITPOIECCAMU 1 Y3JaMU KJIACTepa, B TEKCTe OHU UCTIOJb-
3YIOTCA KaK B3anMO3aMeHsAeMble TePMIHBL.

Oo6padoTka BhIX0a Y3/10B U3 cTPosA. (OCHOBHBLIM METOOM BOCCTAHOBJIEHUS
TPU BHIXOJIE U3 CTPOSA TOIYMHEHHOTO y3Ja ABIAETCA Mepe3aryck BHIIOJTHABIINXCA
Ha HeM 00beKTOB Ha pabounx ya/nax (Taroii e MeTos ncnogabayer A3bik Erlang npu
nepesanycke MOAUYMHEHHBIX mpoiieccoB [73]). [ad Toro 94T00B peasn3oBaTh 3TOT
METOJl B paMKaX Mepapxuu yIpaBaAonmX 00bEKTOB, y3eJ-0TIPABUTEIb COXPAHAET
RasKIbIl 00BERT, TTepelaBaeMblil Ha IPyTHe Y3Jbl RIacTepa, M B caydae 0TKasa mpo-
M3BOJBHOTO KOJINIECTBA Y3JI0B, HA KOTOPHIe OBLIN TTepelaHbl 00beKTH, UX KOTINH T1e-
pepacrpeeasoTesa MeKIy OCTaBITUMUCA y3JaMu 6e3 WHANBUIYAJbHO 06paboTRM
nporpammucToM. Keam 6oJblile He 0CTAI0Ch Y3J0B, HA ROTOPHIE MOKHO OTIIPABUTH
00'bEKTHI, TO OHU BBIIOJHAKTCA JOKAJbHO. B oT/IMume oT «TSAEKEI0BECHOTO» METO-

da KROHTPOJBbHBIX TOYE€K BOCCTAHOBJEHUA, UCIIOJb3YEMOT'O IIJIAHNPOBIOIMKAMU 3a1a4
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IJIsI BLICOKOIIPOM3BOAUTENBHBIX KJIACTEPOB, IPEeBOBUIHASA HepapXus y3/J0B B Iape
¢ nepapxueil 060 bEKTOB M03BOJIAET AaBTOMATUIECKN TTPOJOKNTDH BHITOJHEHUE MPO-
TPaMMBI TIPY BBIXOJIe 3 CTPOS MPOU3BOJBHOTO KOJMIECTBA TIOMUYNHEHHBIX Y3J0B 6e3
nepesanycka Kakux-an60 MpoIeccoB MapaJieNbHoll TPOTPaMMbl, & MPOIECCChl BhI-
IIOJIHAIOT POJIb UHULL BBIIEJCeHNUS PeCyPCoB.

BosmosxnbIi ogxos k 06paboTKe BHIX0/la U3 CTPOA TJIABHOTO y3Ja (y3/1a, Ha
KOTOPOM BaIyCKaeTcs TJaBHBIN YIPaBAAOINN 00bERT) 3akII0UIAETCA B KOTUPOBA-
HWUW HTOTO TJIaBHOTO 00'beKTa Ha Pe3ePBHBIN y3ea 1 CHHXPOHUBAIINH JIOBIX N3MeHe-
HUH MRy ABYMA KOMUAMEU 00beKTa TOCPEICTBOM pacipefieleHHbIX TPaH3aRIIni,
OJJHAKO, 9TOT IIOJXO[ HE COOTHOCHUTCS C ACUHXPOHHOCTBHIO BBIUUCJAUTEIBHBIX A1ep U
CJUIIKOM CJIOKeH B peajusaiuu. Ha mpakTuke okaspiBaeTcsA, 4TO IVIABHBIH yIpaB-
JIAOMH 06beRT 00BIYHO He BHIIOJHAET OTlepalliy MapaieJbHo, a MocaeloBaTe b-
HO IIePeXOJUT OT BHUUCJACHUS OJHOTO IIara IIporpaMMbl K BEUUC/ICHUIO IPyroro, u,
BHAUWT, UMeeT He GOJbIIe OHOTO MOTYNHEHHOTO B Kask/Iblii MOMeHT BpeMenu. (Kask-
IBI TOUMHEHHBIH 00'bEeRT TIPecTaBAsgeT o060l mocael0BATEIbHBIIN Al BEUNCTIe-
HUi1, KOTOPHIN MOKET OBITh, & MOKET He ObITh HapaJeJbHbiM BHYTpHU.) MMes aTo
BBU/TY, MOKHO YIIPOCTUTb CUHXPOHUBAIINI0 COCTOSHUA TJIABHOTO 00'beKTa TTPOTrpam-
MBI: OTTIPABUTH TVIABHBIN 00'bEKT Ha TIOMIMHEHHbI y3eJ BMeCTe ¢ eT0 MOTINHeHHBIM
o6bexToM. Torya mpu BEIXO/E U3 CTPOS TVIABHOTO y3Ja, KOMHA IJIaBHOTO 00heKTa
MPUHUMAET MOAYMHEHHBIH 00heKT (IOCKOJbKY 06a 00heKTa HAaXOAATCA Ha OTHOM
W TOM JKe y3Je), ¥ BpeMs Ha BOcCTaHOBJAeHWe He TpaTtuTcs. Hean ske BHIXOAUT U3
CTPOSA TIOMYMHEHHBIN y3eJ, Ha KOTOPHIil OblI OTIIPaBIeH OAUYNHEHHBIH 00 heKT BMe-
cTe ¢ Komuell TIaBHOTO 00'beKTa, TO TOAUYNHEHHBIN 00'beKT OTIIPABAAETCA HA OIUH
13 OCTaBIIUXCH y3J0B, U B XY/AIIEM caydae TeKYIIHil Iar BMUCJICHUHI BBIIOJTHAETCSA
3aHOBO.

OnumcaHHBIH BHITIE TIOAXO/, TpeIHa3HaueH g 00'beKTOB, Y KOTOPHIX HET POJIH-
TeJis U ROTOPble UMEIOT TOJBKO OJIMH MOTYMHEHHBINl 00'beKT B KaK/Iblii MOMEHT Bpe-
MEeHH, ¥ TIOBTOPAET MeXaHu3M pPaboThl KOHTPOJBHBIX TOYEK BoccTaHOBIeHUA. [Ipe-

NMYIIEeCTBOM JaHHOI'O Imoaxoda fABJAeTCA TO, HTO OH
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* COXpaHseT COCTOAHUE IIPporpaMMbl TOJBRO MEKIY IOCJEeI0BaTeJIbHbIMU IIara-

MU BBIUKCJIEHUI (ROTIa 0HO 3aHUMaeT MUHUMAJIBHBINA 00beM TaMATH),
* CcOXpaHsAeT TOJbKO aKTyaJbHOE JIaHHbIE U

¢ UCHOJBb3YET NJA COXpaHEHUA COCTOSHUS OIIEPaTUBHYIO IMaMATH IPYyToro y3Ja

KJacTepa, a He TUCKOBOE XPAHUIUIIE.

JTOT MOAXO/ MT03BOJIAET BHIIEP:KATH BHIXO/ U3 CTPOS He 60Jiee OHOTO 1100020 Y34
KJacTepa 3a OWH IIar BRUUCICHUI WU TPOU3BOJBHOTO KOJIUIECTBA MOTINHEHHBIX
y3JI0B B JII000# MOMEHT pabOThHl POTPAMMHEI.

It R1acTepa M3 4eThipex y3J0B M MUIIOTETUYECKO MapaJslieJbHOf porpam-

MBI &JITOPUTM BOCCTaAHOBJIEHUA TTOCHe c60eB padoTaet ciaenyormuM oopasom (puc. 17).

1. Ucxodnoe cocmosnue. Ha HauaapbHOM dTalle BHUUCIUTEJNbHBIH KIacTep He
TpebyeT HUKAKOI HACTPONKN 3a MCRJIIUYEHNEM HACTPOWRU ceTu. AJTopuT™m
IpefnogaraeT MoJHYI0 CBA3HOCTH Y3/I0B KJIACTepa U Jydile Bcero paboTaer ¢
I PEBOBU/IHBIMU TOIIOJOTUAMU CETH, B KOTOPBIX BCe Y3Jbl KJIACTEPA COEIUHEHbI

HECROJbKMMU CETEBLIMU KOMMYTATOpPaMH.

2. Ilocmpoenue uepapxuu y3noe. l1pu nepBudHoii 3arpyske Ha Bcex y3J/ax Kja-
cTepa 3aIyCcRaloTes pesuieHTHBIE TPOIECChl, ROTOPbIE COBMECTHO CTPOSAT CBOTO
repapxuio MoBepx TOMOJOTHN ceTH KiIacTepa. Ilososkene pesuieHTHOTO PO-
ecca B uepapxuu omnpefenserca nosuinueii [P-anpeca ero ysia B nuanasone
[P-angpecos cetu. [I1a yecraHOBJAEHWS CBA3YW KaMKIBII U3 TIPOTIECCOB COEINHA-
eTcs TOJBKO ¢ TIpe/IoJaraeMbiM IJIABHBIM TIpoTieccoM. B janHoM caydae mpo-
mecc Ha y3Jae A cTaHOBUTCA IJTABHBIM MTPOIECCOM [ BeeX ocTaabHbIX. Mepap-
XU U3MEHAEeTCSA, TOJbKO eCJau HOBBIl y3eJa MPUcoeuHAeTCA K KJIACTEPY WIu

RaROM-JI100 U3 CYNECTBYIOIIUX Y3J0B BHIXOAUT U3 CTPOS.

3. Sanyck enasnozo ynpasasoujezo obserma. IlepBoiil yrnpasasgonmii 06beKT

3alycKaeTcs Ha OJHOM M3 TOMUMHEHHBIX y3710B (y3ea B). [aBHbIl 00beRT
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MOKeT UMeTb TOJBKO OJIMH TOAYMHEHHbI 00'beKT B JI060ii MOMEHT BpeMeHH, a
pesepBHAA KOMUA TJIABHOTO 00'beKTa MOCHLIAETCSA BMECTE C OTHM MOINHEeHHBIM
o6bekTOM 17 Ha TyaBHBIN y3ea A. T] npepacraBisger co6oii mocaen0BaTe bHbII
mar mnporpaMmmbl. B mporpaMme MoseT ObITh IPOUBBOJIBHOE KOJMYECTBO T10-
cJeloBaTeJbHBIX IMaroB, W, KOrja y3ea A BHIXOAUT U3 CTPOS, TERYIIWil mar

IepesarryCraeTcesa ¢ HavaJa.

4. Sanycr noOuUHEHHBLL YNPABILIOUUX 003€KMOo8. YIPABIAIOIINE 00bEKTH S,
Sy, S3 3aIycranTes Ha MOTUYMHEHHBIX y3/ax kjaactepa. Rorga ysen B, C' win
D BHIXOAUT W3 CTPOSA, COOTBETCTBYOINUN PYKOBOAAIINI YIPABJIAWIINNL 00b-
eKT TepesalyckaeT 3aBeplIMBIINEeca HEROPPERTHO MTOYrHeHHBIe 00 heRTH (17
mepesarnycraet S, IMaBHBI 00HeKT mepesanyckaet 11 u T.71.). Rorma BEIXOIUT

N3 CTPOS y3eJa B, IJIaBHBI 00HLEKT BOCCTAHABJINBACTCS U3 pGBGPBHOfI ROIINN.

PesyabTaTsl TecTupoBaHuA. AJropuT™ o6ecriedeHus 0TRA30yCTONINBOCTH
ObLI IPOTECTUPOBAH Ha (PU3NUECKOM KjaacTepe (cM. Taba. 11) Ha mpuMepe pacrpe-
neJeHHoil mporpaMmbl 1A Mofeau AP, mogpo6Ho onucannoit B pasupeae 5.3. Ilpo-
rpaMMa COCTOUT U3 cepur PYHRIAIT, Kamaas N3 KOTOPHIX IPUMeHAEeTCA K pesyabTa-
Ty paboThl peabiayiieii. HekoTopbie u3 (yHRIMI BHUUCAAIOTCS TTapaIeJbHO, Tak
4TO BCA MPOTPAMMA COCTOUT W3 IMOCJET0BATENBHO BHIIOJHAIIINXCSA MIAT0B, HEKO-
TOPBIE M3 KOTOPHIX BHYTPH PEAJU30BaHBI APAJJIENbHO, YTOOB! TIOJYIUTH OOJIBITYTO
TPOM3BOUTENBHOCTh. T0JbKO HamboJiee pecypcoeMKmii aTar mporpamMmel (reHepa-
s B3BOJHOBAHHON MOPCROI TOBEPXHOCTH) BBHIOJHAETCA TapaJsieJbHO Ha BCeX
y3Jax, IpyTrhe STAIbl BHIIOJHAOTCA MapajiesbHO Ha BCeX MPOIECCOPHBIX Alpax
TJIABHOTO y3Ja.

[Tporpamma 6bla TIepemnucana ijis pacipeegeHHoil Bepeun GppeiiMBopKa, 4To
moTpe6oBaJso 106aBIeHNA METONOB UTEHWA/3aNUCH /A RAKIOTO YIIPABIAIIIETO
00'beKTa, ROTOPHIi MepefaeTcs Mo ceTH W HeGOJbITNX N3MeHeHU{l UCXOHOI0 Kofia
IJI KOPPERTHO# 00pabGoTKY BHIXO/Ia U3 CTPOSA y3Ja ¢ TJABHBIM 00beKTOM. [IaBHBII

00beKRT OBLT ITOMeueH, YTOObI PeiiMBOPK CMOT MepeiaTh ero Ha MOAYNHEeHHbIH y3e



105

B EEEEEEEEEEERN A
C EEEEEEEEEEERN D
InaBubiii PezepsHbiii TnaBHbrii Pe3zepsHbiii
Ty
y3ed K1acrepa . ceTeBOil KOMMYTaTOP
mess  (pUBHUECKOE COeMHEeHNe
==xs:  CETEBOE COeJUHEeHUe
. nepapxuueckas CB3b
O  peswujeHTHHI TIpoIECe  —
MEKIY y3/1aMu
nepapxuueckas CBA3b
O YIPABJIAOMUA 06beKT = MeJy yIpaBJA0IINMUA

ob'bekTaMu

Puc. 17: Cxema pa6oThl aJropuT™Ma BOCCTAHOBJIEHNUS 110CTIe COOeB.
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BMecTe ¢ MOMYMHEHHBIM eMy 06bekToM. [[pyrue msMeHeHUA MCXOMHOTO KOAA OBLIN
CBABAHHI ¢ U3MEHeHNeM IporpaMMHoTo nHTepgeiica gpeiimBopra. Takum o6pasom,
obecriedenne OTKA30yCTONYMBOCTH MOCPEACTBOM HEPAPXUH YHPABAAOMNX 00DbeK-
TOB, B OCHOBHOM, TIPO3PAYHO /I IporpaMMucTa: TpedyeT MapKUpOBKU TVIABHOTO
00beRTa 1A ero PelIMRallui Ha Pe3epBHBI y3ea u [o0aBieHnd Koaa jd UTeHu-
A/3ammcu 00EKTOB B 0aiiTOBBII Oy ep.

B pane skcnepuMeHToB OblIa M3MepeHA MPOU3BOAUTENBHOCTH HOBOl BepCcUH

POTPaMMBbI ITPY BBIXOJIe U3 CTPOS PA3JMUHBIX TUIIOB Y3J0B BO BPeMs BHITOJHEHU:
* 0es3 BBIXOJIa U3 CTPOS y3J0B,
* BBIXOJ] M3 CTPOSA IJIABHOTO y3Ja (HA KOTOPOM 3aITyCKAeTCA IJIaBHBII 06bEKT),

* BBIXOJ] M3 CTPOSA TOAIMHEHHOTO y37aa (Ha KOTOPHI KOmupyeTcs TJIaBHbIH 00b-

exRT MPOTPaAMMBI).

Tosbko Ba HAIIPAMYIO COeIMHEHHBIX y3J/a KaacTepa OblIM UCIIO0Jb30BAHBI B TECTE.
Brixop u3 eTposd y3/i1a UMUTAPOBAJCA MyTeM OTHpaBku curnaia SIGKILL pesumeHT-
HOMY IIPOIleCCy Ha COOTBETCTBYIOILIEM y3Je, cpa3y IIoc/Je TOr0 KaKk KOIINsd IJIaBHOTO
o6berTa cozmana. llpuiomenne cpasy o6HAPYRUBAIO BHIXOJ U3 CTPOA y3Ja, I0-
CKOJIBKY COOTBETCTBYIOIIlee cOoelrHeHNe 3aKpbIBaJ0Ch; Ha IpaKkTUKe, OLHAaKO, BHI-
X0/ y3J1a 3 CTPOS 0OHAPYKUBAETCSA TOJBKO 110 TIPOIIECTBUN HACTPANBAEMOT0 BpeMs
oxuganus npororosa TCP [61]. Bpems BuIIoHeHUSA 9TUX 3aTyCKOB CPABHUBAJIOCH
CO BpeMeHeM BHITOJHeHNA 6e3 IMATHPOBAHUSA BHIXO/Ia U3 CTPOSA y3710B. PesyabraTs
TECTOB TIpeJicTaBIeHH Ha puc. 19, a cxeMa pacnpesieieHUA YIPABAAIMNAX 00bEKTOB
Mesxly IByMd y3JamMu Ha puc. 18.

Rax u omupasoch, cymecTByerT GoJbliasd pasHUIa B TPOW3BOIUTEILHOCTH
IPUIOKEHUS IIPU BBIXOJIe U3 CTPOS Pa3JMYHbIX TUIIOB y3J0B. B caydae oTrasa 1moj-
YUHEHHOTO y3Ja TJaBHbIN YIIPaBJAA0INi 00HEeKT BMEeCTe ¢ HEKOTOPLIMU MOAYNHEH-
HBIMU (KOTOpPBIe OBLIN pachpe/eaeHbl Ha TOMYNHEHHBIH y3eJ) TepAnTcsd, HO TJaB-

HBIiA y3eJd uMeeT KOIINI0 TI'JIaBHOTO 00beKTa U UCITOJb3YET €€, YTOOLI IPOIAOJKATD
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/Master 10.0.0.1\

i

(Slave 10.0.0.2\

kM' NS, sd

Puec. 18: I'maBubIil 1 OgUNHEHHBIH y3Jbl, & Tak#e 0TOOpaMkeHne r1aBHOro 00beKTa
M, ero kottuu M’, 06'beKTa, COOTBETCTBYIONIETO TEKYINEMY HIATY BBITOJ-
HeHUsA N U NOJYUHEHHHIX 00'bEKTOB S 23 HA 3TU Y3JIHL.

BBITOJTHeHNEe. TaruM 06pas3oM, TIPY BHIXO/ie U3 CTPOSA TTOTINHEHHOTO y3Ja HUIero He
TepsaeTcs, 3a UCKJAYEeHNEeM I0TEeHINAaAa [IPOU3BOJUTENbHOCTH [TIOAUYNHEHHOT0 y31a.
B caydae Bbixozia 13 ¢TposA IJIABHOTO y3Ja KOMUA TJIABHOTO 00bEeKTa, & Takike Moji-
YUHEHHBINl 00beKT, KOTOPHIN ITepEeHOCUT 3Ty KOIUI0, TepPAI0TCA, HO MOIYNHEHHBI
y3eJ UMeeT OPUTHHAJBHBIN IJIaBHBIN 00BEKT W WMCIIOJb3YeT ero JJIA Tepesalycka
BBIYUCJAEHUIT ¢ TEKYIIEeTo 1ara, T.e. OTTIPaBIAeT MOJINHEeHHB 00heRT Ha OIWH U3
OCTABIINXCA y3J0B KjaacTepa (B caydae MBYX HANPAMYI0 COeTMHEHHBIX y3J0B OH
oTmpaBJisgerT o0beKT cam cebe). Takum oOpasom, pasHUIA B MPOU3BOAUTENLHOCTH
MPUJI0EKEHNSA 00bACHAETCA PA3HBIM KOJUIECTBOM U PA3HBIMU POJAMU 00HEKTOB, KO-
TOPBIE TEPSATCS IIPU BBIXOJE U3 CTPOSA TOTO UJIU UHOIO Y3Ja.

O6Hapy:xkeHne BHIX0/Ia W3 CTPOS MOTINHEHHOTO y3Ja TpedyeT HeKOTOPOTo Bpe-
MEHU: 3TO MPOUCXOMUT, TOJBKO KOT/IA TOAYMHEHHbI 00bEKT, epeHOCAIINIl ROTINIO
TJIABHOTO, 3aKAHINBAET BHITOJTHEHNE U TIHITaeTCA T00PAThCA 0 POAUTENLCKOTO 00h-
ekra. MruoBenHoe obHapyskeHue Tpe6yeT NPUHYAUTEJbHOT 0CTAHOBKY MOAYMHEH-
HOTO 00'HEKTa, YTO MOKET OBITh HEITPUMEHUMO JIJIS TIPOTPAMM CO CJAOKHOI JOTHROIA.

Uroro, ecau BBIXOJ, U3 CTPOS y3Ja MPOUCXOIUT CPasy IocJe TOro Kak KOMUs
NJIABHOTO OObeKTa chesnaHa, JUIlb Majas dacTb IPOU3BOIUTENLHOCTH TepsAeTcs B

HE3aBUCUMOCTHU OT TOT'O, TEPAECTCA IJIaBHBLIN 00'bEKT MJK ero KOITHA.
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—— Bscheduler (rnaBubii y3en)
---- Bscheduler (mogyrHeHHBIN y3€1)
o - ] Bscheduler (6e3 Bbixoga u3 cTpost)
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Pasmep B3BOJIHOBaHHOM NMOBEPXHOCTH
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O0cysk/aeHue pe3yabTaToB TecTupoBanud. I[locroabRy BEIXOI M3 CTPOA UMU-
TUPYeTCs, Cpasy MOoCJe TOTO Kak MepBbIil MOJYNHEHHBI 00EKT TOCTUTaeT TOYKH
HasHaueHNs (y3Ja, Ha KOTOPOM TIPEJIIOJaraeTcs ero BHIOJHUTH), BEIXO/ U3 CTPOS
MOJUYNHEHHOTO y3Ja MPUBOJUT K TTOTepe HeOOMBIIOH N0/1 MTPON3BOIUTENbHOCTH; HA
MpPakTURe, T7ie BBIXOM U3 CTPOSA MOKET IPOU30HTH B cepefinHe TeHeparui B3BOJHO-
BaHHO{I TIOBEPXHOCTH, MTOTEPH TIPOUBBOUTEJILHOCTH TIPH BBIXOfIe U3 CTPOS peseps-
Hoeo y3aa (y3na, Tie HaXOAUTCA ROMUA TJaBHOTO 00beKkTa) Oblin Obl Bbime. AHa-
JOTUYHO, HA MPAKTUKe KOJUIEeCTBO Y3J0B B KJIacTepe GoJblle, & 3HAUUT MEHbITee
KOJMYECTBO MOTUYMHEHHBIX 00 HEKTOB TePAETCSA MTPY BHIXO/Ie M3 CTPOSA TJIABHOTO y3J1a,
13-3a 9ero MoTepyu MPou3BOUTENLHOCTH MeHbIIe. B TecTe moTepu B caydae BHIXOIA
13 CTPOSA MOAYMHEHHOTO y3J1a BHIIIe, UTO ABAAETCA PE3yAbTATOM OTCYTCTBUSA Tapa-
JeJu3Ma B HavaJje TeHepalliy B3BOJHOBAHHOI MoBepXHOCTH Mojiebio AP: nmepBas
YACTh BBMUCAACTCSA MOCAEIOBATEJNBHO, & IPYTUE YACTH BBIYUCIAIOTCH, TOJBKO KOTIA
mepBas focTymnHa. TakuM o6pasoM, oTeps MepBOro MOINHEHHOTO 00'beKTa 3aMe/l-
JIIeT BHITIOJHEHNE BCeX BaBUCUMBIX 00LEKTOB B TIPOTPaMMe.

AnropuT™ BoccTaHOBAEHUSA TIocTe cO0eB rapaHTupyer 06paboTRy BBHIXOfA U3
CTPOSA OJHOTO y3Jia Ha OJMH MOCJeT0BATEJIbHBII IAT TPOTPAMMBI; 60JIbIIe c6H0EB MO-
#KeT ObITH BBIIEPIKAHO, €CIU OHM He 3aTparuBaioT IMIaBHHIA y3esa. Aaroput™ obpa-
6aTeIBAET OJHOBPEMEHHBI BBIXOJ U3 CTPOS BCEX TOJUNHEHHBIX Y3J10B, OHAKO, €CJaH
TJIABHBIN U PE3EPBHBIN Y3JBI BMECTE BBIXOJAT W3 CTPOS, § TPOTPAMMBI HET HU e[[H-
HOTO IIaHca MPOAOJKUThL paboTy. B aTOM ciyuae cOCTOSAHME TEKYIIEro Iara Bbi-
YUCJIEHWIT TepAeTcs MOJHOCTBIO, U eT0 MOKHO BOCCTAHOBUTH TOJBKO MEPE3aITyCKOM
MIPOTPaMMBbI ¢ HavaJsa (UTo Ha TaHHBIN MOMEHT He peasiusoBaHo B Bscheduler).

YrpasJsionye 00beRTH ABAATCA a0CTPARIUAMHI, OTACAAIONUMI Pacpeie-
JeHHOe TIPUJIOKeHNe 0T (PU3NIECKUX YCTPOUCTB: MJiA HelpepbiBHOI padoThl TPo-
rpaMMbl He BaKHO, CKOJBKO Y3J0B KJIacTepa B JAHHBIN MOMEHT paboTaioT. Ypas-
JIA0IIe 00'beKTH TT03BOJAIT OTKA3ATHCA OT BBIIEJTeHUA (PUBUIECKOTO Pe3ePBHOTO
ysJa 1A o6ecriedyeHus YCTOWYMBOCTH K BBIXOJIY M3 CTPOS TJIABHOTO y3Ja: B paM-

KaX nepapxuu yIupaBadioiux 00beRTOB 000 Gpusndeckuii yzesa (KpoMe IJIaBHOTO)



110

MOJKET BBITOJHATH POJib pesepBHOro. HakoHer, mepapxus ynpaBisoimx 00beKTOB
M03BoJIAeT 00padaTHBaTh COOU MPO3PATHO A IPOTPAMMHUCTA, OTIPeleAs TTOPAI0K
neiicTBUI U3 BHYTPEHHETO COCTOAHUA 00HEeRTA.

[TpoBeseHHBIE DRCTIEPUMEHTH TIOKA3HIBAIOT, UTO MAPAJICIBHOI TPOTpaMme Heoo-
XOJIIMO WIMETh HEeCKOJIBKO MOCJAe/I0BATeJbHBIX 9TANOB BHIIOJHEHWA, YTOOB CAeJaTh
ee ycToiunBoii K cO0AM Y3J10B, MHAUE BEIXO/] 3 CTPOS Pe3ePBHOIO0 y3Ja (PaRTUIeCKH
BBIBBIBAET BOCCTAHOBJIEHNE HCXOTHOTO COCTOAHUA TporpaMmbl. HeeMoTpsa Ha TO UTO
BEPOSATHOCTh cOOS PE3ePBHOTO y3Ja MeHbIe BEPOATHOCTH ¢60S OJHOTO M3 TIOUN-
HEHHBIX y3JI0B, 9TO He MTOBOJ TOTEPATH BCe IAHHBIE, KOT/Ia BHITOJHABIIASACS TTPOIOJI-
RUTeJbHOe BpeMs IporpaMmma IMouTu 3aBepiiniach. B obiem caydae, yeM 6oJblie
MOCJAe/IOBATENbHBIX 9TATIOB BBMUCICHUI COMEPIKUT TapaieJbHasd MPorpaMma, TeM
MeHbIIe BpeMeHU ToTepsAeTcs B ciIydae c60sS pesepBHOTO Y374, 1, aHAJOTUIHO, IeM
0oJibIlle TTapaJIebHBIX YacTell COMEP:KUT KaskAbli MOCIe[0BATEIbHBIN ATAIl, TeM
MeHbITIe BpeMeHU TIOTePSAeTCs TP ¢60e TIaBHOTO WK TIOTYNHEHHOTO y3Jaa. [pyrumu
CJIOBaMHU, 4eM GOJIbIITe KOJTNIeCTBO Y3JI0B, HA ROTOPOe MaciTabupyeTcs mporpamma,
TeM OHA CTAaHOBUTCA 6oJiee YCTOWIMBA K UX cOOSAM.

Xots 970 He OBLTO MTOKAa3aHO B 9kciepuMeHTax, Bscheduler e TosbkO 06ecrie-
YUBAET YCTONUMBOCTD K BHIXOY U3 CTPOA Y3JI0B KJIACTEPa, HO U TI03BOJISAET aBTOMA-
TUYECKU BBOJUTH HOBBIE Y3JBI B KIacTep U pacrpefieaTh Ha HUX YaCTh YIIPaBJIAI0-
MuX 00 HEKTOB 13 yiKe 3aMyIeHHBIX TpoTpaMM. B KoHTekcTe peiiMBOpKa ATOT TIPo-
1ece TPUBUAJEH, TOCKOJBKY He TpeOyeT rmepesarycka HesaBepIIuBIINXCS YIIPaBJIsi-
IOIIX 00'beKTOB U KOTTMPOBAHUA UX COCTOSHUSA, U HE UBYYAJICA DRCIIEPUMEHTATBHO
B IaHHOIT paboTe.

Teoperuuecku, ocHOBaHHAA HA MepPaApPXUM OTKA30YCTONUMBOCTb MOKET OBIThH
peaqnsoBaHa MoBepx OGUOANOTERU Tepeadn coobimennii 6e3 morepu oOIHOCTH. XO0-
TA WCIOJb30BaHNe He3aTrPYREHHBIX Y3J0B BMECTO BHIINENTNX W3 CTPOSA B PaMKax
TaKoil OMOJIMOTERU MPEJCTABAACT ONPEIeJEeHHY CA0KHOCTD, TTOCKOJBRY KOJUTe-
CTBO Y3JI0B, HA KOTOPHIX 3aIlylleHa IporpaMMa, B TaKuX GuGJMoTeRax (PUKCUpoBa-

HO, BBIJIeJIeHUE TOCTATOYHO OOJBITOTO KOJMIECTBA Y3JI0B JJIA MPOTPAMMBI OyIeT J0-



CTATOYHO [Ijisi 00ecIiedeHus ee 0TRA30ycToiInBoCcTU. B TO iKe Bpems, peannsarus
OCHOBAHHOW HA MepapXuu OTKA30yCTONYMBOCTU BHYTPHU caMOil OMOJMOTEKHU Tepe-
fauu coOOTeHW He TIPAKTHIHO, TIOCKOJIBKY 9TO TOTPeOyeT COXpaHeHUs TEKYIIero
COCTOSIHUS TapaJIIeJbHOM POrpaMMbl, 00beM KOTOPOTO SKBUBAJIEHTEH BCeil 3aHMU-
MaeMoii eif MaMAThI0 Ha KaKIOM y3Je RiacTepa, uTo, B CBOIO 0YepPe/ib, He M03BOJUT
cleJaTh TaKkoi MoAXof A PeKTUBHEe KOHTPOJIBHBIX TOUEK BOCCTAHOBIEHMUS.
CsiabbIM MECTOM OIIMCAHHOI'O METOJia SBJSETCS [epUofi BpeMeHU, HaunHas ¢
0TKa3a TJIABHOTO y3Ja M 3aKaHUYMBasg oOHApymKeHUeM cOOs TOTIYMHEHHBIM Y3J0M,
BOCCTAHOBJEHUEM TJIaBHOTO O0heKTa M3 KOTHMU W MOJydeHHeM HOBOTO MOAIMHEeH-
HOTO 00'beKTa BMECTE ¢ ROIUeil ero poauTes MmogduHeHHbM yaaoM. Eciu Ha mpo-
TSKEHUM ATOTO TPOMEKYTKA Pe3ePBHbIN Y36/ BHIXOIUT U3 CTPOs, TO COCTOSHUE BbI-
TOJIHEHUS TIPOTPAMMBI ITOJHOCTHIO TepsieTcss 0e3 BO3MOKHOCTH €r0 BOCCTAHOBHUTD,
KpoMe Kak MepesaryckoM ¢ caMoro Havaja. [IpoTs:KeHHOCTh 3TOTO OTACHOTO IIPO-
MEKYTKA BPEMEHU MOKET OBITh MUHUMUSUPOBAHA, HO TIOJTHOCTHIO HCKJIIYNTH BEPO-
ATHOCTH BHE3AITHOTO 3aBePIIEHNUs TIPOrPAMMbl HEBO3BMOKHO. ITOT PE3yJIbTaT COTJIa-
cyeTcs ¢ MCCACOBAHUSIMU MEOPUU HEBLINOIHUMOCTIU B PAMKAX KOTOPOil TOKA3HI-
BAETCS HEBO3MOKHOCTH PACIIPEIeJeHHOTO KOHCEHeyca ¢ XOTs Obl OfIHUM TIPOIECCOM,
nawomum c6oit [74] ¥ HEBO3MOKHOCTD HAJIEKHON Mepeladn TaHHBIX B caydae cOos

OJTHOTO U3 y3J0B [7H].

5.2.4. BuiBoanl

CoBpeMeHHBII TTOXO0/ K pa3paboTke W 3aIyCRy MapaJieJbHbIX TTPOTPAMM Ha
KJacTepe 3aKJ09aeTcs B UCI0JAb30BAHNN OMOJINOTEKN TTepeadn coOOmeHn il 1 mia-
HUPOBIINKA 3a/1a4, W, HECMOTPS HA TO YTO HTOT MOAXO]] UMEET BHICOKYI0 d(PeKTUB-

HOCTBb C TOYRM 3PEHUA IHapaaaeJbHbIX BbI‘—II/ICJIGHI/Iﬁ, OH HeJOCTaTO4YHO FI/I60K, YTOOLI
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BMECTHUTH B ce0s TUHAMUYIECKYI0 6aTaHCUPOBRY HArpy3KU U aBTOMaTH4ecKoe obec-
mevYeHne 0TKazoycToiiunBocT. [IporpaMmel, HamMcaHHble ¢ TOMOMIBI0 6GUOJMOTERN

nepefadn cooOIMeHit 0OBIHO TTPE/I0AaraoT
* pPaBHOMEPHYIO 3aTrPYy3Ky KaKI0T0 MPoIeccopa,
* Oecrniepe6oiiHoe W Hajie:kHOE BHITOJHEHNE MMaKeTHBIX 3a1ad, 1

¢ HOCTOAHHOE€ YMCJO0 TlapaJiJeJbHbIX ITPOIEeCCOB BO BpeMs BLITOJHEHUA, paBHOE

00111eMy KOJUYECTBY IIPOIECCOPOB.

[TepBoe nipesnogoxenue HecpaBeIauBo s IPOTPAMMbL MOJIEJIUPOBAHIE MOPCKOTO
BOJHEHUSA, MTOCKOJIBKY Mojeib AP TpeGyer nunamudeckoii 6aiaHCHPOBEN HATrpys-
KU Me/[Ly IpolleccopaMi JiJis TeHepalluu Kam/10# 4acT MOBEPXHOCTH TOJbKO KOTa
reHepallus BceX 3aBUCUMBIX yacTeil ywxe 3akoHueHa. [locienHee npepmolosxkenue
Tak:ke HeclpaBeJuBO, [IOCKOJbKY B yrofy 3(P(eKTUBHOCTU KaKJasd 4acTh 3alld-
chiBaeTcs B (pailn oTe bHBIM MOTOROM acMHXpoHHO. OcTaBiieeca MpeamooKeHne
OTHOCHUTCS He K CaMoii IporpaMme, a K IJIAHUPOBIIMKY 3a/a4, M HeCIIpaBeJInBO 11
OOJBITIX BHUUCIUTENBHBIX KJIACTEPOB, B KOTOPHIX Y3Jbl 9ACTO BEIXOJAT U3 CTPOS, a
MJaHUPOBIIMK BOCCTAHABAMBAET 3a/1a4y U3 KOHTPOJBHON TOYKU, CUJIBHO YBEJUUN-
Bas BpeMs ee BBINOJHeHUA. Ve npeanaraeMoro noixofa — AaTh MapalaebHbiM

mporpaMMmaM 0oJibiie THOROCTH:

¢ IpeaoCTaBUTh TUHAMUYECRYIO GaﬂaHCHpOBRy HarpysiKu IyTeM BbIITOJHEHUS
ImocJaenoBaTeJbHbIX, ITapaJiieJIbHbIX USHYTPH ITaTroB IIPOTPpaMMbl B PEHME KOH-

Beiiepa,
* Iepes3alnycrarTb TOJbKO 3aTPOHYTHIC BEIXOJOM U3 CTPOS y3Ja IPOLecChl, U

¢ BBIIOJHATH IMMPOTPaMMy Ha KaK MOMHO 0O0JIBIIEM KOJUIECTBE y3J0B, ROTOpPOE

HOCTYIIHO B RJacTepe.

B namroM paspese 00Cy:RIA0TCA TPEUMYTIECTBA U HEJOCTATKHI 9TOTO TTOIXO/IA.
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B cpaBHennu ¢ cucremamu naketHoit o6padorku 3aganuii (PBS) mis pacmpe-
leJeHusl HAIPY3KU Ha Y3Jbl KJacTepa IpeJiaraeMblil MOJX0f MCI0Jb3yeT Jerko-
BECHBIE YIPaBJA0INEe 00beKTH BMECTO TSAMKEJ0BECHBIX MapaJsaeJbHbIX 3amad. Bo-
MEePBHIX, HTO T03BOJAET UMETh OUepein 00BEKTOB Ha KaikIOM y3Je, BMECTO TOTO
9TOOBI IMETh HECKOJBKO odepe/ieil 3a7ad Ha Bech RJIACTepP. SePHUCTOCTD YIIPaBJIA-
IMUIX 00beKTOB TOPaso BHIIE, UeM y MaKeTHHIX 3a/ad, W, HECMOTPA Ha TO UTO
BpeMsA WX BBITOJHEHUA He MOsKeT OBITh HaleKHO CIIPOTHO3WPOBAHO (TaKKe Kak W
BpeMs BBITOJHEHWS TMaKeTHBIX 3a7a4 [76]), 00beRTH M3 HECKOJBKUX TapaJiesb-
HBIX TIPOTPAMM MOTYT OBITh AMHAMUYECKU PaCIpeeJeHbl MeKY OJHUM U TeM iKe
MHOKECTBOM Y3J0B KJacTepa, jieJasd Harpysky Gojee paBHomepHoil. Hemocrarkom
ABJAETCA HEOOXOIUMOCTD B 00JIBIIIEM KOJMIECTBE OMEePATUBHO MaMATH JIJIA BHIIOJI-
HEeHWA HECKOJBKIX 3a/1a4 Ha OJHUX ¥ TeX ke y3Jax, a Takike B TOM UTO BHIIOJHEHe
KaKI0M TIPOTPAMMBI MOSKET BaHATH 00JIBIIIE BpeMeH! M3-3a 00IUX ouepejieil yrpas-
JA0MUX 00BeKTOB. Bo-BTOPHIX, Mpe/iaraeMblii MOIX0/ UCIIOIb3YeT TUHAMIUIECKOe
pacripeiesieHne poJieil TJIaBHOTO U MOAYMHEHHOTO MERIY Y3JaMU KJIacTepa BMECTO
WX CTATHYECROTO MPHUCBOEHMSA KOHKPETHBIM (PUBMUYECKUM y3JaM. ITO JeJaeT Y3Jbl
B3aMMO3aMeHsAeMBIMH, 9TO He0OXOANMO /i obecrieueHns oTkazoycToitunBocT. Of-
HOBpPEMEHHO€ BHITOJHEHNEe HeCKOJBKUX MapaJiieJbHBIX ITPOTPaMM Ha OJHOM U TOM
’Ke MHOKeCTBe Y3JI0B YBeJUUNBAET MPOMYCKHYI0 CIIOCOOHOCTH KJIACTepa, HO Takike
YMEeHBIIAeT WX MPOU3BOUTENbHOCTD, B3ATYI0 10 OTJAEJIbHOCTH; TMHAMUYECKOe pac-
npejieJieHne poJieil ABJIsgeTcs 0OCHOBAHWEM, Ha KOTOPOM CTPOUTCS YCTOWYMBOCTH K
cOO0AM.

B cpaBuennn ¢ MPI pia paséuenus mporpaMmbl Ha OT/IeJbHBIE CYITHOCTH
peJiaraeMblil MOXOM UCIIOJIb3yeT JeTKOBECHbIe YIPaBJAIe 06'beKThl BMECTO
TAKEJOBECHBIX MTPOIEecCOB. Bo-mepBHIX, 9TO M03BOJAET OMPEIeNUTh IHCI0 00pabda-
THIBAEMBIX TIAPAJTENbHO CYTTHOCTE, NCXO/IA W3 3a/a4H, & He apXUTERTYPHl KOMITHIO-
Tepa WM RaacTepa. ITO MOOIMPAET TPOTPAMMUCTA CO3ABATH CTOJBKO 00HEKTOB,
CKOJIBKO HE0OXOIMMO, PYKOBOJICTBYACH aJTOPUTMOM UJIU OTPAHUYEHUAME HA PasMep

CTPYRTYP TAHHBIX W3 TIPeMeTHOl obJaacTu 3aadn. B mporpaMmme MopeMpoBaHusA



MOPCKOTO BOJIHEHUsI MUHUMAJBHBIN pasMep Kai 10 YaCTh TTOBEPXHOCTH 3aBUCUT OT
qucsia Koa((YUIIMEeHTOB BJOJb KAk A0# U3 Oceil, U, B TO :Ke BpeMs, KOJMIECTBO da-
cTeil [oMEHO OBITH 60JbINe, YeM KOJIMIECTBO TPOIECCOPOB, A TOTO UTOOH CeaaTh
HATrpysKy Ha MpoIleccopsl 60Jee paBHOMEPHON. YUUTHIBasA 9TH OTPAHUIEHUA OTTH-
MaJBHBIN pasMep JacTh oIpejieiieTcs BO BpeMs BBITOJHEHNUsA, U, B 00TeM caydae,
He COBIIaJaeT ¢ KOJIMYECTBOM IapaJLieJbHbIX IpoieccoB. Hemocratkom sBisercs
TO, 9TO, 4eM OOJbIle YIPaBJAAIUX 00HEKTOB B Mporpamme, TeM 00JbiIe 00TIX
CTPYKTYP MaHHBIX KOMUPYeTCS HA OMUH W TOT iKe y3eJ BMecTe C TOJYNHEeHHBIMU
oObeKTaMu; mpobJaemMa perniaeTcs BBeleHreM TPOMEKYTOTHOTO CJI0A 00beKTOB, ITO
B CBOIO 0Uepe]ib BIeUeT yBeJININBAeT CJI0KRHOCTD TporpaMmbl. Bo-BTopHIX, nepapxus
YIPaBJIAOMMIX 00EKTOB COBMECTHO C HepapXueil y3/10B M03BOJNAET aBTOMATHIECRH
MePeCcUYnTHIBATH 3aBEPHIMBIIMECS HEKOPPEKTHO TTOYNHEHHbIe 00'heKThl Ha BbIKUB-
MUX y3JaX KJacTepa B caydae BBHIXOa M3 CTPOsS 000PYIOBAaHUA. ITO BOBMOIKHO,
TTOCKOJIBKY XO BHITOJHEHUS TIPOrPAMMbI COXPaHAeTCs B 00bEKTax, a He B TJI06ab-
HBIX TIepeMeHHBIX, Kak 9To fAeaaetcsa B mporpammax MPI. [Iy6aupys cocrosnue na
MOMMHEHHbIE Y3Jbl, CHCTEMA MePeCUYNUTHIBAET TOJbKO 00'bEKTHI U3 MOBPEKIEHHBIX
POTIECCOB, & He MPOrpaMmy meJukoM. [lepexos oT MporeccoB K yIpaBasoIuM 00b-
eKTaM YBeJMINBaeT MPOUBBOAUTENBHOCTD aPaJIe bHOM TPOTPAMMBL TIOCPEICTBOM
IMHAMUYECKOl 6aJaHCUPOBKU HATPY3KU, HO Tak:Ke MOKET IOBJIUATH Ha €€ MACIITa-
OupyeMocTb Ha GOJBITOE KOJMYECTBO Y3JOB M3-3a AYOJUPOBAHUS COCTOSHUS XOMa
BLITOJHEHNSI.

Pas6uenne mporpaMmbl Ha OT/IeJbHBIE CYIIIHOCTH TIPUMEHSAETCA BO (PpeiiMBop-
ke Charm-++- [77] u B mojesiu akrepoB [78,79], oMHAKO HU OfIUH U3 TIOIXO/I0B He
MCIT0JIb3YeT MepapXxuieckue CBSA3MU JJIA Tepesanycka 00paboTRU CyIIHOCTe TocTe
omu6ku. BMecTo ncmob3oBaHusA IpeBOBUIHON Mepapxun yIpaBIgionX 00beKTOB
9TH TOAXOMbI TI03BOJSIOT 0OMEHUBATLCSA COOOIIEHUAME J1000i Tape o6bekToB. Ta-
Kas 6ecropsamouHas cxema 0OMeHa COOOIEeHUAME He TT03BOJISET PEINTh, KaK0il 00b-

€KT OTBETCTBEHEH 3a Ilepes3allyCR [Ipyroro, saBepuunBIierocsa 0HIH6ROﬁ, n3-3a 4ero
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HeyHUBEPCAJbHBIE TIOXO0/IbI 00ecieueHnss 0TKA30yCTONINBOCTHU UCTIOIB3YIOTCS BMe-
cTo aroro [80].

Tpu cocTaBaANMX MTPe/IaraeMoro Nofxoaa — yIPaBAAoIIe 06'beKTh, KOH-
Befiepbl U Wepapxuum — AOTOJHAT APYT Apyra. Eeam Ob ympasisionie 00bek-
THl HE COfiep:KajJu B cebe COCTOSHUE XO/a BBITOJHEHWS MPOrPaMMBbl, TO ObLIO OBI
HEBOBMOKHO TIEPECUYUTATh 3aBEPITUBIIHECS HEKOPPEKTHO MOJYMHEHHbBIe 00BEKTH 1
obecriednTh 0TRA30ycTOUnBOCTh. Hean O6bl mepapxun y3a0B He OBLI0, TO OBLIO ObI
HEBOBMOIKHO PACIIPe/IeJUTh HATPY3KY MEKIY Y3JIaMU KJIacTepa, MOCKOJbKY BCe y3-
JIBI OTMHAKOBHI 6e3 nepapxuu. Hean ObI 14 Kam/I0TO YCTPOiicTBA He OBLIO KOHBE-
epa, To ObLIO0 OBl HEBO3MOKHO 00padaThHBATh YIPaBAAWINAE 00BEKTH aCHHXPOHHO
W peasns3oBaTh AUHAMUYECKYI0 OAJaHCUPOBKY HATPY3KHU. JTH TPU CYIIHOCTU 00-
pasyioT 3aMKHYTYI0 CHCTEMY, B KOTOPOi JIOTHKA TIPOrpaMMbl peasusyercs Jubo B
YIpaBIAoNMX 00beKTax, Ju00 B KOHBeliepax, JOTUKa BOCCTAHOBJIEHUS TI0Cae C6O-

€B B nuepapxuu O6’BGRTOB, a JOTUKa Iepejiain JaHHbIX B nepapxXun y3J0B KJaacTepa.

5.3. Peaamszanusa 1jsa cucreM ¢ pacupeeaeHHON
namarsio (MPP)

Pacnpenesennsiii aaroput™m jajada mopeau AP. IJror aaroput™ B oTanune
OT MapaJieJbHOil BePCUH, MCII0Jb3yeT KOMMPOBaHNe AHHBIX [/ BHIIOJHEHW BhI-
YUCJeHUI Ha IPYTUX y3J1aX KJIACTepa, u, IIOCKOJbKY IPOIYCKHAS CIIOCOGHOCTD CeTH
ropasjao MeHbIle, 4eM y MaMsATH, pasMep IMepelaBaeMblX M0 CeTH JaHHBIX TOJIKEeH
OBITH ONTUMUBMPOBAH [ TTOJYyUeHUs OOJbIeil MPOu3BOAUTENbHOCTH, YeM Ha CHU-
creme ¢ 001meil mamaTeio. OfuH 3 c0co00B TOOUTHCSA HTOTO — BTO PACHPEEIUTH
qacTH B3BOJHOBAHHON ITOBEPXHOCTHU MEKTY y3JaMU RIacTepa, KOMupys Ha Y3Jbl KO-

o PUIMEeHTH 1 He0OXOMMble TOYKU Ha TPAHUIIAX, U, KOUPYA 00PATHO CreHepupo-
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BAHHYI0 9aCTh B3BOJIHOBAHHOI TOBEPXHOCTH. ABTOpPEIpecCHOHHBIE 3aBUCUMOCTH He
MO3BOJIAIOT CO3/IATH BCE YACTH CPA3Y U CTATUIECKU PACIIPEIENUTh UX MEKTY Y3IaMu
KJACTepa, MOITOMY YaCTU CO3JAI0TCSA ANHAMUYECKN HA MEePBOM y3Je, ROTIa TOUYKH,
OT KOTOPHIX OHM 3aBUCAT, CTAHOBATCA MOCTYIHBL. TaruM o6pasom, pacrpejeseH-
HBITT aqropuT™ i Mofean AP dBiasderca aJropuTMOM THIIa BeAYIIUii-BeOMbIil, B
KOTOPOM BeIyINil TMHAMUYECKH CO37aeT 3alaun A Kama0il YacTh B3BOJHOBAH-
HOIl TIOBePXHOCTH, TPUHUMAA BO BHUMAHWE aBTOPETPECCHOHHBIE 3aBUCUMOCTHI Me:K-
Iy TOYKaMH, U OTIIPABJAAET X HA TOJINHEHHBIe Y3Jbl, & BeJIOMbIe BLUUCIAIOT Kak-
Iy10 9acTh B3BOJTHOBAHHON TOBEPXHOCTU U OTIIPABJAIOT € 06PATHO BeyIIeMYy.

B peanusanuu pjs cucteM ¢ pacipejieJeHHON MaMAThI0 Ramaad 3agada Mo-
neaupyeTcs YIPaB/IAOIIM 00beKTOM: CYIIeCTBYeT PYKOBOAAIINN 00bEKT, CO3/at0-
Uil TOMIMHEeHHbIe TIPU He0OXOIUMOCTH, ¥ TIOMYNHEeHHbIe 00'beRThl, TeHePUPYIOIIie
JacTy B3BOJHOBAHHOI MOBepXHOCTH. B MeTose act TyiaBHOTO 06heRTa co3aeTCs
MOMYMHEHHBIN 00BEKT I/ TePBOi 9acT — 4acTH, KOTOpPAasA He 3BaBUCUT HU OT KAKUX
npyTux Touek. Korga aToT 06BeRT Bo3BpaIiaeTcsa, PyKOBOAAMUN 00bEKT B METO/E
react ompejiesigeT, Kakue 4acTH MOT'YT OBITh BHUUCJIEHBI ceifuac, co3gaeT MoIIn-
HEHHBIN 00'BEKT /i KasKI0i yacTu U OTIpaBJAeT ero Ha KoHBeiiep. B meToze act
MOMIMHEHHOTO 00heKTa TeHepupyeTcs JacTh B3BOJHOBAHHOI TTOBEPXHOCTH, a 3a-
TeM 00BEKT OTIIPaBJAAET caMoro cebsa pyroBoguTeso. Meron react moganHEeHHOTO
00beKTa TTYCTOI.

Peanusanusa pacnpenesentoro airoputva AP uMeer psj npeumyinecTs 1o

CPaBHEHMUIO C ITapaJiieJbHOM.

 KoHBeiiepsl aBTOMATHYECKH paclpeeaioT Hof4UHEeHHbIe 00beKTh MeR LY /10-
CTYIHBIMU y3JaMU KJacTepa, U IPUJIOKEeHNe He UMeeT Jeqa ¢ TAKUMUA HU3KO-

YPOBHEBBIMU HETAJAMHA.

* Her HeoOXoauMoCTH pean30BaTh MUHUMAJNCTUYHBIH TIIAHUPOBITUE 3a/1a4,

KOTOPHII OTpe/eiseT Mocae0BaATeNbHOCTh BHIIOJHEHUA 3a/1ad (00'bERTOB),
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yuuThbIBasd aBTOpPEerpecCuoOHHbIe 3aBUCUMOCTHU: TMOPAHOK BBIIIOJHEHUS ITOJHO-

CTBIO OTIpeJieNIAeTCA B MeTOfle react PyKOBOAAIIETO 0OBEKTA.

* Her nHeo6xomuMocTi B OTAEAbHOI BEePCUH MPOTPAMMEBI I/ MAIIAHBL ¢ 001Iei
maMATHIO: peanusanya padoTaer MPo3pavHo Ha J0O0I KOJMIECTBE Y3I0B, Ia-

sKe eCJU IIaHNPOBIIUK 3adaq HE 3allyIieH.

IIpousBoanTEe bHOCTDh peaau3aIu pacmpeaeJeHHOT0 ajroputMa ajaa AP
mMopeaun. Peanusanusa pacnpepeaennoit mogenn AP O6vl1a mpoTecTupoBaHa Ha IBYX
yaaax cucrtembl Ant (ta6. 11). [Iag yBeswmueHus MpoOIMyCcKHON COCOOHOCTH CETH,
TiBa y3Ja OBbLIN COeMHEHH IPYT ¢ APYTOM HATIPAMYI0, & MAKCUMAJIBHBIN pasMep eiu-
autbl TepenaBaeMbix janabx (MTU) yeranosaen B 9200 6aiit. PacematpuBasmch
iBa CJaydas: ¢ OHUM pe3ujieHTHBIM ITpolrieccoM Bscheduler, samyteHHbIM Ha JTOKAb-
HOM y3Jie, U C IBYMS Pe3UJEHTHLIMU MPOTECCAMHU, 3aMYINEeHHBIMA HA KaKIOM y3Je.
[TponsBogMTENBHOCTH MTPOIPAMMbI CPABHUBAJACH C TTPOM3BOIUTENBHOCTHIO BEPCHH
ra OpenMP, samyckaemoii Ha oHOM y3JIe.

Bscheduler nmpesocxomur OpenMP B 06oux cayuasax (puc. 20). B cayuae of-
HOTO y3Ja 0oJiee BHICORASA MPOU3BOAUTENBHOCTh 00'bACHAETCA TeM, uTo Bscheduler
He CKaHWPYeT ouepe/ib 3a7a4 B MOMCKAX JacTell, 1JA KOTOPHIX TOTOBH BCE BaBUCH-
MOCTH (KakK 9TO MPOUCXOUT B MAPAJNICJbHOI BepCUU aJropuTMa), BMECTO 3TOTO OH
IS KAaMKI0M JacT 0OHOBJSET CYeTIMK MOTOBBIX YaCTeil, OT KOTOPHIX OHA 3aBUCHT.
Taxkoii ke mogxop MoskeT OBITH McIoab30BaH A Bepeun OpenMP, oqHako oH GbLI
oOHAPYIKEH TOJBKO B O0Jiee HOBOI Bepcuu mporpammbl i Bscheduler, mockoabky
CRAHUPOBaHWe ouepe/in 3a7a9 He MOKeT OBITh 9((eKTUBHO PeaJn30BaHO B paMKax
9TOTO TJAHUPOBIIKKA. B caydae AByX y3Ja0B 60Jiee BHICOKAsA MPOUBBOAUTENBHOCTD
o0bAcHAETCA OOJBIIAM CYMMapHBIM KOJIUYECTBOM MPOIECCOPHBIX fAnep (16) u BHI-
COKO#l TTPOTTYCKHOM CIIOCOOHOCTBIO MPSAMOTO CETEBOTO coemHeHnsd. Takum odpasom,
peaJsmsaiusa pacrpeseserroro aaroputma mogpean AP na Bscheduler 6sicTpee Ha
cructeme ¢ 001el TaMATHI0 BBULY OoJee 3(pperTuBHOI 00paboTKN aBTOpPerpeccuon-

HBIX B&BHCHMOCTeﬁ, a Ha cucreMe C p&CHpeI[eJIeHHOﬁ IMaMATHIO €r0 ITPOU3BO/IUTEIb-
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HOCTh MacmiTadupyercsa Ha 0oJblllee KOJIAIECTBO fAep BBUIY HUBRUX HAKJIATHBIX

pacxoaoB Ha Itepegady JaHHBIX I10 IIPAMOMY CeTeBOMY CO€JIMHEHMUIO.
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---- Bscheduler (onun y3en)
S ] e Bscheduler (nBa y3na)
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PaSMep B3BOJIHOBAHHOH TMOBEPXHOCTH

Puc. 20: Cpasuenne mpoussoputesnbHoctn Bscheduler 1 OpenMP Bepcewuii npo-
rpamMmbl g mojieii AP.
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6. 3akaouenue

B n3yvieHunu BO3MOKHOCTEH MaTeMaTH4eCKOro allitapaTta OJd UMUTaAllUMOHHO-
ro MomeJupoBaHus MOPCROT'O0 BOJHEHUSA, BBIXOJAIIEI0 3a paMRN JUHENHOM Teopun

BOJIH, OBLIN JOCTUTHYTHI CJENYIOIMHEe OCHOBHBIE PE3YyJJAbTAaThI.

* IIporecesr AP u CC 6B111 neToIb30BaHbl [ MOIETUPOBAHUA MOPCRUX BOJTH
POUBBOJNBHBIX aMILIUTy. VHTerpajibHble XapakTepUCTUKU B3BOJHOBAHHOM
TIOBEPXHOCTH OBLIY BePU(UIIIPOBAHBI ITyTEM COTIOCTABJIEHNSA C XapaKTePUCTH-

KaMU peaJbHOil MOPCKOW MTOBEPXHOCTH.

* HoBblil MeTOJ OBLT UCTIOIB30BAH /I BEIYUCAEHUS M0J TOTEHIUAa CKOPOCTH
o TeHepupyemMoil moBepxHocThio. [losyunBiieeca mose 6BT0 BepuUIUPO-
BAHO IIyTeM CpPaBHEHU:A C I10JIeM, BBUUCIAEMbIM 110 OopMyJaM U3 JUHENHHO
Teopuu BoJH. HoBBIT MeTos a(peKTrBeH ¢ BBIUUCAUTENbHON TOUKU 3PEHHUH,
TTOCKOJBRY BCe MHTErpajbl B ero (popMmysie 3aluchBAIOTCSA Kak mpeobpasoBa-
s Pypbe, 19 ROTOPOTO CYIECTBYIOT BHICOKOTIPOM3BOIUTEIbHBIE Peaansa-

11U,

* Mopenb 1 MeTo/, OBLTY PeaTn30BaHBI [ CHCTEM Kak ¢ 00IIeil, Tak 1 ¢ pacmpe-
TeJeHHO TaMATHI0, U B HECKROJBKIX TECTaX MOKA3aJu MaciTabupyeMocTh Ha
Pa3IMIHOM KOJMIECTBO Afiep, RoTopas 0m3ka k auHeiiHoit. Mogeab AP 6osee
3(DPeKTUBHA € BBIUUCAUTEJHHON TOUKM 3PEHUs Ha IEHTPAJbHOM IIPOIleccope,

HereJa Ha BUIeORapTe, U IIPEBOCXOAUT 110 ITPOU3BOIUTEJIBHOCTHU MO/IE/TH JIX.

OnHoit 13 TeM JaJbHERINX HCCaAeIOBAHUN ABIAETCA N3yIeHNe BO3MOKHOCTH
reHepaIy BOJH MPOU3BOJBHBIX Tpoduieil Ha 6ase cmemannoro mporecca APCC.
Ilpyrum HampaBieHueM ABJSeTCA WHTerpaiusa padpaboTaHHO! Mofenu W MeTofia
pacdera JIaBieHuil B CyIIeCTBYIONe MakeThl MPUKJIATHOTO TTPOTPAMMHOTO obectie-

YeHU:.
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7. BuIBOIBI

3ajava BHUUCAEHWSA TABJICHUN MOJ PeasbHONl MOPCKOIl TTIOBEPXHOCTHIO peria-
erTcs ABHO, MUHYS IPEANoJ0KReHNA JUHEeHOW TeoOpru BOJH U TEOPUM BOJH MaJoi
aMILTUTYABL. JTo pemierne B mape ¢ mojeavmu AP u CC, reHepupyoImumMu MOpCKue
BOJIHBI MTPOW3BOJBHBIX AMILIUTYM, MOKeT OBITh MCIOJH30BAHO [ paciera BJIUA-
HUSA KoJie6aHuil BOTH Ha TOBeJeHNe TUHAMIUIECKOT0 00'beKTa B OTKPBITOM MOpe, 1
B caydae BOJH OOJBIMUX aMIUTY/ faeT 6oJee MpaBaonofo6Hoe ToJe MoTeHIraaa
CKOPOCTH, YeM pelleHns, MoJyIeHHble B paMKaX JUHEHHONW TeOPUH BOJH U TEOPUH
BOJIH MaJIOW aMILIATY/BL.

YuceHHBIE DRCIIEPUMEHTHI TIOKA3bIBAIOT, YTO KaK reHepalus B3BOJHOBAHHOI
TTOBEPXHOCTH Tak W pacyeT THAPOTMHAMUYECKUX JaBJeHUN sPPeKTUBHO peansy-
I0TCSA KaK Ha cucTeMax ¢ o6Imeil, Tak v ¢ pacrpe/ieJeHHON maMaThio, 6e3 MpoBeieHNs
BRIUUCJAEHUIT Ha BUIeOKapTe. Bricokas MpoW3BOAUTENLHOCTL B caydae TeHeparuu
B3BOJHOBAHHON MOBEPXHOCTH 00eCIedrMBaeTCs NCIIOIb30BAHUEM CIIEINATM3NPOBAH-
HOTO IJIAHUPOBINKKA 3a/1a9 ¥ OMOJIMOTERY /11 paOOTH ¢ MHOTOMEPHBIMIA MAaCCUBaMU,
a B cJydae BBIUUCJIEHUSA T0JISA TIOTEHIUAJNA CKOPOCTH — HUCIIO0JH30BAHNEM aJTOPUT-
MoB BII® njsa BeaucIeHUA HHTETPAJIOB.

Paspa6orannbiii B paboTe MaTeMaTHdecKuil ammapar 1 ero YiucJaeHHas peaJn-
3aITis MOTYT CTaTh OCHOBOI BUPTYaJbHOTO TIOJUTOHA, TIPeHABHAYEHHOTO I pac-
9eTOB TMHAMUKNA MOPCRUX 00beKTOB. Mcmonb3oBanne HOBBIX MOjieJell B BUPTYaJsb-

HOM IIOJIUT'OHE ITI03BOJIUT

* MIPOBOIUTH OoJiee AJUTeNbHbIE CeaHChl MOfleJupoBanusa 6e3 noTepu sPPeKTrB-

HOCTH BBUYy OTCYTCTBUA HEPUOJUIHOCTHA B MOIEJAX,

¢ HOJYYUTH 0oJiee HpaB,ZLOHO,ILO6HI)Ie IMOJIA ,[L&BJIGHI/IfI 6JI&FO,ZLapH HCIIOJb30BaHHNIO

HOBOI'O M€TO/la BbIYUCJECHHUSA 110JId ITIOTeHIIhaJ/da CROPOCTU, 1
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* cleJaTh TPOTPAMMHBIN ROMILIEKC GoJee HajlesRHBIM OJarogaps OBICTPOil ¢Xo-
IUMOCTH Mojiesiell M MCII0Jb30BAHUI0 OTRA30YCTONINBOTO MIAHUPOBIIUKA Ma-

KeTHBIX 3aja4.
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8. baarogapnocTn

['paguru B 3T0it paboTe OBLIN MOATOTOBJIEHBI ¢ TOMOTILIO A3BIKA [JI CTATUCTH-
qeckux Boauciaenuit R [81,82] u nporpammuoro o6ecniedenus Graphviz [83]. [lo-
KYMEHT ObLI MTOAT0TOBJIeH ¢ ncnoab3oBanreM Org-mode [84—86] nnia GNU Emacs,
MPEeI0CTABJAIONIET0 BHUUCAUTENbHOE OKPY:KEHUe JIJIT BOCITPOU3BOMMBIX HCCJIE/0-
BaHUil. ITO 0BHAYAET, YTO BCE TPAPUKI MOKHO BOCIIPOU3BECTH ¥ COOTBETCTBYIOIIE
YTBEP:KIEHUSA TTPOBEPUTH HA IPYTI'UX BBIUUCIUTEJIBHBIX CUCTEMAX, CKOITUPOBAB Perio-

3UTOpUil AuccepTanun®, yeranosus Emacs 1 DKCIOpTHPOBAB JOKYMEHT.

2https://github.com/igankevich/arma-thesis


https://github.com/igankevich/arma-thesis
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9. Cnmcok cokpamennii M YCJOBHBIX
0003HAYEHU

MPP Massively Parallel Processing, kiacc BoMUCIUTENBHBIX CUCTEM € Pa3fieeH-

HOU MaMATHIO.

SMP Symmetric Multi-Processing, rjaacc BRMUCAUTENIbHBIX CUCTEM ¢ 00TIeil ma-

MATBIO.

GPGPU General-purpose computing on graphics processing units, Beraucjaenns

0061I1eT0 Ha3HAUeHUA Ha IPAPUIECKUX YCKOPUTENAX.
AR® aBToroBapuanuoHHas (yHKITHA.
BII® o6nicTpoe npeobpasoBanue Dypoe.
I'IICY renepatop mceBIOCTyIaHBIX TUCET.
I'Y rpanuunoe ycaosue.
NAYYUIl nudpdepennmanbioe ypaBHeHUE B YACTHBIX TTPOUBBOIHBIX.

HBII neswmneiinoe 6es3bHepIMOHHOE TIPeodpasoBaHme, MO3BOJAI0INEe 3a1aTh MTPO-
M3BOJIBHBI BaKOH pacipefieqeHus alliInKkaT B3BOJHOBAHHO TOBEPXHOCTH 63

M3MEHEeHUs ee UCXOMHON aBTOKOBAPUAIIMOHHOM (DYHKITUH.
AP uporecc aBTOperpeccum.
APCC mporecc aBToperpeccuu CKOJb3SIMIETO CPETHETO.
CC mportiece CROMB3ATIETO CPETHETO.

JIX wmopeas Jlonre—Xurruucea, (popmysna ROTOpoil BBIBOJUTCSA B paMRax JUHeHHO

TEOPUU BOJH.
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LAMP Large Amplitude Motion Programme, mporpamMma ijis MojieiupoBaHus Kad-

KU CyIHA HA MOPCKHUX BOJHAX.
IIIIT nentpasbHas npepesbHas Teopema.
IIM ammporcumanusa [Iupcona—MocroBunia /i crieKTpa MOPCROTO BOJTHEHUA.

I0Y ypasuenus I0na—Yokepa, ncnoabsyembie s onpeneseHns KoaPPUIneHToB

aABTOPErpecCUOHHOM MO/ 110 3aJaHHON aBTOKOBAPUAIIMOHHON (DYHRIUN.
MHR wmeron HamMeHBITHX KBaJPATOB.
®IIP (yHKIMA IOTHOCTH paciipe/ieseHns .
®P (pyuriua pacupeeneHus.

BSP Bulk Synchronous Parallel.

OpenCL Open Computing Language, TexHoJorusa mapasiesbHOro MPorpaMMupo-
BaHUSA JIIA THOPUIHBIX CHCTEM C BUIEOKAPTaMU WM JAPYTUME COTIPOIleccopa-

M.
OpenGL Open Graphics Library.

OpenMP Open Multi-Processing, Texmosiorus napaaieabHOTO IPOTPAMMHIPOBAHUSA

JIJIT MHOTOTTPOTIECCOPHBIX CHCTEM.
MPI Message Passing Interface.

FMA Fused multiply-add.

DCMT Dynamic creation of Mersenne Twisters, aaroputm cosganus rerepaTopos
TICeBIOCIYYAHBIX YnCe, KOTOPbIe BBIAI0T HEKOPPEeJIUPOBaAHHBIE MTOCIeI0Ba-

TeJBbHOCTH, OY/Iyun 3aIyIIeHHBIMI apaJieabHo.

GSL GNU Scientific Library.
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BLAS Basic Linear Algebra Sub-programmes.
LAPACK Linear Algebra Package.

DNS Dynamic name resolution.

PT'HI Pacnpepnenenne na ocuose paga I'pama—Illapine.
AHP AcummerpuuHOe HOpMaJbHOE pacipejieJeHue.

PBS Portable batch system, cucrema Bhiieenns u pacupeseseHus PeCypcoB Kiaa-

cTepa Tof, mapaJJesbHble TPOTPaAMMBI.

TpancueH eHTHbIe PYHKIMU MaTeMaTudeckue QyHRINN, He ABJAAIINEC aared-
pandeckumu (T.e. JorapumMuvyeckie, TPUTOHOMETPUYECKUe, HKCIIOHEeHIINAb-

HBIE U JIP.).
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10. IIpunoxenue

10.1. BoiBox popmy.ast mogeau Jlonre—Xurrunea

IIByxmepHas cucrema ypaBHenuii (1) B paMkax JuHeHO TeOPUN BOJH 3aIlu-

CbIBa€TCA Kak

C(xa t) - _§¢t7

Ha z = ((x,1),

rre % BRJII0YEHO B ¢;. Pemenne ypaBuenus Jlamnaca umeres B Buje pajga Pypwe [7]:
oz, 2,t) = / " [A(k,t) cos(kz) + B(k,t) sin(kz)] dk.
0

HOI[CT&BJIHH €T0 B 'paHUYHOE yCJOBUE, ITOJYyYacM

[Ai(k, t) cos(kx) + By(k,t) sin(kz)] dk

Q|

0\8 0\8

C(.T},t) -

Cy(k,t) cos(kx + €(k,1)).

Q|

3nech € — OeJblii miym, a C; BrJI0UaeT B ce6s 3Hauenue dk. [lomcraBaas 6eckoHed-

HYI0 CyMMY BMECTO MHTeTrpaJa, IoJydaeM IByXMepHyio gopmy (2).
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10.2. IlpousBogHaa B HAIIpaBJeHUN HOPMAJIN K
MOBEPXHOCTH

[TpousBomHas oT ¢ B HalpaBJeHUU BeKTopa 7 olpejensercsd kKak V,¢ =

Vo- % Bexrrop 77, HanpaB/ieHHBI 110 HOPMAaJIU K TIOBepXHOCTH 2 = ((x,y) B TOUKe
(x0, yo) onpesiesisieTcs Kak ] )
Ca (05 Yo)
= ¢(z0, yo)
—1

OTCIO,H& IIpOr3BO/IHAA B HallpaBJ€HNN HOPMaJU K ITIOBEPXHOCTHU OIIpeHaeJadeTC s

Cx Cy —1

+ +. ,
Jara+r Jargsr e+

TJIe TIPOUBBOIHbBIE  BBMUCAAIOTCA B (T, Yo).
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1 Introduction

Topie relevance. Software programmes, which simulate ship behaviour
in sea waves, are widely used to model ship motion, estimate impact of external
forces on floating platform or other marine object, and estimate capsize probability
under given weather conditions; however, to model sea waves most of them use
linear wave theory [1—4], in the framework of which it is difficult to reproduce
certain peculiarities of wind wave climate. Among them are transition between
normal and storm weather, and sea composed of multiple wave systems — both
wind waves and swell — heading from multiple directions. Another shortcoming
of linear wave theory is an assumption, that wave amplitude is small compared to
wave length. This makes calculations inaccurate when modelling ship motion in
irregular waves, for which the assumption does not hold. So, studying new and
more advanced models and methods for sea simulation software would increase
number of its application scenarios and foster studying ship motion in extreme
conditions in particular.

State of the art. Autoregressive moving average (ARMA) model is a re-
sponse to difficulties encountered by practitioners who used wave simulation mod-
els developed in the framework of linear wave theory. The problems they have
encountered with Longuet—Higgins model (a model which is entirely based on

linear wave theory) are the following.

1. Pertodicity. Linear wave theory approximates waves by a sum of harmonics,
hence period of the whole wavy surface realisation depends on the number
of harmonics in the model. The more realisation size is, the more coefficients
are required to eliminate periodicity, therefore, generation time grows non-

linearly with realisation size. This in turn results in overall low efficiency



149

of any model based on this theory, no matter how optimised the software

implementation is.

2. Linearity. Linear wave theory gives mathematical definition for sea waves
which have small amplitudes compared to their lengths. Waves of this type
occur mostly in open ocean, so near-shore waves as well as storm waves,
for which this assumption does not hold, are inaccurately modelled in the

framework of linear theory.

3. Probabilistic convergence. Phase of a wave, which is generated by pseudo
random number generator (PRNG), has uniform distribution, which leads
to low convergence rate of wavy surface integral characteristics (average

wave height, wave period, wave length etc.).

These difficulties became a starting point in search for a new model which is
not based on linear wave theory, and ARMA process studies were found to have

all the required mathematical apparatus.

1. ARMA process takes auto-covariate function (ACF) as an input parameter,
and this function can be directly obtained from wave energy or frequency-
directional spectrum (which is the input parameter for Longuet—Higgins

model). So, inputs for one model can easily be converted to each other.

2. There is no small-amplitude waves assumption. Wave may have any am-

plitude, and can be generated as steep as it is possible with real sea wave

ACF.

3. Period of the realisation equals the period of PRNG, so generation time

ogrows linearly with the realisation size.

4. White noise — the only probabilistic term in ARMA process — has Gaussian

distribution, hence convergence rate is not probabilistic.
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Goals and objectives. ARMA process is the basis for ARMA sea simula-

tion model, but due to its non-physical nature the model needs to be adapted to be

used for wavy surface generation.

1.

Investigate how different ACF shapes affect the choice of ARMA parameters

(the number of moving average and autoregressive processes coefficients).

. Investigate a possibility to generate waves of arbitrary profiles, not only

cosines (which means taking into account asymmetric distribution of wavy

surface elevation).

. Develop a method to determine pressure field under discretely given wavy

surface. Usually, such formulae are derived for a particular model by substi-
tuting wave profile formula into the system of equations for pressure deter-
mination (1), however, ARMA process does not provide explicit wave profile
formula, so this problem has to be solved for general wavy surface (which is
not defined by a mathematical formula), without linearisation of boundaries

and assumption of small-amplitude waves.

. Verify that wavy surface integral characteristics match the ones of real sea

waves.

. Develop software programme that implements ARMA model and pressure

calculation method, and allows to run simulations on both shared and dis-

tributed memory computer systems.

Scientific novelty. ARMA model, as opposed to other sea simulation mod-

els, does not use linear wave theory. This makes it capable of

generating waves with arbitrary amplitudes by adjusting wave steepness via

ACF;

generating waves with arbitrary profiles by adjusting asymmetry of wave

elevation distribution via non-linear inertialess transform (NIT).
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This makes it possible to use ARMA process to model transition between normal
and storm weather taking into account climate spectra and assimilation data of a
particular ocean region, which is not possible with models based on linear wave
theory.

The distinct feature of this work is
* the use of three-dimensional AR and MA models in all experiments,

* the use of velocity potential field calculation method suitable for discretely

given wavy surface, and

* the development of software programme that implements sea wavy surface
generation and pressure field computation on both shared memory (SMP)
and distributed memory (MPP) computer systems, but also hybrid systems

(GPGPU) which use graphical coprocessors to accelerate computations.

Theoretical and practical significance. Implementing ARMA model, that
does not use assumptions of linear wave theory, will increase quality of ship motion

and marine object behaviour simulation software.

1. Since pressure field method is developed for discrete wavy surface and with-
out assumptions about wave amplitudes, it is applicable to any wavy surface
of incompressible inviscid fluid (in particular, it is applicable to wavy surface
generated by LH model). This allows to use this method without being tied
to ARMA model.

2. From computational point of view this method is more efficient than the
corresponding method for LH model, because integrals in its formula are
reduced to Fourier transforms, for which there is fast Fourier transform

(FFT) family of algorithms, optimised for different processor architectures.



152

3. Since the formula which is used in the method is explicit, there is no need
in data exchange between parallel processes, which allows to scale perfor-

mance to a large number of processor cores.

4. Finally, ARMA model is itself more efficient than LH model due to absence
of trigonometric functions in its formula: In fact, wavy surface is computed
as a sum of large number of polynomials, for which there is low-level FMA
(Fused Multiply-Add) assembly instruction, and memory access pattern al-

lows for efficient use of CPU cache.

Methodology and research methods. Software implementation of ARMA
model and pressure field calculation method was created incrementally: a pro-
totype written in high-level engineering languages (Mathematica [5] and Oc-
tave [6]) was rewritten in lower level language (C++-). Due to usage of different
abstractions and language primitives, implementation of the same algorithms and
methods in languages of varying levels allows to correct errors, which would left
unnoticed, if only one language was used. Wavy surface, generated by ARMA
model, as well as all input parameters (ACF, distribution of wave elevation etc.)
were inspected via graphical means built into the programming language.

Theses for the defence.

+ Sea wave simulation model which allows to generate wavy surface realisa-

tions with large period and consisting of waves of arbitrary amplitudes;

* Pressure field calculation method derived for this model without assump-

tions of linear wave theory;

* Software implementation of the simulation model and the method for shared

and distributed memory computer systems.

Results verification and approbation. ARMA model is verified by com-
paring generated wavy surface integral characteristics (distribution of wave ele-

vation, wave heights and lengths etc.) to the ones of real sea waves. Pressure field
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calculation method was developed using Mathematica language, where resulting
formulae are verified by built-in graphical means.

ARMA model and pressure field calculation method were incorporated into
Large Amplitude Motion Programme (LAMP) — an ship motion simulation soft-
ware programme — where they were compared to previously used LH model.

Numerical experiments showed higher computational efficiency of ARMA model.
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2 Problem statement

The aim of the study reported here is to apply ARMA process mathematical
apparatus to sea wave modelling and to develop a method to compute pressure
field under discretely given wavy surface for inviscid incompressible fluid without

assumptions of linear wave theory.

* In case of small-amplitude waves the resulting pressure field must corre-
spond to the one obtained via formula from linear wave theory; in all other

cases field values must not tend to infinity.

* Integral characteristics of generated wavy surface must match the ones of

real sea waves.

« Software implementation of ARMA model and pressure field computation

method must work on shared and distributed memory systems.

Pressure field formula. The problem of finding pressure field under wavy
sea surface represents inverse problem of hydrodynamics for incompressible in-

viscid fluid. System of equations for it in general case is written as [7]

Vi =0,

- p
¢t+§|v‘ +gC:_;7 atZ’:C(Ivyat)? (1)
DC:V¢ﬁ, atz:C(x,y,t),

where ¢ is velocity potential, ( — elevation (z coordinate) of wavy surface, p —
wave pressure, p — fluid density, J = (¢,, ¢y, ¢.) — velocity vector, g — accel-
eration of gravity, and D — substantial (Lagrange) derivative. The first equation
is called continuity (Laplace) equation, the second one is the conservation of mo-

mentum law (the so called dynamic boundary condition); the third one is kinematic
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boundary condition for free wavy surface, which states that a rate of change of
wavy surface elevation (D() equals to the change of velocity potential derivative
in the direction of wavy surface normal (V¢ - 7, see section 10.2).

Inverse problem of hydrodynamics consists in solving this system of equa-
tions for ¢. In this formulation dynamic boundary condition becomes explicit for-
mula to determine pressure field using velocity potential derivatives obtained from
the remaining equations. From mathematical point of view inverse problem of hy-
drodynamics reduces to Laplace equation with mixed boundary condition — Robin
problem.

Inverse problem is feasible because ARMA model generate hydrodynami-
cally adequate sea wavy surface: distributions of integral characteristics and dis-

persion relation match the ones of real waves [8,9].
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3 ARMA model for sea wave simulation

3.1 Sea wave models analysis

Pressure computation is only possible when the shape of wavy surface is
known. It is defined either at discrete grid points, or continuously via some analytic
formula. As will be shown in section 4.1, such formula may simplify pressure
computation by effectively reducing the task to pressure field generation, instead
of wavy surface generation.

Longuet—Higgins model. The simplest model, formula of which is de-
rived in the framework of linear wave theory (see sec. 10.1), is Longuet—Higgins
(LH) model [10]. In-depth comparative analysis of this model and ARMA model
is done in [8,9].

LH model represents sea wavy surface as a superposition of sine waves
with random amplitudes ¢, and phases ¢, uniformly distributed on interval [0, 27].

Wavy surface elevation (z coordinate) is defined by

((z,y,t) = Z Cp €OS(UpT + VpY — Wyt + €,). (2)

n
Here wave numbers (u,, v,) are continuously distributed on plane (u,v), i.e. area
du x dv contains infinite quantity of wave numbers. Frequency is related to wave
numbers via dispersion relation w, = w(u,,v,). Function {(x,y,t) is a three-

dimensional ergodic stationary homogeneous Gaussian process defined by

no

2F:(u,v)dudv =Y c
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where E¢(u,v) — two-dimensional wave energy spectral density. Coefficients c,

are derived from wave energy spectrum S(w) via

Cn = 4/ } S(w)dw.

Disadvantages of Longuet-Higgins model. Despite simplicity of LH model

numerical algorithm, in practice it has several disadvantages.

1. The model simulates only stationary Gaussian field. This is a consequence
of central limit theorem (CLT): sum of large number of sines with random
amplitudes and phases has normal distribution, no matter what spectrum
is used as the model input. Using lower number of coefficients may solve
the problem, but also make realisation period smaller. Using LH model to
simulate waves with non-Gaussian distribution of elevation — a distribution

which real sea waves have [11,12] — is impractical.

2. From computational point of view, the deficiency of the model is non-linear
increase of wavy surface generation time with the increase of realisation
size. The larger the size of the realisation, the higher number of coefficients
(discrete points of frequency-directional spectrum) is needed to eliminate

periodicity. This makes LH model inefficient for long-time simulations.

3. Finally, there are peculiarities which make LH model unsuitable as a base

for building more advanced simulation models.

+ In software implementation convergence rate of (2) is low due to uni-

form distribution of phases ¢,.

+ It is difficult to generalise LH model for non-Gaussian processes as it
involves incorporating non-linear terms in (2) for which there is no

known formula to determine coeflicients [13].
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To summarise, LH model is applicable to generating sea wavy surface only in
the framework of linear wave theory, inefficient for long-time simulations, and has
a number of deficiencies which do not allow to use it as a base for more advanced
models.

ARMA model. In[14] ARMA model is used to generate time series spec-
trum of which is compatible with Pierson—Moskowitz (PM) spectrum. The au-
thors carry out experiments for one-dimensional AR, MA and ARMA models.
They mention excellent agreement between target and initial spectra and higher
performance of ARMA model compared to models based on summing large num-
ber of harmonic components with random phases. The also mention that in order
to reach agreement between target and initial spectrum MA model require lesser
number of coefficients than AR model. In [15] the authors generalise ARMA
model coefficients determination formulae for multi-variate (vector) case.

One thing that distinguishes present work with respect to afore-mentioned
ones is the study of three-dimensional (2D in space and 1D in time) ARMA model,

which is mostly a different problem.

1. Yule—Walker system of equations, which are used to determine AR coeffi-

cients, has complex block-block structure.

2. Optimal model order (in a sense that target spectrum agrees with initial) is

determined manually.

3. Instead of PM spectrum, analytic formulae for standing and propagating

waves ACF are used as the model input.

4. Three-dimensional wavy surface should be compatible with real sea surface
not only in terms of spectral characteristics, but also in the shape of wave
profiles. So, model verification includes distributions of various parameters

of generated waves (lengths, heights, periods etc.).
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Multi-dimensionality of investigated model not only complexifies the task, but also
allows to carry out visual validation of generated wavy surface. It is the oppor-
tunity to visualise output of the programme that allows to ensure that generated
surface is compatible with real sea surface, and is not abstract multi-dimensional
stochastic process that corresponds to the real one only statistically.

In [16] AR model is used to predict swell waves to control wave-energy
converters (WEC) in real-time. In order to make WEC more efficient its internal
oscillator frequency should match the one of sea waves. The authors treat wave
elevation as time series and compare performance of AR model, neural networks
and cyclical models in forecasting time series future values. AR model gives the
most accurate prediction of low-frequency swell waves for up to two typical wave
periods. It is an example of successful application of AR process to sea wave mod-

elling.

3.2 Governing equations for 3-dimensional ARMA
process

ARMA sea simulation model defines sea wavy surface as three-dimensional
(two dimensions in space and one in time) autoregressive moving average process:
every surface point is represented as a weighted sum of previous in time and
space points plus weighted sum of previous in time and space normally distributed

random impulses. The governing equation for 3-D ARMA process is

M
G=Z‘sz; 295y (3)

=0

hl
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where ( — wave elevation, ® — AR process coefficients, © — MA process coeffi-
cients, e — white noise with Gaussian distribution, N — AR process order, M —
MA process order, and ®; = 0, ©5 = 0. Here arrows denote multi-component
indices with a component for each dimension. In general, any scalar quantity can
be a component (temperature, salinity, concentration of some substance in water
etc.). Equation parameters are AR and MA process coefficients and order.

Sea simulation model is used to simulate realistic realisations of wind in-
duced wave field and is suitable to use in ship dynamics calculations. Stationarity
and invertibility properties are the main criteria for choosing one or another pro-
cess to simulate waves with different profiles, which are discussed in section 3.2.

Autoregressive (AR) process. AR process is ARMA process with only

one random impulse instead of theirs weighted sum:

—

N

C%:Z;¢%ﬁf+%m- (4)

J=0

The coefficients ¢ are calculated from ACF via three-dimensional Yule—Walker
(YW) equations, which are obtained after multiplying both parts of the previous
equation by ¢ ; and computing the expected value. Generic form of YW equations
1S
N 1, ifk=0
V=Y P+ oy, = B (5)
j=0 0, ifk#0,
where v — ACF of process ¢, 02 — white noise variance. Matrix form of three-

dimensional YW equations, which is used in the present work, is

b5 Y0,00 — 07 I'y It -+ I'y
r Dy o1 _ | 001 | r_ I'n I |
: ) r,
_(1)1\7 | _’}/ﬁ | _FNl Fl F() |
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where N = (p1, pa, ps) and

0 1 Ny
I R Yigo Vgl Yig.Ns
1 70 : . :
I I j Yijl  Yigo e
FZ = ) FZ — . )
L : T Yiga
Ny 1 0
r;= - Iy I YigNs o Yigl Yigo

Since ®; = 0, the first row and column of I' can be eliminated. Matrix I'" is block-
block-toeplitz, positive definite and symmetric, hence the system is efficiently
solved by Cholesky decomposition, which is particularly suitable for these types

of matrices.

After solving this system of equations white noise variance is estimated

from (5) by plugging k = 0:

Moving average (MA) process. MA processis ARMA process with & = 0:

M
G=2_ 057 (6)
7=0
MA coefficients © are defined implicitly via the following non-linear system of
equations:
M
= | 265051 o
F=i

The system is solved numerically by fixed-point iteration method via the following

formulae
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Here coefficients © are calculated from back to front: from i = M to i = 0. White

noise variance is estimated by

F}/ﬂ
e — -

‘ M
1+ 63
j=0
Authors of [17] suggest using Newton—Raphson method to solve this equation
with higher precision, however, in this case it is difficult to generalise the method
for three dimensions. Using slower method does not have dramatic effect on the
overall programme performance, because the number of coefficients is small and
most of the time is spent generating wavy surface.

Stationarity and invertibility of AR and MA processes. In order for mod-
elled wavy surface to represent physical phenomena, the corresponding process
must be stationary and invertible. If the process is invertible, then there is a rea-
sonable connection of current events with the events in the past, and if the process
is stationary, the modelled physical signal amplitude does not increase infinitely
in time and space.

AR process is always invertible, and for stationarity it is necessary for roots

of characteristic equation
P NN, N:
I —®pp12 — Popoz” — - — Pyz72 =0,

to lie outside the unit circle. Here N is AR process order and ¢ are coefficients.
MA process is always stationary, and for invertibility it is necessary for

roots of characteristic equation

1 - @0’0’1Z - 6070,222 - @MZMoMle — 0’

to lie outside the unit circle. Here M is three-dimensional MA process order and

O are coeflicients.
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Stationarity and invertibility properties are the main criteria in selection of
the process to model different wave profiles, which are discussed in section 3.2.

Mixed autoregressive moving average (ARMA) process. Generally speak-
ing, ARMA process is obtained by plugging MA generated wavy surface as ran-
dom impulse to AR process, however, in order to get the process with desired
ACF one should re-compute AR coefficients before plugging. There are several

approaches to “mix” AR and MA processes.

« The approach proposed in [17] which involves dividing ACF into MA and
AR part along each dimension is not applicable here, because in three di-
mensions such division is not possible: there always be parts of the ACF

that are not taken into account by AR and MA process.

* The alternative approach is to use the same (undivided) ACF for both AR
and MA processes but use different process order, however, then realisation
characteristics (mean, variance etc.) become skewed: these are characteris-

tics of the two overlapped processes.

For the first approach the authors of [17] propose a formula to correct AR process
coefficients, but there is no such formula for the second approach. So, the only
proven solution for now is to simply use AR and MA process exclusively.
Process selection criteria. One problem of ARMA model application to
sea wave generation is that for different types of wave profiles different processes
must be used: standing waves are modelled by AR process, and propagating waves
by MA process. This statement comes from practice: if one tries to use the pro-
cesses the other way round, the resulting realisation either diverges or does not
correspond to real sea waves. (The latter happens for non-invertible MA process,
as it is always stationary.) So, the best way to apply ARMA model to sea wave
generation is to use AR process for standing waves and MA process for progres-

sive waves.
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The other problem is difficulty of determination of optimal number of co-
efficients for three-dimensional AR and MA processes. For one-dimensional pro-
cesses there are easy to implement iterative methods [17], but for three-dimensional
case there are analogous methods [18,19] which are difficult to implement, hence
they were not used in this work. Manual choice of model’s order is trivial: choosing
knowingly higher order than needed affects performance, but not realisation qual-
ity, because processes’ periodicity does not depend on the number of coefficients.
Software implementation of iterative methods of finding the optimal model order
would improve automation level of wavy surface generator, but not the quality of
the experiments being conducted.

In practice some statements made for AR and MA processes in [17] should
be flipped for three-dimensional case. For example, the authors say that ACF of
MA process cuts at ¢ and ACF of AR process decays to nought infinitely, but in
practice making ACF of 3-dimensional MA process not decay results in it being
non-invertible and producing realisation that does not look like real sea waves,
whereas doing the same for ACF of AR process results in stationary process and
adequate realisation. Also, the authors say that one should allocate the first ¢
points of ACF to MA process (as it often needed to describe the peaks in ACF) and
leave the rest points to AR process, but in practice in case of ACF of a propagating
wave AR process is stationary only for the first time slice of the ACF, and the rest
is left to MA process.

To summarise, the only established scenario of applying ARMA model to
sea wave generation is to use AR process for standing waves and MA process for
propagating waves. Using mixed ARMA process for both types of waves might
increase model precision, given that coefficient correction formulae for three di-
mensions become available, which is the objective of the future research.

Verification of wavy surface integral characteristies. In [8,9,20] AR

model the following items are verified experimentally:
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« probability distributions of different wave characteristics (heights, lengths,

crests, periods, slopes, three-dimensionality),
* dispersion relation,
* retention of integral characteristics for mixed wave sea state.

In this work both AR and MA model are verified by comparing probability distri-
butions of different wave characteristics.

In [13] the authors show that several sea wave characteristics (listed in ta-
ble 1) have Weibull distribution, and wavy surface elevation has Gaussian distri-
bution. In order to verify that distributions corresponding to generated realisation
are correct, quantile-quantile plots are used (plots where analytic quantile values
are used for OX axis and estimated quantile values for OY axis). If the estimated
distribution matches analytic then the graph has the form of the straight line.
Tails of the graph may diverge from the straight line, because they can not be

reliably estimated from the finite-size realisation.

Characteristic Weibull shape (k)
Wave height 2

Wave length 2.3

Crest length 2.3

Wave period 3

Wave slope 2.5

Three-dimensionality 2.5

Table 1: Values of Weibull shape parameter for different wave characteristics.

Verification was performed for standing and propagating waves. The corre-
sponding ACF's and quantile-quantile plots of wave characteristics distributions
are shown in fig. 1, 2, 3.

Graph tails in fig. 1 deviate from original distribution for individual wave
characteristics, because every wave have to be extracted from the resulting wavy

surface to measure its length, period and height. There is no algorithm that guar-
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Figure 1: Quantile-quantile plots for propagating waves.
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Figure 2: Quantile-quantile plots for standing waves.
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antees correct extraction of all waves, because they may and often overlap each
other. Weibull distribution right tail represents infrequently occurring waves, so
it deviates more than left tail.

Correspondence rate for standing waves (fig. 2) is lower for height and
length, roughly the same for surface elevation and higher for wave period distribu-
tion tails. Lower correspondence degree for length and height may be attributed to
the fact that Weibull distributions were obtained empirically for sea waves which
are typically propagating, and distributions may be different for standings waves.
Higher correspondence degree for wave periods is attributed to the fact that wave
periods of standing waves are extracted more precisely as the waves do not move
outside simulated wavy surface region. The same correspondence degree for wave
elevation is obtained, because this is the characteristic of the wavy surface (and
corresponding AR or MA process) and is not affected by the type of waves.

To summarise, software implementation of AR and MA models (which is
described in detail in sec. 5) generates wavy surface, distributions of individual

waves’ characteristics of which correspond to in situ data.

3.3 Modelling non-linearity of sea waves

ARMA model allows to model asymmetry of wave elevation distribution,
i.e. generate sea waves, distribution of z-coordinate of which has non-nought
kurtosis and asymmetry. Such distribution is inherent to real sea waves [21] and
given by either polynomial approximation of in situ data or analytic formula. Wave
asymmetry is modelled by non-linear inertialess transform (NIT) of stochastic

process, however, transforming resulting wavy surface means transforming initial
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ACF. In order to alleviate this, ACF must be preliminary transformed as shown
in [8].

Wavy surface transformation. Explicit formula z = f(y) that transforms
wavy surface to desired one-dimensional distribution F'(z) is the solution of non-
linear transcendental equation F'(z) = ®(y), where ®(y) — one-dimensional Gaus-
sian distribution. Since distribution of wave elevation is often given by some ap-
proximation based on in sifu data, this equation is solved numerically with respect
to zj, in each grid point x|y, of generated wavy surface. In this case equation is

rewritten as

Yk 9
F(zi) = \/%/exp {—%] dt. (7)
0

Since, distribution functions are monotonic, the simplest interval halving (bisec-
tion) numerical method is used to solve this equation.
Preliminary ACF transformation. In order to transform ACF ~. of the

process, it is expanded as a series of Hermite polynomials (Gram—Charlier series)

where

o \/LQ_WO/OOf(y)Hm(y) exp [_y;] ’

H,, — Hermite polynomial, and f(y) — solution to equation (7). Plugging polyno-

mial approximation f(y) ~ _ d;y’ and analytic formulae for Hermite polynomial

yields

1 7 y? (k=1 if k is even,
75 [ |-
27 2

which simplifies the former equation. Optimal number of coefficients C), is deter-

0 if k is odd,

mined by computing them sequentially and stopping when variances of both fields
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become equal with desired accuracy e:

m 2

2 Ck

O' —_ —_—
k!

2 <e. (8)
k=0

In [8] the author suggests using polynomial approximation f(y) also for
wavy surface transformation, however, in practice sea surface realisation often
contains points, in which z-coordinate is beyond the limits of the approxima-
tion, leading to sharp precision decrease. In these points it is more efficient to
solve equation (7) by bisection method. Using the same approximation in Gram—
Charlier series does not lead to such errors.

Gram—Charlier series expansion. In[11]the authors experimentally show,
that PDF of sea surface elevation is distinguished from normal distribution by

non-nought kurtosis and skewness. In [12] the authors show, that this type of

PDF expands as a Gram—Charlier series (GCS):

2 + 2
F(zip=0,0=1,%,%)~ ®(z;u,0) 272 — 39z 1,0) (722" +m (22" + 1))
1 z — 1 z —
[z, 0,71,72) = ¢(zp,0) |1+ 71 H;3 B) + —oH, 1, 9)
3! o 4! o

where ®(z) — cumulative density function (CDF) of normal distribution, ¢ —
PDF of normal distribution, 74 — skewness, v — kurtosis, f — PDF, FF —
cumulative distribution function (CDF'). According to [13] for sea waves skewness
is selected from interval 0.1 < ; < 0.52] and kurtosis from interval 0.1 < 7, <
0.7. Family of probability density functions for different parameters is shown in

fig. 4.
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Figure 4: Graph of probability density function of GCS-based distribution law for
different values of skewness v, and kurtosis ~s.
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Skew-normal distribution. Alternative approach is to approximate distri-

bution of sea wavy surface elevation by skew-normal (SN) distribution:

f(za) = ¢ %erfc [—%] : (10)

where T — Owen T-function [22]. Using this formula it is impossible to specify
skewness and kurtosis separately — both values are adjusted via o parameter.
The only advantage of the formula is its relative computational simplicity: this
function is available in some programmes and mathematical libraries. Its graph
for different values of « is shown in fig. 5.

Evaluation. In order to measure the effect of NIT on the shape of the

resulting wavy surface, three realisations were generated:
« realisation with Gaussian distribution (without NIT),
* realisation with Gram—Charlier series (GCS) based distribution, and
* realisation with skew normal distribution.

The seed of PRNG was set to be the same for all programme executions to make
ARMA model produce the same values for each realisation. There we two exper-
iments: for standing and propagating waves with ACFs given by formulae from
section 3.4.

While the experiment showed that applying NIT with GCS-based distribu-
tion increases wave steepness, the same is not true for skew normal distribution
(fig. 6). Using this distribution results in wavy surface each z-coordinate of which
is always greater or equal to nought. So, skew normal distribution is unsuitable for
NIT. NIT increases the wave height and steepness of both standing and propagat-
ing waves. Increasing either skewness or kurtosis of GCS-based distribution in-

creases both wave height and steepness. The error of ACF approximation (eq. (8))
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Figure 5: Graph of PDF of skew-normal distribution for different values of skew-
ness coefficient a.
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ranges from 0.20 for GCS-based distribution to 0.70 for skew normal distribution
(table 2).

Propagating waves
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Figure 6: Wavy surface slices with different distributions of wave elevation
(Gaussian, GCS-based and SN).

To summarise, the only test case that showed acceptable results is realisa-
tion with GCS-based distribution for both standing and propagating waves. Skew
normal distribution warps wavy surface for both types of waves. GCS-based re-

alisations have large error of ACF approximation, which results in increase of
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Wave type  Distribution v v « HKrror N Wave height

propagating Gaussian 2.41
propagating GCS-based 2.25 0.4 0.20 2 2.75
propagating skew normal 1 070 3 1.37
standing Gaussian 1.73
standing GCS-based 2.25 0.4 0.26 2 1.96
standing skew normal 1 070 3 0.94

Table 2: Errors of ACF approximations (the difference of variances) for differ-
ent wave elevation distributions. NV is the number of coefficients of ACF
approximation.

wave height. The reason for the large error is that GCS approximations are not
accurate as they do not converge for all possible functions [23]. Despite the large

error, the change in wave height is small (table 2).

3.4 The shape of ACF for different types of waves

Analytic method of finding the ACF. The straightforward way to find
ACF for a given sea wave profile is to apply Wiener—Khinchin theorem. Accord-
ing to this theorem the autocorrelation K of a function ( is given by the Fourier

transform of the absolute square of the function:

K(t) = F{IcP}. (11)

When ( is replaced with actual wave profile, this formula gives you analytic for-
mula for the corresponding ACF.

For three-dimensional wave profile (2D in space and 1D in time) analytic
formula is a polynomial of high order and is best obtained via symbolic computa-

tion programme. Then for practical usage it can be approximated by superposition
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of exponentially decaying cosines (which is how ACF of a stationary ARMA pro-
cess looks like [17]).

Empirical method of finding the ACF. However, for three-dimensional
case there exists simpler empirical method which does not require sophisticated
software to determine shape of the ACF. It is known that ACF represented by
exponentially decaying cosines satisfies first order Stokes’ equations for gravity
waves [24]. So, if the shape of the wave profile is the only concern in the sim-
ulation, then one can simply multiply it by a decaying exponent to get appropri-
ate ACF. This ACF does not reflect other wave profile parameters, such as wave
height and period, but opens possibility to simulate waves of a particular shape
by defining their profile with discretely given function, then multiplying it by an
exponent and using the resulting function as ACF. So, this empirical method is
imprecise but offers simpler alternative to Wiener—Khinchin theorem approach;
it is mainly useful to test ARMA model.

Standing wave ACF. For three-dimensional plain standing wave the profile
is given by

C(t,z,y) = Asin(k,x + kyy) sin(ot). (12)

Find ACF via analytic method. Multiplying the formula by a decaying exponent

(because Fourier transform is defined for a function f that f - 0) yields
T—TOO
C(t,z,y) = Aexp [—a([t] + |z] + |y[)] sin(kex + kyy) sin(ot). (13)

Then, apply three-dimensional Fourier transform to both sides of the equation via
symbolic computation programme, fit the resulting polynomial to the following

approximation:

K(t,z,y) = vyexp[—a(|t| + |z[ + |y|)] cos Bt cos [Bx + By] . (14)
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So, after applying Wiener—Khinchin theorem we get initial formula but with
cosines instead of sines. This difference is important because the value of ACF
at (0,0,0) equals to the ARMA process variance, and if one used sines the value
would be wrong.

If one tries to replicate the same formula via empirical method, the usual way
is to adapt (13) to match (14). This can be done either by changing the phase of
the sine, or by substituting sine with cosine to move the maximum of the function
to the origin of coordinates.

Propagating wave ACF. Three-dimensional profile of plain propagating
wave is given by

C(t,z,y) = Acos(ot + kyx + kyy). (15)

For the analytic method repeating steps from the previous two paragraphs yields

K(t,x,y) = yexp [—a(|t] + [z + [y])] cos [B(t + 2 + y)]. (16)

For the empirical method the wave profile is simply multiplied by a decaying ex-
ponent without need to adapt the maximum value of ACF (as it is required for
standing wave).

Comparison of studied methods. To summarise, the analytic method of

finding sea wave’s ACF reduces to the following steps.

« Make wave profile decay when approaching +oco by multiplying it by a de-

caying exponent.

« Apply Fourier transform to the absolute square of the resulting equation

using symbolic computation programme.
* Fit the resulting polynomial to the appropriate ACF approximation.

Two examples in this section showed that in case of standing and propa-

gating waves their decaying profiles resemble the corresponding ACF's with the
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exception that the ACF’s maximum should be moved to the origin to preserve sim-
ulated process variance. Empirical method of finding ACF reduces to the following

steps.

+ Make wave profile decay when approaching 00 by multiplying it by a de-

caying exponent.

* Move maximum value of the resulting function to the origin by using trigono-

metric identities to shift the phase.

3.9 Summary

ARMA model, owing to its non-physical nature, does not have the notion
of sea wave; it simulates wavy surface as a whole instead. Motions of individual
waves and their shape are often rough, and the total number of waves can not
be determined precisely. However, integral characteristics of wavy surface match
the ones of real sea waves.

Theoretically, sea waves themselves can be chosen as ACFs, the only pre-
processing step is to make them decay exponentially. This may allow to generate
waves of arbitrary profiles without using NIT, and is one of the directions of future

work.
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4 Pressure field under discretely given
wavy surface

4.1 Known pressure field determination formulae

Small amplitude waves theory. In [25-27] the authors propose a solution
for inverse problem of hydrodynamics of potential low in the framework of small-
amplitude wave theory (under assumption that wave length is much larger than
height: A > h). In that case inverse problem is linear and reduces to Laplace
equation with mixed boundary conditions, and equation of motion is solely used to
determine pressures for calculated velocity potential derivatives. The assumption
of small amplitudes means the slow decay of wind wave coherence function, i.e.
small change of local wave number in time and space compared to the wavy surface
elevation (z coordinate). This assumption allows to calculate elevation z derivative
as (, = k(, where k is wave number. In two-dimensional case the solution is

written explicitly as

X

- - ") da, 17
x|, \/1+oz26 V1+a? © (17)

T
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where « is wave slope. In three-dimensional case the solution is written in the

form of elliptic partial differential equation (PDE):

0 P g
or ( ) a 9,2 (1+ )+2a$ayaxay+
e + Oay. \ 0¢
z Oéx Y Oy ) Ox
Qy 80@ Oay \ 09
( Ty ) ay
a—i 0y + oy, = 0.

The authors suggest transforming this equation to finite differences and solve it
numerically.

As will be shown in section 4.3, formula (17) diverges when attempted to
calculate velocity field for large-amplitude waves, and this is the reason that it
can not be used in conjunction with a model, that generates arbitrary-amplitude
waves.

Linearisation of boundary condition. LH model allows to derive an ex-
plicit formula for velocity field by linearising kinematic boundary condition. Ve-

locity potential formula is written as

o(z,y,2,t) = Z g eV Uty “sin(upx + v,y — Wit + €,).

n

This formula is differentiated to obtain velocity potential derivatives, which are

plugged to dynamic boundary condition to determine pressure field.
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4.2 Determining wave pressures for discretely given
wavy surface

Analytic solutions to boundary problems in classical equations are often used
to study different properties of the solution, and for that purpose general solution
formula is too difficult to study, as it contains integrals of unknown functions.
Fourier method is one of the methods to find analytic solutions to PDE. It is based
on Fourier transform, applying of which to some PDEs reduces them to algebraic
equations, and the solution is written as inverse Fourier transform of some func-
tion (which may contain Fourier transforms of other functions). Since it is not
possible to write analytic forms of these Fourier transforms in some cases, unique
solutions are found and their behaviour is studied in different domains instead. At
the same time, computing discrete Fourier transforms numerically is possible for
any discretely defined function using FF'T algorithms. These algorithms use sym-
metry of complex exponentials to decrease asymptotic complexity from O(n?) to
O(nlog,n). So, even if general solution contains Fourier transforms of unknown
functions, they still can be computed numerically, and FF'T family of algorithms
makes this approach efficient.

Alternative approach to solve PDEs is to reduce them to difference equa-
tions, which are solved by constructing various numerical schemes. This approach
leads to approximate solution, and asymptotic complexity of corresponding algo-
rithms is comparable to that of FFT. For example, for stationary elliptic PDE
an implicit numerical scheme is constructed; the scheme is computed by iterative
method on each step of which a tridiagonal or five-diagonal system of algebraic
equations is solved by Thomas algorithm. Asymptotic complexity of this approach
is O(nm), where n is the number of wavy surface grid points and m is the number

of iterations.
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Despite their wide spread, iterative algorithms are inefficient on parallel
computer architectures due to inevitable process synchronisation after each it-
eration; in particular, their mapping to co-processors may involve copying data
in and out of the co-processor on each iteration, which negatively affects their
performance. At the same time, high number of Fourier transforms in the so-
lution is an advantage, rather than a disadvantage. First, solutions obtained by
Fourier method are explicit, hence their implementations scale with the large num-
ber of parallel computer cores. Second, there are implementations of FF'T opti-
mised for different processor architectures as well as co-processors (GPU, MIC)
which makes it easy to get high performance on any computing platform. These
advantages substantiate the choice of Fourier method to obtain explicit solution

to the problem of determining pressures under wavy sea surface.

4.2.1 Two-dimensional velocity potential field

Formula for infinite depth fluid. Two-dimensional Laplace equation with

Robin boundary condition is written as

Qm" + ¢zz =0, (18)

Gt Code =~ — b, at 2 = C(x.0).

V1+

Use Fourier method to solve this problem. Applying Fourier transform to both

sides of the equation yields

— 452 (u2 + v2) Fulo(z,2)} =0,
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hence v = £iu. Hereinafter we use the following symmetric form of Fourier trans-

form:

Fuolf(z,y)} = / / fla,y)e 2™t dady,

We seek solution in the form of inverse Fourier transform ¢(z, z) = F, { E(u,v)}.

Plugging! v = iu into the formula yields
o(z,z) = F, {e™E(u)}. (19)

In order to make substitution z = ((x,t) not interfere with Fourier transforms,

we rewrite (19) as a convolution:
¢(,2) = D1 (z,2) x F,{E(u)},

where D; (z, z) — a function, form of which is defined in section 4.2.3 and which
satisfies equation F,{D; (z,2)} = €?™*. Plugging formula ¢ into the boundary

condition yields

G = (if (x) = 1) [D1 (2, 2) x F, {2muB(u)}],

where f(x) = (./+/1+ 2 — (.. Applying Fourier transform to both sides of this

equation yields formula for coefficients E:

1 F{G/ (if(z) = 1)}
2mu Fu{Di(x,2)}

E(u) =

Finally, substituting z for {(z,t) and plugging resulting equation into (19) yields

formula for ¢(x, 2):

™ FAG/ (if (x) = 1)}
21w Fo{D1 (z,((x,t))} } ' (20)

¢(x,2) = fgl{

1y = —iu is not applicable because velocity potential must go to nought when depth goes to infinity.
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Multiplier e*™* /(27u) makes graph of a function to which Fourier transform
is applied asymmetric with respect to OY axis. This makes it difficult to use FF'T,
because it expects periodic function which takes nought values on both ends of
the interval. At the same time, using numerical integration instead of FF'T is not
faster than solving the initial system of equations with numerical schemes. This
problem is alleviated by using formula (22) for finite depth fluid with knowingly
large depth h. This formula is derived in the following section.

Formula for finite depth fluid. On the sea bottom vertical fluid velocity
component equals nought, i.e. ¢, = 0 on z = —h, where h — water depth. In this
case equation v = —iu, which came from Laplace equation, can not be neglected,

hence the solution is sought in the following form:
o(z,2) = F, {(C1e™* + Coe™>™*) E(u) } . (21)
Plugging ¢ into the boundary condition on the sea bottom yields
Cpe=2mh _ Che?mih — ()

hence Cy = 3Ce*™" and Cy = —1Ce ?™". Constant C' may take arbitrary val-
ues here, because after plugging it becomes part of unknown coeflicients E(u).

Plugging formulae for C; and C into (21) yields
o(z,2) = F, Heosh (2mu(z +h)) E(u)} .
Plugging ¢ into the boundary condition on the free surface yields
G = fla)F, H{2miucosh (2mu(z + h)) E(u)} — F, "{2rusinh (27u(z + h)) E(u)} .

Here sinh and cosh give similar results near free surface, and since this is the

main area of interest in practical applications, we assume that cosh (27u(z + h)) ~
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sinh (2ru(z 4+ h)). Performing analogous to the previous section transformations

yields final formula for ¢(z, z):

1] cosh (2ru(z + h)) Fu{G/ (if(z) — 1)}
o at) =7 { 2w Fu{Ds (0, C(0,0)} } 22)

where D, (x, z) is a function, a form of which is defined in section 4.2.3 and which
satisfies equation F,{Ds (z, z)} = cosh (27uz).

Reduction to the formulae from linear wave theory. Check the validity
of derived formulae by substituting {(x,t) with known analytic formula for plain
waves. Symbolic computation of Fourier transforms in this section were performed
in Mathematica [5]. In the framework of linear wave theory assume that waves
have small amplitude compared to their lengths, which allows us to simplify initial

system of equations (18) to

¢xa§ + ¢zz = 07
Ct:_¢z atz:C(x,t),

solution to which is written as

¢(x727t) - _‘Fxl{%‘?@t{g}} :

Propagating wave profile is defined as ((x,t) = Acos(2n(kx — t)). Plugging this

formula into (20) yields ¢(z, z,t) = —% sin(2w(kx — t)) cosh (27kz). In order to

reduce it to the formula from linear wave theory, rewrite hyperbolic cosine in

—2rkz

exponential form and discard the term containing e as contradicting con-

dition ¢ — 0. Taking real part of the resulting formula yields ¢(x,z,t) =
Z——00

Ae2mh= sin (2 (kx — t)), which corresponds to the known formula from linear wave

theory. Similarly, under small-amplitude waves assumption the formula for finite
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depth fluid (22) is reduced to

[ cosh(2mu(z + h))
o(x, z,t) = —F, { 27w cosh (2muh) }—U{Q}} .

Substituting ((z,t) with propagating plain wave profile formula yields

_ Acosh (27k(z + h))
¢, 2,1) = &k cosh (2wkh)

sin(2w(kx —t)), (23)

which corresponds to the formula from linear wave theory for finite depth fluid.

Different forms of Laplace equation solutions, in which decaying exponent is

[

written with either “4” or “-” signs, may cause incompatibilities between formu-

lae from linear wave theory and formulae derived in this work, where sinh is used

cosh(2wk(z+h)) . sinh(2wk(z+h
cosh(2rkh)  ~~  sinh(27kh)

instead of cosh. Equality D hecomes strict on the free
surface, and difference between left-hand and right-hand sides increases when
approaching sea bottom (for sufficiently large depth difference near free surface
is negligible). So, for sufficiently large depth any function (cosh or sinh) may be
used for velocity potential computation near free surface.

Reducing (20) and (22) to the known formulae from linear wave theory
shows, that formula for infinite depth (20) is not suitable to compute velocity
potentials with Fourier method, because it does not have symmetry, which is re-
quired for Fourier transform. However, formula for finite depth can be used in-

stead by setting h to some characteristic water depth. For standing wave reducing

to linear wave theory formulae is made under the same assumptions.
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4.2.2 Three-dimensional velocity potential field

Three-dimensional version of (1) is written as

Gt + Cu@p + Cy¢y — \/%(bx + \/%¢y — ¢, atz= C(xv Y, t)'
x Y z Yy

Again, use Fourier method to solve it. Applying Fourier transform to both sides

of Laplace equation yields
—47* (W + v* + w?) Fupwi{d(z,y,2)} =0,

hence w = +iv/u? 4 v2. We seek solution in the form of inverse Fourier transform
o(x,y,2) = xyz{E(u v, w)}. Plugging w = ivu? 4+ 0?2 = z|l~c| into the formula
yields

o(z,y, 2) = fxy{ (C e2rlFlz _ 0262”|E|z) E(u, v)} :

Plugging ¢ into the boundary condition on the sea bottom (analogous to two-

dimensional case) yields

o(z,y,2) = f;;{cosh (27T|E|(Z + h)) E(u, v)} : (25)
Plugging ¢ into the boundary condition on the free surface yields

G =1fi(z,y)F, {27rucosh< |(z +h) ) E(u v)}
+ifolz,y)F 1{27rvcosh< 1| ( z—l—h> E(u ,v)}
—F;! {27r|/<;|smh (27r|/<;|(z h)) Elu, v)}

where fi(z,y) = G//1+ G+ ¢ — G and fo(z,y) = ¢/ 1+ + ¢ —
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Like in section 4.2.1 we assume that cosh (2ru(z 4+ h)) = sinh (2ru(z 4+ h))
near free surface, but in three-dimensional case this is not enough to solve the
problem. In order to get explicit formula for coefficients £ we need to assume,
that all Fourier transforms in the equation have radially symmetric kernels, i.e. re-
place v and v with |IZ| There are two points supporting this assumption. First, in
numerical implementation integration is done over positive wave numbers, so the
sign of u and v does not affect the solution. Second, the growth rate of cosh term
of the integral kernel is much higher than the one of u or |k|, so the substitution
has small effect on the magnitude of the solution. Despite these two points, a use
of more mathematically rigorous approach would be preferable.

Making the replacement, applying Fourier transform to both sides of the
equation and plugging the result into (25) yields formula for ¢:

1 f cosh @nfRl(z + B) FudG (ihi(ay) + ifalar.y) — 1}
Aoy =7 { 21l Fok D (2,9,C (2,9) } ’
(26)

where F, ,{Ds (z,y,z)} = cosh (27 |k|2).

4.2.3 Velocity potential normalisation formulae

In solutions (20) and (22) to two-dimensional pressure determination prob-
lem there are functions D (z, z) = F, {e*™*} and Ds (z,z) = F, {cosh (27uz)}
which has multiple analytic representations and are difficult to compute. Each
function is a Fourier transform of linear combination of exponents which reduces
to poorly defined Dirac delta function of a complex argument (see table 3). The
usual way of handling this type of functions is to write them as multiplication

of Dirac delta functions of real and imaginary part, however, this approach does
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not work here, because applying inverse Fourier transform to this representation
does not produce exponent, which severely warp resulting velocity field. In order
to get unique analytic definition normalisation factor 1/ cosh (2ruh) (which is also
included in formula for F(u)) may be used. Despite the fact that normalisation al-
lows to obtain adequate velocity potential field, numerical experiments show that
there is little difference between this field and the one produced by formulae from
linear wave theory, in which terms with { are omitted. As a result, the formula

for three-dimensional case was not derived.

Function Without normalisation Normalised

Dy (v,2) 6(v +i2) L sech (w
Dy (z,2) L[0(x —i2) +d(x+iz)] & [Sech (W) + sech (%}fﬂ—z)))}

Table 3: Formulae for computing D; (z,z) and D, (z, z) from sec. 4.2.1, that
use normalisation to eliminate uncertainty from definition of Dirac delta
function of complex argument.

4.3 Verification of velocity potential fields

Comparing obtained generic formulae (20) and (22) to the known formulae
from linear wave theory allows to see the difference between velocity fields for
both large and small amplitude waves. In general case analytic formula for velocity
potential in not known, even for plain waves, so comparison is done numerically.
Taking into account conclusions of section 4.2.1, only finite depth formulae are
compared.

The difference with linear wave theory formulae. In order to obtain ve-

locity potential fields, plain waves of varying amplitude were generated. Wave
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numbers in Fourier transforms were chosen on the interval from 0 to the maximal
wave number determined numerically from the resulting wavy surface. Experi-
ments were conducted for waves of both small and large amplitudes.

The experiment showed that velocity potential fields for large-amplitude
waves produced by formula (22) for finite depth fluid and formula (23) from linear
wave theory are qualitatively different (fig. 7). First, velocity potential contours
have sinusoidal shape, which is different from oval shape described by linear wave
theory. Second, velocity potential decays more rapidly than in linear wave theory
as getting closer to the bottom, and the region where the majority of wave energy
is concentrated is closer to the wave crest. Similar numerical experiment, in which
all terms of (22) that are neglected in the framework of linear wave theory are
eliminated, shows no difference (as much as machine precision allows) in resulting
velocity potential fields.

The difference with small-amplitude wave theory. The experiment, in
which velocity fields produced numerically by different formulae were compared,
shows that velocity fields produced by formula (22) and (17) correspond to each
other for small-amplitude waves. Two sea wavy surface realisations were made by
AR model: one containing small-amplitude waves, other containing large-amplitude
waves. Integration in formula (22) was done over wave numbers range extracted
from the generated wavy surface. For small-amplitude waves both formulae showed
comparable results (the difference in the velocity is attributed to the stochastic
nature of AR model), whereas for large-amplitude waves stable velocity field was
produced only by formula (22) (fig. 8). So, generic formula (22) gives satisfactory

results without restriction on wave amplitudes.
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Figure 7: Comparison of velocity potential fields for propagating wave ((z,y,t) =
cos(2mx —t/2). Field produced by generic formula (top) and linear wave
theory formula (bottom).
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4.4 Summary

Formulae derived in this section allow to numerically compute velocity po-
tential field (and hence pressure field) near discretely or mathematically given
wavy sea surface, bypassing assumptions of linear wavy theory and theory of
small amplitude waves. For small amplitude waves new formulae produce the same
velocity potential field, as formulae from linear wave theory. For large-amplitude
waves the usage of new formulae results in a shift of a region where the majority

of wave energy is concentrated closer to the wave crest.
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o High-performance software
implementation of sea wave simulation

5.1 SMP implementation

5.1.1 Wavy surface generation

Parallel AR, MA and LH model algorithms. Although, AR and MA mod-
els are part of the single mixed model they have disparate parallel algorithms,
which are different from trivial one of LH model. AR algorithm consists in par-
titioning wavy surface into equally-sized parts in each dimension and computing
them in parallel taking into account causal constraints imposed by autoregres-
sive dependencies between surface points. There are no such dependencies in MA
model, and its formula represents convolution of white noise with model coeffi-
cients, which is reduced to computation of three Fourier transforms via convolu-
tion theorem. So, MA algorithm consists in parallel computation of the convolution
which is based on FFT computation. Finally, LH algorithm is made parallel by
simply computing each wavy surface point in parallel in several threads. So, par-
allel implementation of ARMA model consists of two parallel algorithms, one for
each part of the model, which are more sophisticated than the one for LH model.

AR model’s formula main feature is autoregressive dependencies hbetween
wavy surface points in each dimension which prevent computing each surface
point in parallel. Instead the surface is partitioned along each dimension into equal

three-dimensional parts, and for each part information dependencies, which de-
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fine computation order, are established. Figure 9 shows these dependencies. An
arrow denotes dependency of one part on availability of another, i.e. computation
of a part may start only when all parts on which it depends were computed. Here
part A does not have dependencies, parts B and D depend only on A, and part
E depends on A, B and C'. In general, each part depends on all parts that have
previous index in at least one dimension (if such parts exist). The first part does
not have any dependencies; and the size of each part along each dimension is made
greater or equal to the corresponding number of coefficients along the dimension

to consider only adjacent parts in dependency resolution.
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Figure 9: Autoregressive dependencies between wavy surface parts.

Each part has an three-dimensional index and a completion status. The algo-
rithm starts by submitting objects containing this information into a queue. After

that parallel threads start, each thread finds the first part for which all depen-
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dencies are satisfied (by checking the completion status of each part), removes
the part from the queue, generates wavy surface for this part and sets completion
status. The algorithm ends when the queue becomes empty. Access to the queue
from different threads is synchronised by locks. The algorithm is suitable for SMP
machines; for MPP all parts on which the current one depends, dependent parts
needs to be copied to the node where computation is carried out.

So, parallel AR model algorithm reduces to implementing minimalistic job

scheduler, in which
* each job corresponds to a wavy surface part,
* the order of execution of jobs is defined by autoregressive dependencies, and

* job queue is processed by a simple thread pool in which each thread in a
loop removes the first job from the queue for which all dependent jobs have

completed and executes it.

In contrast to AR model, MA model does not have autoregressive dependen-
cies between points; instead, each surface point depends on previous in time and
space white noise values. MA model’s formula allows for rewriting it as a convo-
lution of white noise with the coefficients as a kernel. Using convolution theorem,
the convolution is rewritten as inverse Fourier transform of the product of Fourier
transforms of white noise and coeflicients. Since the number of MA coefficients
is much smaller than the number of wavy surface points, parallel FF'T implemen-
tation is not suitable here, as it requires padding the coefficients with noughts to
match the size of the surface. Instead, the surface is divided into parts along each
dimension which are padded with noughts to match the number of the coefficients
along each dimension multiplied by two. Then Fourier transform of each part is
computed in parallel, multiplied by previously computed Fourier transform of the
coefficients, and inverse Fourier transform of the result is computed. After that,

each part is written to the output array with overlapping (due to padding) points
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added to each other. This algorithm is commonly known in signal processing as
“overlap-add” [28-30]. Padding with noughts is needed to prevent aliasing er-
rors: without it the result would be circular convolution.

Despite the fact that MA model algorithm partitions the surface into the
same parts (but possibly of different sizes) as AR model algorithm, the absence
of autoregressive dependencies between them allows to compute them in parallel
without the use of specialised job scheduler. However, this algorithm requires
padding parts with noughts to make the result of calculations correspond to the
result obtained with original MA model’s formula. So, MA model’s algorithm is
more scalable to a large number of nodes as it has no information dependencies
between parts, but the size of the parts is greater than in AR model’s algorithm.

The distinct feature of LH model’s algorithm is its simplicity: to make it
parallel, wavy surface is partitioned into parts of equal sizes and each part is gen-
erated in parallel. There are no information dependencies between parts, which
makes this algorithm particularly suitable for computation on GPU: each hard-
ware thread simply computes its own point. In addition, sine and cosine functions
in the model’s formula are slow to compute on CPU, which makes GPU even more
favourable choice.

To summarise, even though AR and MA models are part of the single mixed
model, their parallel algorithms are fundamentally different and are more com-
plicated than trivial parallel algorithm of LH model. Efficient implementation AR
algorithm requires specialised job scheduler to manage autoregressive dependen-
cies between wavy surface parts, whereas MA algorithm requires padding each
part with noughts to be able to compute them in parallel. In contrast to these mod-
els, LH model has no information dependencies between parts, but requires more
computational resources (floating point operations per seconds) for transcendental
functions in its formula.

Parallel white noise generation algorithm. In order to eliminate peri-

odicity from wavy surface generated by sea wave model, it is imperative to use
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PRNG with sufficiently large period to generate white noise. Parallel Mersenne
Twister [31] with a period of 21997 — 1 is used as a generator in this work. It
allows to produce aperiodic sea wavy surface realisations in any practical usage
scenarios.

There is no guarantee that multiple PRNGs executed in parallel threads with
distinct initial states produce uncorrelated pseudo-random number sequences, and
algorithm of dynamic creation of Mersenne Twisters [32] is used to provide such
guarantee. The essence of the algorithm is to find matrices of initial generator
states, that give maximally uncorrelated pseudo-random number sequences when
Mersenne Twisters are executed in parallel with these initial states. Since finding
such initial states consumes considerable amount of processor time, vector of ini-
tial states is created beforehand with knowingly larger number of parallel threads
and saved to a file, which is then read before starting white noise generation.

Ramp-up interval elimination. In AR model value of wavy surface ele-
vation at a particular point depends on previous in space and time points, as a
result the so called ramp-up interval (see fig. 10), in which realisation does not
correspond to specified ACF, forms in the beginning of the realisation. There are
several solutions to this problem which depend on the simulation context. If re-
alisation is used in the context of ship stability simulation without manoeuvring,
ramp-up interval will not affect results of the simulation, because it is located on
the border (too far away from the studied marine ohject). Alternative approach is
to generate sea wavy surface on ramp-up interval with LH model and generate
the rest of the realisation with AR model. If ship stability with manoeuvring is
studied, then the interval may be simply discarded from the realisation (the size of
the interval approximately equals the number of AR coefficients). However, this
may lead to a loss of a very large number of points, because discarding occurs for
each of three dimensions.

Performance of OpenMP and OpenCL implementations. Differences in

models’ parallel algorithms make them efficient on different processor architec-
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Ramp-up interval

Figure 10: Ramp-up interval at the beginning of AR process realisation.
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tures, and to find the most efficient one, all the models were benchmarked in both
CPU and GPU.

AR and MA models do not require highly optimised codes to be efficient, their
performance is high even without use of co-processors; there are two main causes
of that. First, these models do not use transcendental functions (sines, cosines and
exponents) as opposed to LH model. All calculations (except model coefficients)
are done via polynomials, which can be efficiently computed on modern processors
using FMA instructions. Second, pressure computation is done via explicit formula
using a number of nested FFTs. Since two-dimensional FFT of the same size is
repeatedly applied to every time slice, its coefficients (complex exponents) are
pre-computed one time for all slices, and further computations involve only a few
transcendental functions. In case of MA model, performance is also increased by
doing convolution with FFT. So, high performance of AR and MA models is due
to scarce use of transcendental functions and heavy use of FF'T, not to mention
that high convergence rate and non-existence of periodicity allows to use far fewer

coefficients compared to LH model.

CPU AMD FX-8370

RAM 16Gb

GPU GeForce GTX 1060

GPU memory 6GB

HDD WDC WD40EZRZ, 5400rpm
No. of CPU cores 4

No. of threads per core 2

Table 4: “Gpulab” system configuration.

Software implementation uses several libraries of mathematical functions,
numerical algorithms and visualisation primitives (listed in table 5), and was im-
plemented using several parallel programming technologies (OpenMP, OpenCL)
to have a possibility to choose the most efficient one. For each technology and
each model an optimised wavy surface generation was implemented (except for

MA model for which only OpenMP implementation was done). Velocity poten-
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tial computation was done in OpenMP and was implemented in OpenCL only for
real-time visualisation of wavy surface. For each technology the programme was
recompiled and run multiple times and performance of each top-level subroutine
was measured using system clock.

Results of benchmarks of the technologies are summarised in table 6. All
benchmarks were run on a machine equipped with a GPU, characteristics of which
are summarised in table 4. All benchmarks were run with the same input param-
eters for all the models: realisation length 10000s and output grid size 40 x 40m.
The only parameter that was different is the order (the number of coefficients):
order of AR and MA model was 7,7,7 and order of LH model was 40, 40. This is
due to higher number of coefficient for LH model to eliminate periodicity.

In all benchmarks wavy surface generation and NIT take the most of the
running time, whereas velocity potential calculation together with other subrou-

tines only a small fraction of it.

Library What it is used for

DCMT [32] parallel PRNG

Blitz [33,34] multidimensional arrays

GSL [35] PDF, CDF, FFT computation
checking process stationarity

clFFT [36] FFT computation

LAPACK, GotoBLAS [37,38] finding AR coefficients

GL, GLUT [39] three-dimensional visualisation

CGAL [40] wave numbers interpolation

Table 5: A list of libraries used in software implementation.

AR model exhibits the highest performance in OpenMP and the lowest per-
formance in OpenCL implementations, which is also the best and the worst perfor-
mance across all model and framework combinations. In the most optimal model
and framework combination AR performance is 4.5 times higher than MA perfor-
mance, and 20 times higher than LH performance; in the most suboptimal com-

bination — 137 times slower than MA and two times slower than LH. The ratio
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between the best (OpenMP) and the worst (OpenCL) AR model performance is
several hundreds. This is explained by the fact that the model formula (4) is ef-
ficiently mapped on the CPU architecture, which is distinguished from GPU ar-
chitecture by having multiple caches, low-bandwidth memory and small number

of floating point units compared to GPU.

» This formula does not contain transcendental mathematical functions (sines,

cosines and exponents),

* all of the multiplications and additions in the formula can be implemented

using FMA processor instructions, and

« efficient use (locality) of cache is achieved by using Blitz library which im-
plements optimised traversals for multidimensional arrays based on Hilbert

space-filling curve.

In contrast to CPU, GPU has less number of caches, high-bandwidth memory
and large number of floating point units, which is the worst case scenario for AR

model:

* there are no transcendental functions which could compensate high memory

latency,

* there are FMA instructions in GPU but they do not improve performance

due to high latency, and

+ optimal traversal of multidimensional arrays was not used due to a lack of

libraries implementing it for a GPU.

Finally, GPU architecture does not contain synchronisation primitives that allow
to implement autoregressive dependencies between distinct wavy surface parts;
instead of this a separate OpenCL kernel is launched for each part, and information

dependency management between them is done on CPU side. So, in AR model case
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CPU architecture is superior compared to GPU due to better handling of complex
information dependencies, simple calculations (multiplications and additions) and

complex memory access patterns.

OpenMP OpenCL
Subroutine AR MA LH AR LH
Determine coefficients 0.02 0.01 0.19 0.01 1.19
Validate model 0.08 0.10 0.08
Generate wavy surface 1.26 5.57 350.98 769.38 0.02
NIT 7.11 7.43 0.02
Copy data from GPU 0.22  25.06
Compute velocity potentials 0.05 0.05 0.06 0.03 0.03
Write output to files 0.27 0.27 0.27 0.28 0.27

Table 6: Running time (s.) for OpenMP and OpenCL implementations of AR, MA
and LH models.

In contrast to AR model, LH model exhibits the best performance on GPU

and the worst performance on CPU. The reasons for that are

* the large number of transcendental functions in its formula which offset high

memory latency,

+ linear memory access pattern which allows to vectorise calculations and co-

alesce memory accesses by different hardware threads, and
* no information dependencies between wavy surface points.

Despite the fact that GPU on the test system is more performant than CPU (in
terms of floating point operations per second), the overall performance of LH
model compared to AR model is lower. The reason for that is slow data trans-
fer between GPU and CPU memory.

MA model is faster than LH model and slower than AR model. As the con-
volution in its formula is implemented using FF'T, its performance depends on the

performance of FFT implementation: GSL for CPU and clFFT for GPU. In this
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work performance of MA model on GPU was not tested due to unavailability of the
three-dimensional FF'T in clFFT library; if the transform was available, it could
made the model even faster than AR.

NIT takes less time on GPU and more time on CPU, but taking data trans-
fer between them into consideration makes their execution time comparable. This
is explained by the large amount of transcendental functions that need to be com-
puted for each wavy surface point to transform distribution of its z-coordinates.
For each point a non-linear transcendental equation (7) is solved using bisec-
tion method. GPU performs this task several hundred times faster than CPU,
but spends a lot of time to transfer the result back to the processor memory. So,
the only possibility to optimise this routine is to use root finding method with
quadratic convergence rate to reduce the number of transcendental functions that
need to be computed.

I/0 performance. Although, in the benchmarks from the previous sec-
tion writing data to files does not consume much of the running time, the use of
network-mounted file systems may slow down this stage of the programme. To
optimise it wavy surface parts are written to a file as soon as generation of the
whole time slice is completed (fig. 11): a separate thread starts writing to files as
soon as the first time slice is available and finishes it after the main thread group
finishes the computation. The total time spent to perform I/0 is increased, but the
total programme running time is decreased, because the I/0 is done in parallel
to computation (table 7). Using this approach with local file system has the same

effect, but performance gain is lower.

I I1
Subroutine XFS NFS GlusterFS XFS NFS GlusterF'S
Generate wavy surface 1.26 1.26 1.33 1.33 3.30 11.06
Write output to files 0.28 2.34 10.95 0.00 0.00 0.00

Table 7: Running time of subroutines (s.) with the use of XFS, NFS and Glus-
terF'S along with sequential (I) and parallel (IT) file output.
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5.1.2 Velocity potential field computation

Parallel velocity potential field computation. The benchmarks for AR,
MA and LH models showed that velocity potential field computation consumes
only a fraction of total programme execution time, however, the absolute compu-
tation time over a dense XY grid may be greater. One application where dense
grid is used is real-time simulation and visualisation of wavy surface. Real-time

visualisation allows to

* adjust parameters of the model and ACF function, getting the result of the

changes immediately, and

« compare the size and the shape of regions where the most wave energy is

concentrated.

Since visualisation is done by GPU, doing velocity potential computation on
CPU may cause data transfer between memory of these two devices to become a
bottleneck. To circumvent this, the programme uses OpenCL/OpenGL interoper-
ability API which allows creating buffers, that are shared between OpenCL and
OpenGL contexts thus eliminating copying of data between devices. In addition to
this, three-dimensional velocity potential field formula (26) is particularly suitable

for computation by GPUs:
* it contains transcendental functions (hyperbolic cosines and complex expo-
nents);
« it is computed over large four-dimensional (%, x, y, z) region;
* it is explicit with no information dependencies between individual points in
t and z dimensions.

These considerations make velocity potential field computation on GPU advanta-

geous in the application to real-time simulation and visualisation of wavy surface.
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spent for I/O (red) and computation (black) by different threads.
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In order to investigate, how much the use of GPU can speed-up velocity

potential field computation, we benchmarked simplified version of (26):

cosh (27|k|(z + h))
27| k| cosh (27| k|h)

= .7'-3;_’;{91 (u7 U)fu,v{QQ(xw y)}} : (27)

¢(x7y7z7t) - fgc,;{ FU,U{Q}}

Velocity potential computation code was rewritten in OpenCL and its performance
was compared to an existing OpenMP implementation.

For each implementation running time of the corresponding subroutines and
time spent for data transfer between devices was measured. Velocity potential field
was computed for one ¢ point, for 128 z points below wavy surface and for each x
and y point of four-dimensional (¢, z,y, z) grid. Between programme runs the size
of the grid along x dimension was varied.

A different FF'T library was used for each implementation: GNU Scientific
Library (GSL) [41] for OpenMP and cIFFT [36] for OpenCL. FF'T routines from

these libraries have the following features:

* The order of frequencies in FFT is different. In case of cIFFT library ele-
ments of the resulting array are additionally shifted to make it correspond

to the correct velocity potential field. In case of GSL no shift is needed.

* Discontinuity at (z,y) = (0,0) is handled automatically by cIFFT library,
whereas GSL library produce skewed values at this point, thus in case of

GSL these points are interpolated.

Other differences of FF'T subroutines, that have impact on performance, were not
discovered.

Performance of velocity potential solver. The experiments showed that
OpenCL outperforms OpenMP implementation by a factor of 2—6 (fig. 12), how-

ever, distribution of running time between subroutines is different (table 9). For
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CPU the most of the time is spent to compute g;, whereas for GPU time spent
to compute ¢g; is comparable to go. Copying the resulting velocity potential field
between CPU and GPU consumes = 20% of the total field computation time. Com-
puting g» consumes the most of the execution time for OpenCL and the least of
the time for OpenMP. In both implementations g is computed on CPU, because
subroutine for derivative computation in OpenCL was not found. For OpenCL the
result is duplicated for each z grid point in order to perform multiplication of all
XY Z planes along z dimension in single OpenCL kernel, and, subsequently copied
to GPU memory which has negative impact on performance. All benchmarks were
run on a machine equipped with a GPU, characteristics of which are summarised

in table 8.

CPU Intel Core 2 Quad Q9550
RAM 8Gb

GPU AMD Radeon R7 360

GPU memory 2GB

HDD Seagate Barracuda, 7200 rpm

No. of CPU cores 4

Table 8: “Storm” system configuration.

The reason for different distribution of time between OpenCL and OpenMP
subroutines is the same as for different AR model performance on CPU and GPU:
GPU has more floating point units and modules for transcendental mathematical
functions, than CPU, which are needed for computation of g, but lacks caches
which are needed to optimise irregular memory access pattern of g». In contrast
to AR model, performance of multidimensional derivative computation on GPU
is easier to improve, as there are no information dependencies between points: in
this work optimisation was not done due to unavailability of existing implementa-
tion. Additionally, such library may allow to efficiently compute the non-simplified

formula entirely on GPU, since omitted terms also contain derivatives.
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Figure 12: Performance comparison of CPU (OpenMP) and GPU (OpenCL) ver-
sions of velocity potential calculation code.

Subroutine OpenMP OpenCL
g1 function 4.6730 0.0038
g2 function 0.0002 0.8253
FFT 2.8560 0.3585
Copy data from GPU 2.6357

Table 9: Running time (s.) of real-time velocity potential calculation subroutines
for wavy surface (OX size equals 16384).



As expected, sharing the same buffer between OpenCL and OpenGL con-
texts increases overall solver performance by eliminating data transfer between
CPU and GPU memory, but also requires for the data to be in vertex buffer object
format, that OpenGL can operate on. Conversion to this format is fast, but the re-
sulting array occupies more memory, since each point now is a vector with three
components. The other disadvantage of using OpenCL and OpenGL together is
the requirement for manual locking of shared buffer: failure to do so results in
appearance of screen image artefacts which can be removed only by rebooting the

computer.

5.1.3 Summary

Benchmarks showed that GPU outperforms CPU in arithmetic intensive
tasks, i.e. tasks requiring large number of floating point operations per second,
however, its performance degrades when the volume of data that needs to be
copied between CPU and GPU memory increases or when memory access pat-
tern differs from linear. The first problem may be solved by using a co-processor
where high-bandwidth memory is located on the same die together with the pro-
cessor and the main memory. This eliminates data transfer bottleneck, but may
also increase execution time due to smaller number of floating point units. The sec-
ond problem may be solved programmatically, if OpenCL library that computes
multi-dimensional derivatives were available.

AR and MA models outperform LH model in benchmarks and does not re-

quire GPU to do so. From computational point of view their strengths are

« absence of transcendental mathematical functions, and
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« simple algorithm for both AR and MA model, performance of which depends

on the performance of multi-dimensional array library and FFT library.

Providing main functionality via low-level libraries makes performance of the pro-
gramme portable: support for new processor architectures can be added by substi-
tuting the libraries. Finally, using explicit formula makes velocity potential field
computation consume only a small fraction of total programme execution time.
If such formula did not exist or did not have all integrals as Fourier transforms,

velocity potential field computation would consume much more time.

5.2 Fault-tolerant batch job scheduler

5.2.1 System architecture

Physical layer. Consists of nodes and direct/routed physical network links.
On this layer full network connectivity, i.e. an ability to send network packets be-
tween any pair of cluster nodes.

Daemon process layer. Consists of daemon processes running on clus-
ter nodes and hierarchical (master/slave) logical links between them. Only one
daemon process is launched per node, so these terms are use interchangeably in
this work. Master and slave roles are dynamically assigned to daemon processes,
i.e. any physical cluster node may become a master or a slave, or both simulta-
neously. Dynamic role assignment uses leader election algorithm that does not
require periodic broadcasting of messages to all cluster nodes, instead the role is

determined by node’s IP address. Detailed explanation of the algorithm is pro-
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vided in 5.2.2. Its strengths are scalability to a large number of nodes and low
overhead, which makes it suitable for large-scale high-performance computations;
its weakness is in artificial dependence of node’s position in the hierarchy on its
IP address, which makes it unsuitable for virtual environments, where nodes’ IP
addresses may change dynamically.

The only purpose of tree hierarchy is to balance the load between cluster
nodes. The load is distributed from the current node to its neighbours in the hi-
erarchy by simply iterating over them. When new links appear in the hierarchy
or old links change (due to new node joining the cluster or due to node failure),
daemon processes communicate each other the number of processes behind the
corresponding link in the hierarchy. This information is used to distribute the
load evenly, even if distributed programme is launched on slave node. In addition,
this hierarchy reduces the number of simultaneous network connections between
nodes: only one network connection is established and maintained for each hier-
archical link — this decreases probability of network congestion when there is a
large number of nodes in the cluster.

Load balancing is implemented as follows. When node A tries to become a
subordinate of node B, it sends a message to a corresponding IP address telling
how many daemon processes are already linked to it in the hierarchy (including
itself). After all hierarchical links are established, every node has enough infor-
mation to tell, how many nodes exist behind each link. If the link is between a
slave and a master, and the slave wants to know, how many nodes are behind the
link to the master, then it subtracts the total number of nodes behind all of its
slave nodes from the total number of nodes behind the master to get the correct
amount. To distribute kernels (see sec. 5.2.1) across nodes simple round-robin
algorithm is used, i.e. iterate over all links of the current node including the link
to its master and taking into account the number of nodes behind each link. So,
even if a programme is launched on a slave node in the bottom of the hierarchy,

the kernels are distributed evenly between all cluster nodes.



The proposed approach can be extended to include sophisticated logic into
load distribution algorithm. Along with the number of nodes behind the hierarchi-
cal link, any metric, that is required to implement this logic, can be sent. However,
if an update of the metric happens more frequently, than a change in the hierar-
chy occurs, or it changes periodically, then status messages will be also sent more
frequently. To ensure that this transfers do not affect programmes’ performance,
a separate physical network may be used to transmit the messages. The other dis-
advantage is that when reconfiguration of the hierarchy occurs, the kernels that
are already sent to the nodes are not taken into account in the load distribution,
so frequent hierarchy changes may cause uneven load on cluster nodes (which,
however, balances over time).

Dynamic master/slave role assignment coupled with kernel distribution makes
overall system architecture homogeneous within the framework of single cluster.
On every node the same daemon is run, and no prior configuration is needed to
construct a hierarchy of daemons processes running on different nodes.

Control flow objects layer. The key feature that is missing in the current
parallel programming technologies is a possibility to specify hierarchical depen-
dencies between tasks executed in parallel. When such dependency exists, the
principal task becomes responsible for re-executing a failed subordinate task on
the survived cluster nodes. To re-execute a task which does not have a principal,
a copy of it is created and sent to a different node (see sec. 5.2.3). There exists a
number of systems that are capable of executing directed acyclic graphs of tasks
in parallel [42,43], but graphs are not suitable to determine principal-subordinate
relationship between tasks, because a node in the graph may have multiple incom-
ing edges (and hence multiple principal nodes).

The main purpose of the proposed approach is to simplify development of
distributed batch processing applications and middleware. The idea is to provide
resilience to failures on the lowest possible level. The implementation is divided

into two layers: the lower layer consists of routines and classes for single node
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applications (with no network interactions), and the upper layer for applications
that run on an arbitrary number of nodes. There are two kinds of tightly coupled
entities — control flow objects (or kernels for short) and pipelines — which form
a basis of the programme.

Kernels implement control flow logic in theirs act and react methods and
store the state of the current control flow branch. Both logic and state are imple-
mented by a programmer. In act method some function is either directly computed
or decomposed into nested function calls (represented by a set of subordinate ker-
nels) which are subsequently sent to a pipeline. In react method subordinate
kernels that returned from the pipeline are processed by their parent. Calls to act
and react methods are asynchronous and are made within threads attached to a
pipeline. For each kernel act is called only once, and for multiple kernels the calls
are done in parallel to each other, whereas react method is called once for each
subordinate kernel, and all the calls are made in the same thread to prevent race
conditions (for different parent kernels different threads may be used).

Pipelines implement asynchronous calls to act and react, and try to make
as many parallel calls as possible considering concurrency of the platform (no.
of cores per node and no. of nodes in a cluster). A pipeline consists of a ker-
nel pool, which contains all the subordinate kernels sent by their parents, and a
thread pool that processes kernels in accordance with rules outlined in the previ-
ous paragraph. A separate pipeline is used for each device: There are pipelines for
parallel processing, schedule-based processing (periodic and delayed tasks), and
a proxy pipeline for processing of kernels on other cluster nodes (see fig. 13).

In principle, kernels and pipelines machinery reflect the one of procedures
and call stacks, with the advantage that kernel methods are called asynchronously
and in parallel to each other (as much as programme logic allows). Kernel fields
are stack local variables, act method is a sequence of processor instructions be-
fore nested procedure call, and react method is a sequence of processor instruc-

tions after the call. Constructing and sending subordinate kernels to the pipeline
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is nested procedure call. Two methods are necessary to make calls asynchronous,
and replace active wait for completion of subordinate kernels with passive one.
Pipelines, in turn, allow to implement passive wait, and call correct kernel meth-
ods by analysing their internal state.

Software implementation. For efficiency reasons object pipeline and fault
tolerance techniques (which will be described later) are implemented in the C4+-
framework: From the author’s perspective C language is deemed low-level for dis-
tributed programmes, and Java incurs too much overhead and is not popular in
HPC. The framework is called Bscheduler, it is now in proof-of-concept develop-
ment stage.

Application programming interface. Each kernel has four types of fields

(listed in table 10):

fields related to control flow,

fields defining the source location of the kernel,

« fields defining the current location of the kernel, and

fields defining the target location of the kernel.

Upon creation each kernel is assigned a parent and a pipeline. If there no
other fields are set, then the kernel is an upstream kernel — a kernel that can be
distributed on any node and any processor core to exploit parallelism. If principal
field is set, then the kernel is a downstream kernel — a kernel that can only be
sent to its principal, and a processor core to which the kernel is sent is defined by
the principal memory address/identifier. If a downstream kernel is to be sent to
another node, the destination IP-address must be set, otherwise the system will
not find the target kernel.

When kernel execution completes (its act method finishes), the kernel is
explicitly sent to some other kernel, this directive is explicitly called inside act

method. Usually, after the execution completes a kernel is sent to its parent by
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Field Description

process_id Identifier of a cluster-wide process (application) a kernel
belongs to.

id Identifier of a kernel within a process.

pipeline Identifier of a pipeline a kernel is processed by.

exit_code A result of a kernel execution.

flags Auxiliary bit flags used in scheduling.

time_point A time point at which a kernel is scheduled to be executed.

parent Address/identifier of a parent kernel.

src_ip IP-address of a source cluster node.

from_process_id Identifier of a cluster-wide process from which a kernel
originated.

principal Address/identifier of a target kernel (a kernel to which
the current one is sent or returned).

dst_ip IP-address of a destination cluster node.

Table 10: Description of kernel fields.

setting principal field to the address/identifier of the parent, destination IP-
address field to the source IP-address, and process identifier to the source pro-
cess identifier. After that kernel becomes a downstream kernel and is sent by the
system to the node, where its current principal is located without invoking load
balancing algorithm. For downstream kernel react method of its parent is called
by a pipeline with the kernel as the method argument to make it possible for a
parent to collect the result of the execution.

There is no way to provide fine-grained resilience to cluster node failures,
if there are downstream kernels in the programme, except the ones returning to
their parents. Instead, an exit code of the kernel is checked and a user-provided
recovery subroutine is executed. If there is no error checking, the system restarts
execution from the first parent kernel, which did not produce any downstream ker-
nels. This means, that if a problem being solved by the programme has information

dependencies between parts that are computed in parallel, and a node failure oc-
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curs during computation of these parts, then this computation is restarted from
the very beginning, discarding any already computed parts. This does not occur
for embarrassingly parallel programmes, where parallel parts do not have such
information dependencies between each other: in this case only parts from failed
nodes are recomputed and all previously computed parts are retained.

Unlike main function in programmes based on MPI library, the first (the
main) kernel is initially run only on one node, and other cluster nodes are used
on-demand. This allows to use more nodes for highly parallel parts of the code,
and less nodes for other parts. Similar choice is made in the design of big data
frameworks [44,45] — a user submitting a job does not specify the number of
hosts to run its job on, and actual hosts are the hosts where input files are located.

Mapping of simulation models on system architecture. Software imple-
mentation of AR and MA models works as a computational pipeline, in which
each joint applies some function to the output coming from the pipe of the previ-
ous joint. Joints are distributed across computer cluster nodes to enable function
parallelism, and then data flowing through the joints is distributed across proces-
sor cores to enable data parallelism. Figure 14 shows a diagram of such pipeline.
Here rectangles with rounded corners denote joints, regular rectangles denote
arrays of problem domain objects flowing from one joint to another, and arrows
show flow direction. Some joints are divided into sections each of which process
a separate part of the array. If joints are connected without a barrier (horizontal
or vertical bar), then transfer of separate objects between them is done in parallel
to computations, as they become available. Sections work in parallel on each pro-
cessor core (or node of the cluster). There is surjective mapping between a set of
processor cores, a set of pipeline joint sections and objects, i.e. each processor core
may run several sections, each of which may sequentially process several objects,
but a section can not work simultaneously on several processor cores, and an ob-
ject can not be processed simultaneously by several sections. So, the programme

is a pipeline through which control objects flow.
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Object pipeline may be seen as an improvement of Bulk Synchronous Parallel
(BSP) model [46], which is used in graph processing [47,48]. Pipeline eliminates
global synchronisation (where it is possible) after each sequential computation
step by doing data transfer between joints in parallel to computations, whereas in
BSP model global synchronisation occurs after each step.

Object pipeline speeds up the programme by parallel execution of code blocks
that work with different compute devices: while the current part of wavy surface
is generated by a processor, the previous part is written to a disk. This approach
allows to get speed-up (see sec. 5.1.1) because compute devices operate asyn-
chronously, and their parallel usage increases the whole programme performance.

Since data transfer between pipeline joints is done in parallel to computa-
tions, the same pipeline may be used to run several copies of the application but
with different parameters (generate several sea wavy surfaces having different
characteristics). In practise, high-performance applications do not always con-
sume 100% of processor time spending a portion of time on synchronisation of
parallel processes and writing data to disk. Using pipeline in this case allows to
run several computations on the same set of processes, and use all of the computer
devices at maximal efficiency. For example, when one object writes data to a file,
the other do computations on the processor in parallel. This minimises downtime
of the processor and other computer devices and increases overall throughput of
the computer cluster.

Pipelining of otherwise sequential steps is beneficial not only for code work-
ing with different devices, but for code different branches of which are suitable for
execution by multiple hardware threads of the same processor core, i.e. branches
accessing different memory blocks or performing mixed arithmetic (integer and
floating point). Code branches which use different CPU modules are good candi-

dates to run in parallel on a processor core with multiple hardware threads.
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So, computational model with a pipeline can be seen as bulk-asynchronous
model, because of the parallel nature of programme steps. This model is the basis

of the fault-tolerance model which will be described later.

5.2.2 Cluster node discovery

Leader election algorithms. Many batch job scheduling systems are built
on the principle of subordination: there is master node in each cluster which man-
ages job queue, schedules job execution on subordinate nodes and monitors their
state. Master role is assigned either statically by an administrator to a particular
physical node, or dynamically by periodically electing one of the cluster nodes
as master. In the former case fault tolerance is provided by reserving additional
spare node which takes master role when current master fails. In the latter case
fault tolerance is provided by electing new master node from survived nodes. De-
spite the fact that dynamic role assignment requires leader election algorithm,
this approach becomes more and more popular as it does not require spare re-
served nodes to recover from master node failure [49-51] and generally leads to
a symmetric system architecture, in which the same software stack with the same
configuration is installed on every node [52,53].

Leader election algorithms (which sometimes referred to as distributed con-
sensus algorithms are special cases of wave algorithms. In [54] the author defines
them as algorithms in which termination event is preceded by at least one event
occurring in each parallel process. Wave algorithms are not defined for anonymous
networks, that is they apply only to processes that can uniquely define themselves.
However, the number of processes affected by the “wave” can be determined in

the course of an algorithm. For a distributed system this means that wave algo-
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rithms work for computer clusters with dynamically changing number of nodes,
and the algorithm is unaffected by some nodes going on-line and off-line.

The approach for cluster node discovery does not use wave algorithms, and
hence does not require communicating with each node of the cluster to determine
a leader. Instead, each node enumerates all nodes in the network it is part of, and
converts this list to a {ree hierarchy with a user-defined fan-out value (maximal
number of subordinate nodes a node may have). Then the node determines its
hierarchy level and tries to communicate with nodes from higher levels to become
their subordinate. First, it checks the closest ones and then goes all the way to
the top. If there is no top-level nodes or the node cannot connect to them, then the
node itself becomes the master of the whole hierarchy.

Tree hierarchy of all hosts in a network defines strict total order on a set
of cluster nodes. Although, technically any function can be chosen to map a node
to a number, in practise this function should be sufficiently smooth along the time
axis and may have infrequent jumps: high-frequency oscillations (which are often
caused by measurement errors) may result in constant passing of master role from
one node to another, which makes the hierarchy unusable for load balancing. The
simplest such function is the position of an IP address in network IP address
range.

Tree hierarchy creation algorithm. Strict total order on the set N of clus-

ter nodes connected to a network is defined as

VniVng € NLVF: N — R = (f(n1) < f(n2) & —(f(n1) > f(na))),

where f maps a node to its level and operator < defines strict total order on R".

Function f defines node’s sequential number, and < makes this number unique.
The simplest function f maps each node to its IP address position in network

[P address range. Without the use of tree hierarchy a node with the lowest position

in this range becomes the master. If IP-address of a node occupies the first position
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in the range, then there is no master for it, and it continues to be at the top of the
hierarchy until it fails. Although, IP address mapping is simple to implement, it
introduces artificial dependence of the master role on the address of a node. Still,
it is useful for initial configuration of a cluster when more complex mappings are
not applicable.

To make node discovery scale to a large number of nodes, IP address range
is mapped to a tree hierarchy. In this hierarchy each node is uniquely identified by
its hierarchy level [, which it occupies, and offset o, which equals to the sequential
number of node on its level. Values of level and offset are computed from the
following optimisation problem.

I(n)
n:Zpi—l—o(n), [ - min, o—min, [>0, 0>0
i=0
where n is the position of node’s IP address in network IP address range and p is
fan-out value (the maximal number of subordinates, a node can have). The master
of a node with level [ and offset o has level [ — 1 and offset |o/p|. The distance
between any two nodes in the tree hierarchy with network positions 7 and j is

computed as

(Isub(i(7),1(2)), [o(7) = 0(i)/p]),

oo if ll Z lQ,
ISUb(ll, 12) =

l1 — s if l1 < Is.

The distance is compound to account for level in the first place.

To determine its master, each node ranks all nodes in the network according
to their position (/(n),o(n)), and using distance formula chooses the node which is
closest to potential master position and has lower level. That way IP addresses of
off-line nodes are skipped, however, for sparse networks (in which nodes occupy

non-contiguous IP addresses) perfect tree is not guaranteed.
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Formula for computing distance can be made arbitrary complex (e.g. to ac-
count for network latency and throughput or geographical location of the node),
however, for its simplest form it is more efficient to use cluster node {raversal al-
gorithm. The algorithm requires less memory as there is no need to store ranked
list of all nodes, but iterates over IP addresses of the network in the order defined
by the fan-out value. The algorithm is as follows. First, the base node (a node
which searches for its master) computes its potential master address and tries to
connect to this node. If the connection fails, the base node sequentially tries to
connect to each node from the higher hierarchy levels, until it reaches the top of
the hierarchy (the root of the tree). If none of the connections succeed, the base
node sequentially connects to all nodes on its own level having lower position in
IP address range. If none of the nodes respond, the base node becomes the master
node of the whole hierarchy, and the traversal repeats after a set period of time.
An example of traversal order for a cluster of 11 nodes and a tree hierarchy with

fan-out value of 2 is shown in fig. 15.

Figure 15: Tree hierarchy for 11 nodes with fan-out of 2. Red arrows denote
hierarchy traversal order for a node with IP address 10.0.0.10.
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Evaluation results. To benchmark performance of traversal algorithm on
large number of nodes, several daemon processes were launched on each physical
cluster node, each bound to its own IP address. The number of processes per
physical core varied from 2 to 16. Each process was bound to a particular physical
core to reduce overhead of process migration between cores. The algorithm has
low requirements for processor time and network throughput, so running multiple
processes per physical core is feasible, in contrast to HPC codes, where it often

lowers performance. Test platform configuration is shown in table 11.

CPU Intel Xeon E5440, 2.83GHz
RAM 4Gb

HDD ST3250310NS, 7200rpm
No. of nodes 12

No. of CPU cores per node 8

Table 11: “Ant” system configuration.

Similar approach was used in in [55-57] where the authors reproduce var-
ious real-world experiments using virtual clusters, based on Linux namespaces,
and compare the results to physical ones. The advantage of it is that the tests can
be performed on a large virtual cluster using relatively small number of physical
nodes. The advantage of the approach used in this work (which does not use Linux
namespaces) is that it is more lightweight and larger number of daemon processes
can be benchmarked on the same physical cluster.

Traversal algorithm performance was evaluated by measuring time needed
for all nodes of the cluster to discover each other, i.e. the time needed for the tree
hierarchy of nodes to reach stable state. Each change of the hierarchy, as seen
by each node, was written to a log file and after a set amount of time all daemon
processes (each of which models cluster node) were forcibly terminated. Daemon
processes were launched sequentially with a 100ms delay to ensure that master
nodes are always come online before subordinates and hierarchy does not change

randomly as a result of different start time of each process. This artificial delay
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was subsequently subtracted from the results. So, benchmark results represent
discovery time in an “ideal” cluster, in which every daemon process always finds
its master on the first try.

The benchmark was run multiple times varying the number of daemon pro-
cesses per cluster node. The experiment showed that discovery of 512 nodes (8
physical nodes with 64 processes per node) each other takes no more than two
seconds (fig. 16). This value does not change significantly with the increase in the
number of physical nodes. Using more than 8 nodes with 64 processes per node
causes large variation in discovery time due to a large total number of processes
connecting simultaneously to one master process (a fan-out value of 10000 was
used for all tests), so these results were excluded from consideration.

Discussion. Traversal algorithm scales to a large number of nodes, be-
cause in order to determine its master, a node is required to communicate to a
node address of which it knows beforehand. Communication with other nodes
occurs only when the current master node fails. So, if cluster nodes occupy con-
tiguous addresses in network IP address range, each node connects only to its
master, and inefficient scan of the whole network by each node does not occur.

The following key features distinguish the proposed approach with respect

to some existing approaches [58-60].

* Multi-level hierarchy. The number of master nodes in a network depends
on the fan-out value. If it is lesser than the number of IP-addresses in the
network, then there are multiple master nodes in the cluster. If it is greater
or equal to the number of IP-addresses in the network, then there is only one
master node. When some node fail, multi-level hierarchy changes locally,
and only nodes that are adjacent to the failed one communicate. However,
node weight changes propagate to every node in the cluster via hierarchical

links.
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« IP-address mapping. Since hierarchy structure solely depends on the nodes’
IP addresses, there is no election phase in the algorithm. To change the

master each node sends a message to the old master and to the new one.

« Completely event-based. The messages are sent only when some node joins
the cluster or fails, so there is no constant load on the network. Since the
algorithm allows to tolerate failure of sending any message, there is no need
in heartbeat packets indicating node serviceability in the network; instead,
all messages play the role of heartbeats and packet send time-out is ad-

justed [61].

* No manual configuration. A node does not require any prior knowledge to
find the master: it determines the network it is part of, calculates potential
master [P-address and sends the message. If it fails, the process is repeated
for the next potential master node. So, the algorithm is able to bootstrap a
cluster (make all nodes aware of each other) without prior manual config-
uration, the only requirement is to assign an IP address to each node and

start the daemon process on it.
To summarise, the advantage of the algorithm is that it

* scales to a large number of nodes by means of hierarchy with multiple master

nodes,

* does not constantly load the network with node status messages and heart-

beat packets,
* does not require manual configuration to bootstrap a cluster.

The disadvantage of the algorithm is that it requires IP-address to change
infrequently, in order to be useful for load balancing. It is not suitable for cloud
environments in which node DNS name is preserved, but IP-address may change

over time. When IP-address changes, current connections may close, and node
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hierarchy is rebuilt. After each change in the hierarchy only newly created kernels
are distributed using the new links, old kernels continue to execute on whatever
nodes they were sent. So, environments where an IP address is not an unique
identifier of the node are not suitable for the algorithm.

The other disadvantage is that the algorithm creates artificial dependence of
node rank on an IP-address: it is difficult to substitute IP-address mapping with
a more sophisticated one. If the mapping uses current node and network load
to infer node ranks, measurement errors may result in unstable hierarchy, and
the algorithm cease to be fully event-based as load levels need to be periodically
collected on every node and propagated to each node in the cluster.

Node discovery algorithm is designed to balance the load on a cluster of com-
pute nodes (see sec. 5.2.1), its use in other applications is not studied here. When
distributed or parallel programme starts on any of cluster nodes, its kernels are
distributed to all adjacent nodes in the hierarchy (including master node if appli-
cable). To distribute the load evenly when the application is run on a subordinate
node, each node maintains the weight of each adjacent node in the hierarchy. The
weight equals to the number of nodes in the tree “behind” the adjacent node. For
example, if the weight of the first adjacent node is 2, then round-robin load bal-
ancing algorithm distributes two kernels to the first node before moving to the
next one.

To summarise, traversal algorithm is
* designed to ease load balancing on the large number of cluster nodes,

« fully fault-tolerant, because the state of every node can be recomputed at

any time,

« fully event-based as it does not overload the network by periodically sending

state update messages.
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5.2.3 Fail over algorithm

Checkpoints. Node failures in a distributed system are divided into two
types: failure of a slave node and failure of a master node. In order for a job run-
ning on the cluster to survive slave node failure, job scheduler periodically creates
checkpoints and writes them to a stable (redundant) storage. In order to create
the checkpoint, the scheduler temporarily suspends all parallel processes of the
job, copies all memory pages and all internal operating system kernel structures
allocated for these processes to disk, and resumes execution of the job. In order
to survive master node failure, job scheduler daemon process continuously copies
its internal state to a backup node, which becomes the master after the failure.

There are many works on improving performance of checkpoints [62], and
alternative approaches do not receive much attention. Usually HPC applications
use message passing for parallel processes communication and store their state
in global memory space, hence there is no way one can restart a failed process
from its current state without writing the whole memory image to disk. Usually
the total number of processes is fixed by the job scheduler, and all parallel pro-
cesses restart upon a failure. There is ongoing effort to make it possible to restart
only the failed process [63] by restoring them from a checkpoint on the surviving
nodes, but this may lead to overload if there are other processes on these nodes.
Theoretically, process restart is not needed, if the job can proceed on the surviving
nodes, however, message passing library does not allow to change the number of
processes at runtime, and most programmes assume this number to be constant.
So, there is no reliable way to provide fault tolerance in message passing library
other than restarting all parallel processes from a checkpoint.

At the same time, there is a possibility to continue execution of a job on lesser
number of nodes than it was initially requested by implementing fault tolerance on

job scheduler level. In this case master and slave roles are dynamically distributed
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between scheduler’s daemon processes running on each cluster node, forming a
tree hierarchy of cluster nodes, and parallel programme consists of kernels which
use node hierarchy to dynamically distribute the load and use their own hierarchy
to restart kernels upon node failure.

Dynamic role distribution. Fault tolerance of a parallel programme is one
of the problems which is solved by big data and HPC job schedulers, however, most
schedulers provide fault tolerance for slave nodes only. These types of failures are
routinely handled by restarting the affected job (from a checkpoint) or its part
on the remaining nodes, and failure of a principal node is often considered either
improbable, or too complicated to handle and configure on the target platform.
System administrators often find alternatives to application level fault tolerance:
they isolate principal process of the scheduler from the rest of the cluster nodes by
placing it on a dedicated machine, or use virtualisation technologies instead. All
these alternatives complexify configuration and maintenance, and by decreasing
probability of a machine failure resulting in a whole system failure, they increase
probability of a human error.

From such point of view it seems more practical to implement master node
fault tolerance at application level, but there is no proven generic solution. Most
implementations are too tied to a particular application to become universally ap-
plicable. Often a cluster is presented as a machine, which has a distinct control unit
(master node) and a number of identical compute units (slave nodes). In practice,
however, master and slave nodes are physically the same, and are distinguished
only by batch job scheduler processes running on them. Realisation of the fact
that cluster nodes are merely compute units allows to implement middleware that
distributes master and slave roles automatically and handles node failures in a
generic way. This software provides an API to distribute kernels between cur-
rently available nodes. Using this API one can write a programme that runs on

a cluster without knowing the exact number of working nodes. The middleware
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works as a cluster operating system in user space, allowing to execute distributed
applications transparently on any number of nodes.

Symmetric architecture. Many distributed key-value stores and parallel
file systems have symmetric architecture, in which master and slave roles are
dynamically distributed, so that any node can act as a master when the current
master node fails [50-53, 64]. However, this architecture is still not used in big
data and HPC job schedulers. For example, in YARN scheduler [45] master and
slave roles are static. Failure of a slave node is tolerated by restarting a part of
a job, that worked on it, on one of the surviving nodes, and failure of a master
node is tolerated by setting up standby master node [65]. Both master nodes are
coordinated by Zookeeper service which uses dynamic role assignment to ensure
its own fault-tolerance [66]. So, the lack of dynamic role distribution in YARN
scheduler complicates the whole cluster configuration: if dynamic roles were avail-
able, Zookeeper would be redundant in this configuration.

The same problem occurs in HPC job schedulers where master node (where
the main job scheduler process is run) is the single point of failure. In [67,68] the
authors replicate job scheduler state to a backup node to make the master node
highly available, but backup node role is assigned statically. This solution is close
to symmetric architecture, because it does not involve external service to provide
high availability, but far from ideal in which backup node is dynamically chosen.

Finally, the simplest master node high availability is implemented in VRRP
protocol (Virtual Router Redundancy Protocol) [69-71]. Although VRRP pro-
tocol does provide dynamic role distribution, it is designed to be used by routers
and reverse proxy servers behind them. Such servers lack the state (a job queue)
that needs to be restored upon node failure, so it is easier for them to provide
high availability. The protocol can be implemented even without routers using
Keepalived daemon [72] instead.

Symmetric architecture is beneficial for job schedulers because it allows to
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« make physical nodes interchangeable,
« implement dynamic distribution of master and slave node roles, and

« implement automatic recovery after a failure of any node.

The following sections describe the components that are required to write parallel
programme and job scheduler, that can tolerate failure of cluster nodes.

Definitions of hierarchies. To disambiguate hierarchical links between dae-
mon processes and kernels and to simplify the discussion, the following naming
conventions are used throughout the text. If the link is between two daemon pro-
cesses, the relationship is denoted as master-slave. If the link is between two ker-
nels, then the relationship is denoted as either principal-subordinate or parent-
child. Two hierarchies are orthogonal to each other in a sense that no kernel may
have a link to a daemon, and vice versa. Since daemon process hierarchy is used to
distribute the load on cluster nodes, kernel hierarchy is mapped onto it, and this
mapping can be arbitrary: It is common to have principal kernel on a slave node
with its subordinate kernels distributed evenly between all cluster nodes (includ-
ing the node where the principal is located). Both hierarchies can be arbitrarily
deep, but “shallow” ones are preferred for highly parallel programmes, as there
are less number of hops when kernels are distributed between cluster nodes. Since
there is one-to-one correspondence between daemons and cluster nodes, they are
used interchangeably in the text.

Handling nodes failures. Basic method to overcome a failure of a subordi-
nate node is to restart corresponding kernels on a healthy node (Erlang language
uses the same method to restart failed subordinate processes [73]). In order to
implement this method in the framework of kernel hierarchy, sender node saves
every kernel that is sent to remote cluster nodes, and in an event of a failure of any
number of nodes, where kernels were sent, their copies are redistributed between
the remaining nodes without custom handling by a programmer. If there are no

nodes to sent kernels to, they are executed locally. In contrast to “heavy-weight”
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checkpoint/restart machinery employed by HPC cluster job schedulers, tree hi-
erarchy of nodes coupled with hierarchy of kernels allows to automatically and
transparently handle any number of subordinate node failures without restarting
any processes of a parallel programme, and processes act as resource allocation
units.

A possible way of handling failure of the main node (a node where the main
kernel is executed) is to replicate the main kernel to a backup node, and make all
updates to its state propagate to the backup node by means of a distributed trans-
action, but this approach does not correlate with asynchronous nature of kernels
and too complex to implement. In practice, however, the main kernel usually does
not perform operations in parallel, it is rather sequentially executes programme
steps one by one, hence it has only one subordinate at a time. (Each subordinate
kernel represents sequential computational step which may or may not be inter-
nally parallel.) Keeping this in mind, one can simplify synchronisation of the main
kernel state: send the main kernel along with its subordinate to the subordinate
node. Then if the main node fails, the copy of the main kernel receives its sub-
ordinate (because both of them are on the same node) and no time is spent on
recovery. When the subordinate node, to which subordinate kernel together with
the copy of the main kernel was sent, fails, the subordinate kernel is sent to a
survived node, and in the worst case the current computational step is executed
again.

The approach described above is designed for kernels that do not have a
parent and have only one subordinate at a time, which means that it functions as

checkpoint mechanism. The advantage of this approach is that it

* saves programme state after each sequential step, when memory footprint

of a programme is low,
+ saves only relevant data, and

+ uses memory of a subordinate node rather than disk storage.
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This simple approach allows to tolerate at most one failure of any cluster node per
computational step or arbitrary number of subordinate nodes at any time during
programme execution.

For a four-node cluster and a hypothetical parallel programme failure recov-

ery algorithm works as follows (fig. 17).

1. Initial state. Initially, computer cluster does not need to be configured except
setting up local network. The algorithm assumes full connectivity of cluster
nodes, and works best with tree network topologies in which several network

switches connect all cluster nodes.

2. Build node hierarchy. When the cluster is bootstrapped, daemon processes
start on all cluster nodes and collectively build their hierarchy superimposed
on the topology of cluster network. Position of a daemon process in the hi-
erarchy is defined by the position of its node IP address in the network IP
address range. To establish hierarchical link each process connects to its
assumed master process. The hierarchy is changed only when a new node

joins the cluster or an existing node fails.

3. Launch main kernel. The first kernel launches on one of the subordinate
nodes (node B). Main kernel may have only one subordinate at a time, and
backup copy of the main kernel is sent along with the subordinate kernel T}
to master node A. T represents one sequential step of a programme. There
can be any number of sequential steps in a programme, and when node A

fails, the current step is restarted from the beginning.

4. Launch subordinate kernels. Kernels S;, Ss, S5 are launched on subordi-
nate cluster nodes. When node B, C or D fails, corresponding main kernel
restarts failed subordinates (77 restarts 57, master kernel restarts 7} ete.).

When node B fails, master kernel is recovered from backup copy.
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Figure 17: Working scheme of fail over algorithm.
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Evaluation results. Fail over algorithm was evaluated on physical cluster
(table 11) on the example of distributed AR model application, which is described
in detail in section 5.3. The application consists of a series of functions, each of
which is applied to the result of the previous one. Some of the functions are com-
puted in parallel, so the programme is written as a sequence of steps, some of
which are made internally parallel to get better performance. In the programme
only the most compute-intensive step (the surface generation) is executed in par-
allel across all cluster nodes, and other steps are executed in parallel across all
cores of the master node.

The application was rewritten for the distributed version of the framework
which required adding read/write methods to each kernel which is sent over the
network and slight modifications to handle failure of a node with the main kernel.
The kernel was marked so that the framework makes a replica and sends it to some
subordinate node along with its subordinate kernel. Other code changes involved
modifying some parts to match the new API. So, providing fault tolerance by
means of kernel hierarchy is mostly transparent to the programmer: it demands
explicit marking of the main kernel and adding code to read and write kernels to
the byte buffer.

In a series of experiments performance of the new version of the application

in the presence of different types of failures was benchmarked:
* no failures,
« failure of a slave node (a node where a copy of the main kernel is stored),
« failure of a master node (a node where the main kernel is run).

Only two directly connected cluster nodes were used for the benchmark. Node fail-
ure was simulated by sending SIGKILL signal to the daemon process on the cor-
responding node right after the copy of the main kernel is made. The application

immediately recognised node as offline, because the corresponding connection was
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closed; in real-world scenario, however, the failure is detected only after a config-
urable TCP user timeout [61]. The execution time of these runs were compared
to the run without node failures. Results are presented in fig. 19, and a diagram

of how kernels are distributed between two nodes is shown in fig. 18.

ﬁ\/[aster 10.0.0.ﬂ

Figure 18: Master and slave nodes and mapping of main kernel M, a copy of
main kernel M’, current step kernel NV and subordinate kernels S; 2 3
on them.

As expected, there is considerable difference in application performance for
different types of failures. In case of slave node failure the main kernel as well as
some subordinate kernels (that were distributed to the slave node) are lost, but
master node has a copy of the main kernel and uses it to continue the execution.
So, in case of slave node failure nothing is lost except performance potential of
the slave node. In case of master node failure, a copy of the main kernel as well
as the subordinate kernel, which carried the copy, are lost, but slave node has the
original main kernel and uses it to restart execution of the current sequential step,
i.e. send the subordinate kernel to one of the survived cluster nodes (in case of two
directly connected nodes, it sends the kernel to itself). So, application performance
is different, because the number of kernels that are lost as a result of a failure as
well as their roles are different.

Slave node failure needs some time to be discovered: it is detected only when

subordinate kernel carrying a copy of the main kernel finishes its execution and



240

tries to reach its parent. Instant detection requires forcible termination of the

subordinate kernel which may be inapplicable for programmes with complicated

logic.
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Figure 19: Performance of AR model in the presence of node failures.

To summarise, if failure occurs right after a copy if the main kernel is made,
only a small fraction of performance is lost no matter whether the main kernel or

its copy is lost.
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Discussion of test results. Since failure is simulated right after the first
subordinate kernel reaches its destination (a node where it is supposed to be ex-
ecuted), slave node failure results in a loss of a small fraction of performance;
in real-world scenario, where failure may occur in the middle of wavy surface
generation, performance loss due to backup node failure (a node where a copy of
the main kernel is located) would be higher. Similarly, in real-world scenario the
number of cluster nodes is larger, hence less amount of subordinate kernels is lost
due to master node failure, so performance penalty is lower. In the benchmark
the penalty is higher for the slave node failure, which is the result of absence of
parallelism in the beginning of AR model wavy surface generation: the first part
is computed sequentially, and other parts are computed only when the first one
is available. So, the loss of the first subordinate kernel delays execution of every
dependent kernel in the programme.

Fail over algorithm guarantees to handle one failure per sequential pro-
gramme step, more failures can be tolerated if they do not affect the master node.
The algorithm handles simultaneous failure of all subordinate nodes, however, if
both master and backup node fail, there is no chance for a programme to continue
the work. In this case the state of the current computation step is lost, and the
only way to restore it is to restart the application from the beginning (which is
currently not implemented in Bscheduler).

Kernels are means of abstraction that decouple distributed application from
physical hardware: it does not matter how many cluster nodes are currently avail-
able for a programme to run without interruption. Kernels eliminate the need to
allocate a physical live spare node to tolerate master node failures: in the frame-
work of kernel hierarchy any physical node (except master) can act as a live spare.
Finally, kernels allow to handle failures in a way that is transparent to a program-
mer, deriving the order of actions from the internal state of a kernel.

The experiments show that it is essential for a parallel programme to have

multiple sequential steps to make it resilient to cluster node failures, otherwise
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failure of backup node, in fact triggers recovery of the initial state of the pro-
gramme. Although, the probability of a master node failure is lower than the
probability of a failure of any of the slave nodes, it does not justify loosing all
the data when the long-running programme is near completion. In general, the
more sequential steps one has in a parallel programme the less time is lost in an
event of a backup node failure, and the more parallel parts each sequential step
has the less time is lost in case of a master or slave node failure. In other words,
the more nodes a programme uses the more resilient to their failures it becomes.

Although it is not shown in the experiments, Bscheduler does not only pro-
vide tolerance to cluster node failures, but allows for new nodes to automatically
join the cluster and receive their portion of kernels from the already running pro-
grammes. This is trivial process in the context of the framework as it does not
involve restarting failed kernels or copying their state, so it has not been studied
experimentally in this work.

Theoretically, hierarchy-based fault tolerance based can be implemented on
top of the message-passing library without loss of generality. Although it would
be complicated to reuse free nodes instead of failed ones in the framework of this
library, as the number of nodes is often fixed in such libraries, allocating reason-
ably large number of nodes for the programme would be enough to make it fault-
tolerant. At the same time, implementing hierarchy-based fault tolerance inside
message-passing library itself is not practical, because it would require saving the
state of a parallel programme which equals to the total amount of memory it oc-
cupies on each cluster node, which in turn would not make it more efficient than
checkpoints.

The weak point of the proposed method is the period of time starting from
a failure of master node up to the moment when the failure is detected, the main
kernel is restored and new subordinate kernel with the parent’s copy is received
by a slave node. If backup node fails within this time frame, execution state of a

programme is completely lost, and there is no way to recover it other than restart-
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ing the programme from the beginning. The duration of the dangerous period can
be minimised, but the probability of an abrupt programme termination can not bhe
fully eliminated. This result is consistent with the scrutiny of impossibility theory,
in the framework of which it is proved the impossibility of the distributed consen-
sus with one faulty process [74] and impossibility of reliable communication in

the presence of node failures [75].

5.2.4 Summary

Current state-of-the-art approach to developing and running parallel pro-
grammes on the cluster is the use of message passing library and job scheduler,
and despite the fact that this approach is highly efficient in terms of parallel com-
putation, it is not flexible enough to accommodate dynamic load balancing and
automatic fault-tolerance. Programmes written with message passing library typ-

ically assume

* equal load on each processor,
* non-interruptible and reliable execution of batch jobs, and

+ constant number of parallel processes throughout the execution which is

equal to the total number of processors.

The first assumption does not hold for sea wave simulation programme because
AR model requires dynamic load balancing between processors to generate each
part of the surface only when all dependent parts have already been generated.
The last assumption also does not hold, because for the sake of efficiency each
part is written to a file asynchronously by a separate thread. The remaining as-

sumption is not related to the programme itself, but to the job scheduler, and does
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not generally hold for very large computer clusters in which node failures occur
regularly, and job scheduler restores the failed job from the checkpoint greatly
increasing its running time. The idea of the proposed approach is to give parallel

programmes more flexibility:

« provide dynamic load balancing via pipelined execution of sequential, inter-

nally parallel programme steps,
+ restart only processes that were affected by node failure, and

* execute the programme on as many compute nodes as are available in the

cluster.

In this section advantages and disadvantages of this approach are discussed.

In comparison to portable batch systems (PBS) the proposed approach uses
lichtweight control flow objects instead of heavy-weight parallel jobs to distribute
the load on cluster nodes. First, this allows to have per-node kernel queues instead
of several cluster-wide job queues. The granularity of control flow objects is much
higher than of the batch jobs, and despite the fact that their execution time cannot
be reliably predicted (as is execution time of batch jobs [76]), objects from multiple
parallel programmes can be dynamically distributed between the same set of clus-
ter nodes, thus making the load more even. The disadvantage is that this requires
more RAM to execute many programmes on the same set of nodes, and execution
time of each programme may be greater because of the shared control flow object
queues. Second, the proposed approach uses dynamic distribution of master and
slave roles between cluster nodes instead of their static assignment to the par-
ticular physical nodes. This makes nodes interchangeable, which is required to
provide fault tolerance. Simultaneous execution of multiple parallel programmes
on the same set of nodes increases throughput of the cluster, but also decreases
their performance taken separately; dynamic role distribution is the base on which

resilience to failures builds.
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In comparison to MPI the proposed approach uses lightweight control flow
objects instead of heavy-weight processes to decompose the programme into indi-
vidual entities. First, this allows to determine the number of entities computed in
parallel based on the problem being solved, not the computer or cluster architec-
ture. A programmer is encouraged to create as many objects as needed, guided
by the algorithm or restrictions on the size of data structures from the problem
domain. In sea wave simulation programme the minimal size of each wavy surface
part depends on the number of coefficients along each dimension, and at the same
time the number of parts should be larger than the number of processors to make
the load on each processor more even. Considering these limits the optimal part
size is determined at runtime, and, in general, is not equal the number of paral-
lel processes. The disadvantage is that the more control flow objects there are
in the programme, the more shared data structures (e.g. coefficients) are copied
to the same node with subordinate objects; this problem is solved by introducing
another intermediate layer of objects, which in turn adds more complexity to the
programme. Second, hierarchy of control flow objects together with hierarchy of
nodes allows for automatic recomputation of failed objects on surviving nodes in
an event of hardware failure. It is possible because the state of the programme ex-
ecution is stored in objects and not in global variables like in MPI programmes. By
duplicating the state to a subordinate node, the system recomputes only objects
from affected processes instead of the whole programme. Transition from pro-
cesses to control flow objects increases performance of a parallel programme via
dynamic load balancing, but may inhibit its scalability for a large number of nodes
and large amount of shared structures due to duplication of these structures.

Decomposition of a parallel programme into individual entities is done in
Charm—+-+- framework [77] (with load balancing [78]) and in actor model [79,
80], but none of the approaches uses hierarchical relationship to restart entity
processing after a failure. Instead of using tree hierarchy of kernels, these ap-

proaches allow exchanging messages between any pair of entities. Such irregular
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message exchange pattern makes it impossible to decide which object is responsi-
ble for restarting a failed one, hence non-universal fault tolerance techniques are
used instead [81].

Three building blocks of the proposed approach — control flow objects,
pipelines and hierarchies — complement each other. Without control flow objects
carrying programme state it is impossible to recompute failed subordinate objects
and provide fault tolerance. Without node hierarchy it is impossible to distribute
the load between cluster nodes, because all nodes are equal without the hierarchy.
Without pipelines for each device it is impossible to execute control flow objects
asynchronously and implement dynamic load balancing. These three entities form
a closed system, in which programme logic is implemented in kernels or pipelines,
failure recovery logic — in kernel hierarchy, and data transfer logic — in cluster

node hierarchy.

5.3 MPP implementation

Distributed AR model algorithm. This algorithm, unlike its parallel coun-
terpart, employs copying of data to execute computation on different cluster nodes,
and since network throughput is much lower than memory bandwidth, the size of
data that is sent over the network have to be optimised to get better performance
than on SMP system. One way to accomplish this is to distribute wavy surface
parts between cluster nodes copying in the coefficients and all the boundary points,
and copying out generated wavy surface part. Autoregressive dependencies pre-
vent from creating all the parts at once and statically distributing them between
cluster nodes, so the parts are created dynamically on the first node, when points

on which they depend become available. So, distributed AR model algorithm is
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a master-slave algorithm [82] in which the master dynamically creates tasks for
each wavy surface part taking into account autoregressive dependencies between
points and sends them to slaves, whereas slaves compute each wavy surface part
and send them back to the master.

In MPP implementation each task is modelled by a kernel: there is a principal
kernel that creates subordinate kernels on demand, and subordinate kernels that
generate wavy surface parts. In act method of principal kernel a subordinate
kernel is created for the first part — a part that does not depend on any points.
When this kernel returns, the principal kernel in react method determines which
parts can be computed in turn, creates a subordinate kernel for each part and
sends them to the pipeline. In act method of subordinate kernel wavy surface
part is generated and then the kernel sends itself back to the principal. The react
method of subordinate kernel is empty.

Distributed AR algorithm implementation has several advantages over the

parallel one.

* Pipelines automatically distribute subordinate kernels between available clus-
ter nodes, and the main programme does not have to deal with these imple-

mentation details.

* There is no need to implement minimalistic job scheduler, which determines
execution order of jobs (kernels) taking into account autoregressive depen-

dencies: the order is fully defined in react method of the principal kernel.

« There is no need in separate version of the programme for SMP machine,
the implementation works transparently on any number of nodes, even if job

scheduler is not running.

Performance of distributed AR model implementation. Distributed AR
model implementation was benchmarked on the two nodes of “Ant” system (ta-

ble 11). To increase network throughput these nodes were directly connected to
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each other and maximum transmission unit (MTU) was set to 9200 bytes. Two
cases were considered: with one Bscheduler daemon process running on the local
node, and with two daemon processes running on each node. The performance of
the programme was compared to the performance of OpenMP version running on
single node.

Bscheduler outperforms OpenMP in both cases (fig. 20). In case of one node
the higher performance is explained by the fact that Bscheduler does not scan
the queue for wavy surface parts for which dependencies are ready (as in par-
allel version of the algorithm), but for each part updates a counter of completed
parts on which it depends. The same approach can be used in OpenMP version,
but was discovered only for newer Bscheduler version, as queue scanning can not
be performed efficiently in this framework. In case of two nodes the higher per-
formance is explained by greater total number of processor cores (16) and high
network throughput of the direct network link. So, Bscheduler implementation of
distributed AR model algorithm is faster on shared memory system due to more
efficient autoregressive dependencies handling and its performance on distributed
memory system scales to a larger number of cores due to small data transmission

overhead of direct network link.
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Figure 20: Performance comparison of Bscheduler and OpenMP programme ver-
sions for AR model.
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6 Conclusion

In the study of mathematical apparatus for sea wave simulations which goes

beyond linear wave theory the following main results were achieved.

« AR and MA models were applied to simulation of sea waves of arbitrary am-
plitudes. Integral characteristics of wavy surface were verified by comparing

to the ones of real sea surface.

* New method was applied to compute velocity potentials under generated
surface. The resulting field was verified by comparing it to the one given
by formulae from linear wave theory for small-amplitude waves. For large-
amplitude waves the new method gives a reasonably different field. The
method is computationally efficient because all the integrals in its formula
are written as Fourier transforms, for which there are high-performance

implementations.

* The model and the method were implemented for both shared and distributed
memory systems, and showed near linear scalability for different number of

cores in several benchmarks. AR model is more computationally efficient on

CPU than on GPU, and outperforms LH model.

One of the topic of future research is studying generation of waves of ar-
bitrary profiles on the basis of mixed ARMA process. Another direction is in-
tegration of the developed model and pressure calculation method into existing

application software packages.
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7 Summary

A problem of determining pressures under sea surface is solved explicitly
without assumptions of linear and small-amplitude wave theories. This solution
coupled with AR and MA models, that generate sea waves of arbitrary amplitudes,
can be used to determine the impact of wave oscillations on the dynamic marine
object in a sea way, and in case of large-amplitude waves gives more accurate ve-
locity potential field than analogous solutions obtained in the framework of linear
wave theory and theory of small-amplitude waves.

Numerical experiments show that wavy surface generation as well as pres-
sure computation are efficiently implemented for both shared and distributed mem-
ory systems, without computing on GPU. High performance in case of wavy sur-
face generation is provided by the use of specialised job scheduler and a library
for multi-dimensional arrays, and in case of velocity potential computation — by
the use of FF'T algorithms for computing integrals.

The developed mathematical apparatus and its numerical implementation
can become a base of virtual testbed for marine objects dynamics studies. The use

of new models in virtual testbed would allow to
+ conduct long-time simulations without the loss of efficiency,

* obtain more accurate pressure fields due to new velocity potential field com-

putation method, and

« make software complex more robust due to high convergence rate of the

models and by using fault-tolerant batch job scheduler.
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9 List of acronyms and symbols

MPP Massively Parallel Processing, computers with distributed memory.
SMP Symmetric Multi-Processing, computers with shared memory.
GPGPU General-purpose computing on graphics processing units.

ACF auto-covariate function.

FFT fast Fourier transform.

PRNG pseudo-random number generator.

BC boundary condition.

PDE partial differential equation.

NIT non-linear inertialess transform which allows to specify arbitrary distri-
bution law for wavy surface elevation without changing its original auto-

covariate function.
AR auto-regressive process.
ARMA auto-regressive moving-average process.
MA moving average process.

LH Longuet—Higgins model, formula of which is derived in the framework of

linear wave theory.

LAMP Large Amplitude Motion Programme, a programme that simulates ship

behaviour in ocean waves.

CLT central limit theorem.
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PM Pierson—Moskowitz ocean wave spectrum approximation.

YW Yule—Walker equations which are used to determine autoregressive model

coefficients for a given auto-covariate function.
LS least squares.
PDF probability density function.
CDF cumulative distribution function.
BSP Bulk Synchronous Parallel.

OpenCL Open Computing Language, parallel programming technology for hybrid

systems with GPUs or other co-processors.
OpenGL Open Graphics Library.

OpenMP Open Multi-Processing, parallel programming technology for multi-processo

systems.
MPI Message Passing Interface.

FMA Fused multiply-add.

DCMT Dynamic creation of Mersenne Twisters, an algorithm for creating pseudo-
random number generators that produce uncorrelated sequences when run

in parallel.
GSL GNU Scientific Library.
BLAS Basic Linear Algebra Sub-programmes.
LAPACK Linear Algebra Package.
DNS Dynamic name resolution.

HPC High-performance computing.
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GCS Gram—Charlier series.
SN Skew normal distribution.

PBS Portable batch system, a system for allocating and distributing cluster re-

sources for parallel programmes.

Transcendental functions non-algebraic mathematical functions (i.e. logarithmic,

trigonometric, exponential etc.).
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10 Appendix

10.1 Longuet—Higgins model formula derivation

In the framework of linear wave theory two-dimensional system of equa-

tions (1) is written as

¢xw + ¢zz — 07
(1) = —é@, at 2 = C(z, 1),

where % includes ¢;. The solution to the Laplace equation is sought in a form of

Fourier series [7]:

b, 1) = / e [A(k, 1) cos(kz) + B(k, ) sin(ka)] dk.
0
Plugging it in the boundary condition yields

C(z,t) = — [Ai(k,t) cos(kx) + By(k,t) sin(kz)] dk

Q| =

0\8 0\8

Ci(k,t) cos(kx + €(k,1)).

Q| =

Here € is white noise and C; includes dk. Substituting integral with infinite sum

yields two-dimensional form of (2).
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10.2 Derivative in the direction of the surface
normal

Directional derivative of ¢ in the direction of vector 7 is given by V,¢ =

—

V¢ - 7. Normal vector 7 to the surface z = C(x,y) at point (z¢,yo) is given by

Cx(x()a yO)

Cy(ﬂfoa yo)
—1

S
Il

Hence, derivative in the direction of the surface normal is given by

Ca Gy —1

+6. ,
G+l T argar g

where ( derivatives are calculated at (g, o).

Vn¢:¢x +¢
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