OT14éT Mo npakTU4ecKou 3ajaue Ne2 ( HessiBHasi cxeMa ).
B pamkax kypca «IlapaJuiejibHbIe METOABI PEIICHUS 32124,

Buinonnun: Bonkos H. U. , akademuueckas epynna 523/1

1. IlocTanoBKa 3a1a4m.

HpOI/ISBO,Z[I/ITCH YUCJIICHHOC PCIICHHUC ABYMCPHOT'O HCCTALIMOHAPHOIO0 HCOAHOPOIAHOTO
ypaBHEHHS TEIJIONMPOBOAHOCTH B MPSMOYTOJILHOM 00JIacTH ( B HEKOTOPOM Marepuare ).
Takol IepeHoC Teria OIMUCHIBACTCS YPABHEHUEM CIIEAYIOLIErO BUIA
pxc*(dT1d )= *(d°T1d x’+d’Tld y*)+0
rne T — Temmeparypa, 3aBUCUT OT X, Yy, t; Q — QyHKUUS, XapakTepusyromas
JIOTIOJIHUTEJIbHBIE UCTOYHUKH TETUIOBBIJICTICHUS, 3aBUCUT B 00IlleM cllydae oT X, V, t, T.
X, Y — nexapToBbl KOOpJAUHATHI, t — BpeMs. p, C, A — MapaMeTphl, XapaKTepU3yIolue
«Marepuai» 00JIacTH, B KOTOPOIM paccMaTpuBaeTCsl ypaBHEHHE TeIIonpoBoaHoCTH. [1pu
PCHICHUHN 3az[aéTc;1 pasMEp CCTKU M KOJIMYCCTBO IIAroB II0 BPCMCHH. HpI/I 9TOM CaM
pa3Mep 1o 0CTa€TC HEU3MEHHBIM.

2. Onucanve MeToda PpelIeHMs] M CHmocoda AeKOMIO3HIUHA
ods1acTm.

JIIsl 9UCJICHHOTO PEIICHHWS YpaBHEHHUS OOJacTh pPaBHOMEPHO pa3OMBAETCS MEXITy
nporeccamMu ( ceTka Toa0upaeTcss TakuM o00pa3oM, 4YTOOBI OOECIEYUTh TOUYHOE
pazOuenue ). KaxxgoMy mporieccy B UTOre COOTBETCTBYET HEKOTOPBIM MPSIMOYTOJIBHHUK
U3 3a/IaHHON 00JacTH, ONMpenessieMblil MO0 KOOpAMHATaM Ipoiecca B AByMepHoit MPI
pemeTke. ITO JOMYCTUMO, MOCKOJIbKY BBIYMCIUTEIbHAS CIOXHOCTh KaXKION SYCUKHU
CEeTKH YCJIOBHO OJMHAKOBAa ( B TOM CMBICJE, YTO KaXKJas SYEHKa CETKH TOIJICKUT
pacuéTy Mo OTHOMY U TOMY K€ aJITOPUTMY ).

B mnponecce pemieHus 3aJadd HCMONb3yeMble y37bl QopMuUpYrOT IBymMepHyro MPI
pemeTky. Pacduér HOBBIX 3Ha4YeHHMH TeMImeparypbl Ha KaXJOM IIare Mo BPEMEHHU
NpOM3BOANUTCA B JBa dTanma. Ha mepBoM »dTame KaXAblii MpoIecc MOCTPOYHO
paccMarpuBaeT CBOIO pacUYETHYIO 00J1acTh. TeryIoBOM MOTOK B HAMpaBICHUH OCU Y
npescTaBiseTcsl B HesBHOM ¢opMe ( B MOMEHT BpemeHu t(i + 1) ), TemioBoil mMOoToK B
HanpasjieHun ocu X urHopupyercs. Ha Bropom nomymiare Bc€ MpoHCXOAUT HA0OOPOT.
[Tpu 5TOM (QyHKIMS JOTIOIHUTENBHBIX HCTOYHHUKOB TEIJIa B 00OUX MoJylIarax oepercs
JUIsi MOMEHTa BpemeHH t(1 + %), 4To 3amokeHo B Koi nporpammbl. Takum o0Opazom,
MOJTy4aeTCsl IB€ Pa3HOCTHBIE CXEMbI BU/IA.



D~V JAt2=vA ©, +0 Q,—, /AtI2=vA_Q, +0
B niepBoii u3 HUX HESIBHOM YaCThIO SIBIIAETCS T, YTO COOTBETCTBYET D, BO BTOpOM — Ta,
YTO COOTBETCTBYET (2.

3. Onucanue MOA€/IM MOBCACHUS MaTEpHuaJIia 1 TOYHOI'0 PCIICHUSA.

Jlns npoBeneHus TECTOB M Bepu(UKaMM B KAa4eCTBE HAYAIbHOIO 3HAYCHUS
TeMrieparypsl Oepercs ¢yHkius sinx + siny. [Ipu 3ToM pasmep paccmarpuBaeMoit
obnactu Oepercst kpatHbIM 2*m. Torga Ha rpaHunax o6JacTu HadajgbHas TeMIlEparypa
paBHa, COOTBETCTBEHHO SINX WM siny. JlONMOJHHUTENbHbIE MCTOYHHUKM —TeIlUia
(YHKIIMOHUPYIOT OJJMHAKOBO BO BCcel oOmacTu 1o 3akoHy f=p * cos(t/ q ), To ecTb
KaXKJasi TO4YKa OO0JIaCTH MOINEPEMEHHO HArpeBaeTCs M OXJAXAAETCs B ONpPENEICHHOU
creneHd. B mporpammy MOXHO BCTpOMTh M HHbIE mNapameTpsl. Hampumep, eciu
noctaHoBuTh f = 0 B M000KW MOMEHT BpEMEHHM B JIFOOOW TOuke oOnacTu, TO Oyaer
U3BECTHO TOYHOE peIIEHHE e 'ksin(x)+e 'sin(y) , HPU YCIOBHM, YTO TpPaHUYHBIC
YCIIOBUS BbIpaxaroTcsd QYHKIMAMU e ‘ksinx U e 'siny B KaXJblii MOMEHT BPEMEHHU.
OT0 CBOMCTBO OyJe€T NPUMEHEHO B JajdbHEHIIEM Il BEpU(UKALIMN TPOTPAMMBI.

4. OnucaHue UCIOJIb3yeMOH BbIYUCIUTEIbHON CHCTEMBbI.

Pacuétsl mpoBoaminch Ha BerauciutensHol cucteme IBM Blue Gene/P, ycranosnennoit
B CyIIEpKOMIBIOTEpPHOM KomIuiekce MI'Y. OCHOBHBIE €€ CBOMCTBA CIEAYIOLIHE:

1) 2048 BBIUUCIUTENBHBIX Y3JI0B.

2) 2048 npoueccopos ( 1 mpoiieccop Ha y3ein ).

3) 8192 snpa ( 4 ssapa Ha mporeccop ).

4) MHTEpPKOHHEKT JJis Olepaluuid TOYKa-TOUKA — HMMEET TOMOJIOTHIO
TPEXMEPHOTO TOPa, MPOIYCKHAasi CHOCOOHOCTh OJHOTO coeArnHeHus — 450
MB/s. JlarentHOCTb - 0.1pc s makera B 32 Gaiita, 0.8c 115 makera B 256
OaliTa, 1O OJMIKAMIIIETO cocea.

5) UHTEPKOHHEKT I TIJI00aJbHBIX ONEpanuii — M0 3 COCIUHEHUS] MEXIY
KaxaeiM y3moM u /O xaproit ( 1 xkapra Ha 128 y31m0B ); mpoITyCKHAs
crocoOHOCTh ofHoro coenuHeHus — 850 MB/s. JlarentHocts -  3.0uC
(momHbIM 00X07 ).

bonee mnonpoOHBIE XapaKTEpPUCTHUKU HSTOH CHUCTEMbl MOXHO HaWTU 10 aJpecy
http://hpc.cmc.msu.ru/bgp . Jlnsa pacu€ToB ucnoyib3oBaaock 256 y3imoB, T. €. 1024 sapa, a
takxke 64 y3na ( 256 sanep ). Ilockonbky HeoOXomauMo cpaBHUBATH 3(PGEKTUBHOCTH
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napauieIbHOM TporpaMMmbl ¢ 3(PQPEKTHBHOCTBIO TOCIIEIOBATECILHON, MPHIILIOCH
WCIIOJIb30BaTh CETKH HeOombImmx pasmepon: 1024 * 1024, 2048 * 2048, 4096 * 4096
UTII, 9TOOBI TTOCIIEIOBATEILHON MTPOTrpaMMeE XBAaTHJIO TMTAMSITH Ha Y3JI€ JIsl OTIePUPOBAHMUS
BCEH pacu€THOM CETKOM, a Takke, YTOObI XBAaTWJIO JUMUTA BPEMEHU ISl BO3MOXKHBIX
TECTOB C OOJIBIIIMM YHUCJIOM I1aroB MO BPEMEHHU.

5. Bepupukauuss  nporpamMmbl, CXOAMMOCTb, IPOBEPKA
KOPPEKTHOCTH BHIYUCJICHUI.

Kak yxe ObUIO cka3zaHO, yCTaHOBKa (DyHKIMM T€HEpalH Terla B TECTOBBIA PEXKHUM
NPUHIUOUAIBHO HE BIUSAET HA BBIUMCICHUA ( U3MEHSIIOTCA TOJBKO 3HAYEHHUS
KOHKPETHOrO 4uciaoBoro kodg¢uuuenta F ). IIpoBepka KOPPEKTHOCTH BBIUYMCIECHUMN
npou3BoanuTca B 2 drana. CHayana IMOKa3bIBAETCSl KOPPEKTHOCTH IOCIIEN0BATEIbHON
BEPCUM QJIrOpUTMa. 3areéM IIOKa3blBA€TCSd COOTBETCTBUE  PE3yJbTaTOB  pabOThI
[IOCJIEOBATEIBHON W IapaJuleJIbHOM  Bepcud  ainroputMa. Ilpumedanue: s
BEepU(PUKALMM HCIIOJIB30BAIUCH O0JIACTH MAJoOro pasmepa, HHade Obl aosro padorai
Bepu@UKaTop ( 3TO MpPOCTasi yTUINTA, HE NIpeITHa3HauE€HHAasl JUIsl 3aIlyCKa Ha KJIaCTEPHON
BBIUMCIIUTEIBHON CUCTEME ).

® ® ® ® ® ® o o
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® ® ® @ ® o o o
Puc 1: Ilepswiu 6apuanm pacuéma Puc 2: Bmopoii sapuanm pacuéma

[IpumensieTca nBa BapuaHTa pacuy€THOM ceTKd. X cyTh u3noxeHa Ha Puc. 1 u Puc. 2
BbIlIe. JIEBbIN U MpaBbIil CTOJIOLBI, BEPXHSIS U HYDKHSISL CTPOKUA COOTBETCTBYIOT FPAHMIIE
ucciueayemMor obnactu. 3eleHBbI  MPSIMOYTOJIBHUK — O0JIacTh, [JIi  KOTOPOM
MPOU3BOJUTCA HEMOCPEACTBEHHBIM pacuéT ( Ha H300paKeHUAX MapaMeTp pasMmepa
pacu€THOM CETKM B MEpPBOM ciyyae paBeH 4, Bo BTopoM — 2 ). Bce ocranbHble



MPSIMOYTOJIBHUKK 0003HA4YarOT OO0JIACTH, 3HAUEHUS B KOTOPHIX PACCMATPHUBAIOTCA Kak
rpaHu4Hble ycaoBUs. [I0THOCThIO KOPPEKTHOM SIBISETCS MEpBas cXeMa, OJHAKO BTOpas
o0nagaeT WHTEPECHBIMU CBOMCTBAMHU MOTPEIIHOCTU. JlJIss MPOBEPKH KOPPEKTHOCTHU
JIOCTATOYHO B3SITh 3HAYEHHUS B KOHKPETHBIX TOYKAX C KOHKPETHOTO Illara ro BPEMEHU U
CPaBHUTh UX CO 3HAUCHHEM TOYHOT'O PEIICHUs MPpHU TeX ke napamerpax. KoaphuimeHTs
P, C, A, CMBIC]I KOTOPBIX 3aKJIfoUaeTcs B (PU3NUECKUX XapaKTEPUCTHUKAX Marepuasa, B
KOTOPOM pacCMaTpHUBAETCs TEIUIONPOBOAHOCTh, TPUPABHUBAIOTCS K €IMHULIE AJis Oonee
npoctoi Bepudukanuu. Ha Puc. 3 n3o00paxeHo OTKIOHEHHWE OT TOYHOTO pEelIeHUs] Ha
100-om mare mo Bpemenu ( mapamerp t = 0.01, To ecThb paccMarpuBaeTCs MOMEHT
Bpemenu 1.0 ) coracHo pesynbraraMm padoThl BepudUKaTopa Ha ceTkax pasmepa 128,
256, 384, 512, 640, 768, 1024, nus nepBoro M BTOPOTO BapuUaHTa PacyETOB.
[TorpemHOCTh BBIYUCISIETCA KaK CpeJHEE OTKIOHEHHWE BBIUYMCICHHOTO PELIEHUSI OT
UCTUHHOTO 3HAU€HUs B JIAHHOW TOYKE. Omu 3HAYeHUs makKxice COo8naoarom ¢
MOYHOCMBIO 00 MAWUHHO20 HYIS Ol NOCAe008AMENbHOU U NAPANLIeNbHOU 8epCull
aneopumma. Ilosmomy coomeemcmeyrowuil epagux unmepeca He npeocmasiiem u He
npusooumcs. VIHTEpecHbI BBIBOJA 3aKIIOYAETCS B TOM, YTO XOTSA MOTPEUIHOCTH |
BapMaHTa YMEHBILAETCS CO CTYLIEHHWEM CETKH M yxke Ha cerke 2048 * 2048 nomxHa
OBITh, TIO KpaliHEW Mepe, COMOCTaBUMa C MOTPENTHOCTHhI0 BTOPOTo BapuaHTa ( KOoTopas
MOYTH HE 3aBUCUT OT pa3Mepa CETKM ), BTOPOWM BapHaHT OOECIEUMBAET XOPOUIYIO

OTKnoHeH
ve -

0.1 BapuaHT

1

—— OTKIIOHEH
ve -
BapuaHT
2

0.01

OTKNOHEHME OT TOYHOIO peweHunsa

i o i i i A

0 200 400 600 800 1000 1200

Pasmep ceTkun

Puc 3: Omxnonenue om mounoco pewenus 6 sagucumocmu om pazmepa cemku Ha 100-om wacze.
Llxana noecapugpmuueckas.



TOYHOCTh HA CETKAX MAJIOro pasMepa. B manpHenmmx pacuérax, OQHAKO, UCIOIb3YETCS
IIEPBBIN BapUAHT.

6. I'padpuxu BpeMeHH peuieHus, 3¢ PeKTUBHOCTH
pacnapaJjuieJIMBaHUsA UTIL.

K coxanenuto, mocienoBarenbHoe pemierne Ha Blue Gene / P mpu OGomee-menee
3HAYUTEIBHBIX pa3Mepax CETOK BBIMOJHSETCS MAOIT0, BIUIOTH JO BBIXOAA 33 JUMUT
BpeMeHHu. [losToMy mocienoBaTenbHbIA aJrOPUTM 3aIllyCKAeTCs Uil MaJIoro 4uciia
[IaroB MO BPEMEHU, a MapajuieNIbHbIA aJirOpuTM — JJIsi OOJIBIIETO YHUCJa I1aroB IO
BpeMeHHU. B kauecTBe OCHOBHOM Mephl BPEMEHHU BBINOJHEHUS, dY()PEKTUBHOCTU WTIL.
MpOorpaMMbl HUCIIOJIB3YETCSI CPEIHEE BpeMs BBIMOJHEHUSI OJHOIO Iara, IMmojiydaeMoe
MPOCTHIM apU(PMETHUECKUM JICJICHUEM O0IIET0 BPEMEHHU BBIMOJIHEHUS HA KOJTUYECTBO

maroB. DTOT MapaMeTp paccMaTpUBaeTCs JJIsl KBaJpaTHBIX CETOK cO cTopoHou 1024,
2048, 3072, 4096, 5120, 6144, 7168, 8192. Bo Bcex ciyuasx paccMaTpuBaeTcsi 001acTh
ofHOTrO pasmepa ( 2 * m ), TO €CTh AJIA BCE CETOK IIar 1Mo X OJMHAKOB C IIaroMm 1o y u
paBen ( 2 * w ) / ( data size — 1 ). [llar mo Bpemenu Bo Bcex ciydasx paBen 0.01. B
KaXJIOM ciiyyae Ha Puc. 4 mpuBeaeHO cpelHee BpeMs BBINOJHEHHsS] OJHOTO Iuara s
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% 50 —&— Bpewms paboTtbl
2 Ha 64 y3nax
=
S 40 (64 sgpa)
3
m
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g Ha 256 yanax (
20 256 apep )
10
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Pa3mep ceTku ( B syerikax)

Puc 4: Bpems pabomur ancopumma 6e3 openmp ua 1 y3ne, na 64 yznax, na 256 yznax
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Puc 5: Vcrkopenue ancopumma 6e3 openmp na 64 ysnax, na 256 ysnax no cpasnenuto ¢ 1 ynom
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Puc 6: Dgpgpexmusnocmo ancopumma 6e3 openmp na 64 u 256 yznax
MOCJIEIOBATENIBHOTO aIropuT™Ma Ha | y3iie, mapajieTbHOro ajiroput™Ma Ha 64 ysnax,
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napasuiesibHoro anroputma Ha 256 y3nax. Ha Puc. 5 nokazano yckopenue Ha 64 y3nax u
Ha 256 y3/1ax Mo CpaBHEHUIO C MOCIEA0BATEIbHBIM AITOpUTMOM. Kputepuii cpaBHeHUS
HE MEHSETCsI, UCITOJIb30BAaHHBIE pa3MeEPhl CETKM Takke He MeHstoTcs. Ha Puc. 6 ykazana
3 (HEKTUBHOCTh aJITOpPUTMA COMIACHO ompeneneHuto 3(@exkTuBHOCTH ( YCKOpEeHHEe /
YHUCJIO HUCIOJIb3YEMbIX Y3JI0B ). HyXHO NOMHUTHP O TOM, YTO paccMaTpHBAEMbIii
QITOPUTM BKJIIOYAEeT B ceOs MapauieNbHyl0 OJIOUHYIO MPOTOHKY, 3()PEeKTUBHOCTH
KOTOPOI HE MOeT npeBbiarh 50%.

12
10 —*— 64 y3nac
openmp ( 256
— anep )
s 8
= 256 ya3ros c
£ openmp ( 1024
% 6 snpa )
% —&— 64 y3noB 6e3
% 4 openmp
) —— 256 yaroe 6e3
2 openmp
0
0 5000 10000 15000 20000 25000

Pa3mep ceTku ( B ssuerikax )

Puc 7: Cpasnenue spemenu pabomol npoepammsl ¢ UCNONb308AHUEM OPEenmp u O6e3 He20

[lapamnmenpHBIA aNTOPUTM BKJIIOYAaeT B ceOsd wucmoib3oBaHue openmp. Openmp
WCIIOJIb3YETCS CIEAYIOMUM o0pazom: DyHKIMS BHITIOTHEHUS IIara Mo BPEMEHU HMEET
cienyronyro crpyktypy (outer cycle 1 (inner 1 1) (inner 1 2) (INTERACT)
(inner 1 3) )(outer cycle 1 (inner 1 1) (inner 1 2) (INTERACT) (inner 1 3)). 3aech
KOKJIbIM U3 BHEIIHUX IMKIOB obOecreunBaeT 0O0pabOTKy Bceil o0nacTu, 3a KOTOPYIO
oTBeuaeT mporecc. MX aBa, MOCKOJABKY KaXIblil IIar Mo BPEMEHU Npeanosaract
BBITIOJIHEHUE JIByX TOJNyIIaroB. Bo BHEMIHMX IIMKIAX MCIOJIb30BaHUE openmp
npoOjaeMaTHyHO, TIOCKOJIbKY WX BHYTPEHHSISI CTPYKTypa BKIOUaeT B  ceOs
B3auMojieiicTBie y3sioB. [lepBblii BHYTpEeHHUN LUK OOECIeurBacT MEpPBOHAYATBHBIN
pacuér xkoddduimentoB u nocrpoenue CIIAY. B HEM MOXXHO CBOOOJHO HCIOIB30BaTh
openmp. BTOpoil BHYTpEHHMH LMKJI BBINOJHSET MPSIMOM XOJ METOAAa IIPOTOHKU B
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Puc 8: Vcxkopenue ancopumma c openmp na 64, 256 ysnax 6 cpasuenuu ¢ 1 y3nom
nokanpHOU obOmactu. 3meck HEJIB3S wucnonws3oBath openmp ( Hampumep, IS
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Puc 9: dppexmusnocmo ancopumma c openmp una 64, 256 yznax



OpraHU3alliyd BCTPEUYHON MTPOTOHKH ), TOCKOJIBKY MbI MOKEM BBIIOJIHUTH TOJIBKO

npsimort xof. I'pynna gynkuuit INTERACT oTBeuaeT 3a B3auMOIEHCTBUE MPOIIECCOB
( mepechUIKy HMKHHUX CTPOK Marpulbl. 3[1€Chb TAKK€ HEJb3sl HCIONb30BaThb openmp.
OpHako openmp HY»KHO M MOKHO MCHOJIB30BaTh Il OPraHU3AllMU METOAA BCTPEYHOMU
IIPOTOHKH B «IJIaBHOM» IMPOIECCE KaXKIOT0 CTOJIO0Ia HAa IEPBOM 3TAIe U KaXA0W CTPOKU
Ha BTOPOM 3Tarie, KOrja NpoOUCXOAUT pelieHue tpexanaronanbHoi CIIAY st marpuibl
U3 MOCJIETHUX CTPOK; YTO U JIEJIaeTCsl.

Hakonen, TpeTuid BHYTPEHHHMH LMK TpEACTaBIsSeT coOol MOau(pUIIMPOBAHHBIN
oOpaTHbBIN XOJT METO/Ia TPOTOHKH M TAKKE MOXET BBIMOIHITHCS JIMIIb MOCIIEI0BATENbHO.
Ha Puc. 7 nmpuBesieHO COOTHOIIIEHHE BPEMEHHU Pa0OTHI MPOTPaAMMBI C HUCIIOJIH30BAHUEM
openmp ( Bepcusi, UCIOJIb30BAHHASI BO BCEX OCTAJIbHBIX T€CTaxX ) U MPOTPaMMBbl, OTKYyAa
WCIIOJIb30BaHWE openmp ObUIO yaaneHo. JIJis mocienoBaTenbHOM BEPCHM alTrOpUTMa
JAHHBIC HE NIPUBONATCSH, T. K. IOCJIENOBATEIBHAS BEPCHs AITOPUTMA HE MCIHOJIB3YET
openmp 1o onpenenenuto. Ha Puc. 8 u Puc. 9, oqnako, npuBoasarcs rpapuku yCKOpEHHUS
anroputma 0e3 openmp Ha 64, 256 y371ax MO CPaBHEHUIO C TMOCJEI0BATEIbLHBIM
BapuantoM ( Jlns cerok OONbIIMX pa3MepoB, KOTOpble HE OBUIM PACCUUTAHBI
MIOCJIEAOBATENIbHBIM ~ AJTOPUTMOB, HCIIOJIB3YETCS JIMHEMHAs MHTEPHOJALMS s
YCTaHOBJICHHUSI BO3MO)KHOTO BPEMEHMW BBIYMCIICHUS NOCJENO0BATEIbHBIM aJrOPUTMOB.
CeTku Takoro pasMmepa B YMEUIAIOTCA B OIEpPaTHUBHYIO MaMsATh ) a Takke uX
3¢ HEKTUBHOCTH OMHOCUMENLHO NUKOBOU NPOU3BOOUMETIbHOCHU CUCTIEMbL.

7. AHAJIU3 Pe3yJIbTATOB U 3aKJIIYEHHUE.

Heobxomumo BKpariie ommcarth CBOWCTBA PEATM30BAHHOTO alTOpPUTMa. BO-TIEPBBIX,
yacTh ¢ nocrpoeHueM CJIIAY MOXET BBINOJHATHCA OAHOBPEMEHHO M MapajuieibHO Ha
BCEX y3JIaX B MPOIIECCE BBIMOJTHCHUS KaXKJIOTO I1ara 1Mo BpeMEeHH. BO-BTOPBIX, KayKIIbIi
y3el TIpH pacyeTe OYEPEIHOTo Imara I0 BPEMEHH IPOW3BOAMUT IEpPechUIKy 2 *
(local length + local width) maHHBIX W TpUHUMAET CTONBKO ke Mocpeactsom MPI.
Mex1y HE3aBUCUMBIMU Y3JIaMH TIEPECHUIKA TaKKE MOTYT BBINOJHITHCS MapaieIbHoO.
Hakowneri, ucronp30BaH MOAU(PUIIMPOBAHHBINA BApUAHT ajaropuTMa O0J10YHOM MPOTOHKH, B
KOTOPOM Ha OOpaTHOM TMPOXOJE 3aHYJSIOTCS HaJJIUAarOHAJIbHBIE AJIEMEHTBI CTPOK
COOCTBEHHOM TOJIOCHI MATPHIIbl, HAYMHAS C HpeonocieoHeli + TOCIETHEH CTPOKHU C
OpEenbIAyIIeH TOJMIOChl.  YCKOPEHHE 9JTOTO  aJIroOpuTMa COCTaBISE€T TMPUMEPHO

pnl(2n+p*) , TIE P — YUCIIO OJIOKOB, N — YUCIIO CTPOK Marpuilsl. st cucreM ¢ o0LIei
MaMATBIO N >> P, TO €CTh YCKOPEHUE JOHKHO OBITh Onm3kuM K p / 2. M3 3TOrO0 MOXXKHO
C/eNiaTh BBIBOA O JOCTATOYHO BBICOKOW 3(PPEKTUBHOCTH MPEICTABICHHON peanu3aun
aNropuT™Ma, T. K. Ha MPU JOCTATOYHO OONBIIOM pa3Mepe CEeTKH Ha p Tpoleccax OH
yCKOpsIeTCS TIPUOJU3HUTEILHO B P / 2 pa3 MO CPaBHEHUIO C TIOCIEIOBATCIbLHBIM
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BapraHTOM. PaKTHUECKOE 3HAYCHUE YCKOPEHHE 110 BCEMY aJITOPUTMY IIPEBOCXOIUT p / 2
[0 HECKOJIbKMM MNpUYhHAM. Bo-mepBbIX, OAWH IIAar MO BPEMEHHU BKIIIOYAET HE TOJIBKO
aJITOPUTM OJIOUHOM MPOTOHKH, U HEKOTOpbIE U3 omepainuii ( Hanmpumep, GopMUpOBaHUE
CJIAY ) yckopsitoTcsi UMEHHO B P pa3. Bo-BTopsix, mumanupoBuiuk 3anad Blue Gene / P
HE TO3BOJISIET 3aIyCKaTh HA MOEM aKKAyHTE 33/Ja4d MeHee uem Ha 16 y3noB. Otcrona
MOTYT IIPOUCXOIUTh HEKOTOPBIE HAKIIAIHbIE PACXO/Ibl B IOCJIEIOBATEIbHOM aJIrOPUTME.
Ecnu roBoputh 60s1€e KOHKPETHO, TO Ha 0Opa0OTKY OJHOTO CTOJO0Ia HA OJHOM IIare Mo
BpeMeHu yxomuT ~N omnepauuid Ha ¢dopmupoBanue CIIAY u ~3 * N onepauuii Ha
pemienue stor CJIAY meromom mporonku. Mcmnosnb3ys P mpoiieccopoB, Mbl MOJIyYHUM
~N/P + 6 * N / P oneparuii, KoTOpble HCOOXOUMO BBITOJIHUTD MOCIEA0BATEIHHO. DTO
o3Hadaer 7 * N / P omepammii mo cpaBHeHuro ¢ 4 * N naus mocneaoBareIbHOTO
anroput™Ma. To eCTh yCKOpEHHUE MOCIEN0BATENBLHOIO aIropuT™Ma Ha 64 y31ax coCTaBUIIO
Obl  36.57142... . PeanbHO€ YCKOpEHHE HECKOJbKO OOJbllle, T. K. OIEpaluu
dopmupoBanusi CJIAY uMeroT OONBIIYI0 BBIYUCIUTEIBHYIO CIOKHOCTh, OCOOCHHO B
CPaBHEHUHU C BBIYHMCICHUEM 3HAYEHUN HEU3BECTHBIX Ha IIOCIEIAHEM 3Tale METO/Aa
pOoroHku. Eme OIHMM HMCTOYHUKOM YCKOpeHus sBisitoress N A 2 omepamui 1o
OINPEAEIICHUIO TPAHUYHBIX YCIOBMM B Hayajie Ka)XJOro Liara ro BPEMEHHU, KOTOphIE
TaKXKE pacnapajuIeIMBAIOTCA HAa P MIPOLECCOPOB.

Takke HYXHO OTMETHTh, 4YTO HCIIOJIb30BAHHE oOpenmp HE Jaj0 CyIIECTBEHHOTO
IPHUPOCTA MPOU3BOTUTEIEHOCTH. DTO BBI3BAHO B MEPBYIO OYEPEIb OTPAHUYCHHOCTHIO
UCIIOJIb30BAHMS Openmp TOJIBKO ISl cocTaBieHus nepBoHadanbHbix CJIAY u pemienus
CJIAY nns «rmoOanbHOI» MaTpHIlbl, pa3Mepbl KoTopoil HeBenuku. B cayuae ¢ BG/P
HAWTYY UM crnocodom BUUTCS UCIO0JIL30BATH pexKuM -VN (
http://hpc.cmc.msu.ru/bgp/jobs/modes ), KOTOPbIii MO3BOJIAET KAXKIOMY SIAPY HA y3J1€
(pyHknuoHUpoBaTh Kak mnoJHoueHHbldi MPI  mpomece. 3Jt10  cpeacTBo
NMO/IeP:KMBAETCH HA aNMapaTHOM YPOBHe, Kpome Toro, B pamkax MPI mpouecc
BBINOJTHEHHUS 11ara Mo BPpeMeHH pacnapajijie/iiBaeTcs MNOJHOCTHIO, B TO BpeMsl KaK
B openmp 00J1acTh NapaJljieIbHOT0 BBINOJHEHHS BeCbMa OrpaHUYeHa.

8. lonosiHUTEILHBbIE MATEPHUAJIbI.

Bepudukatop — mnpocras KOHCONIbHAs NIporpamma, KOTOpas CBEpsieT pe3ysbTaThl
paboThl OO MOCTIEAOBATEIHHOTO U MAPAICTLHOTO aJTOPUTMOB, JINOO CBEPSET paboTy
MOCJIEIOBATENIBHOIO ajuropurMa ¢ (aiaoM, coaepamuM (UHATBHOE CTaOUIbHOE
COCTOSIHHE 00J71aCTH, K KOTOPOMY CTPEMHUTCS TOYHOE PEIICHUE.

// Basic inclusions.
#tinclude <cstdlib>
#tinclude <cstdio»>

10


http://hpc.cmc.msu.ru/bgp/jobs/modes

#include <fstream>
#include <iostream>

// No MPI and project inclusions here.

// Using directives.
using namespace std;

// This function reads data from a file
void read_file(double* matrix, const int size, const char* file_name) {

}

// Filestream...
ifstream read_file;
read file.open(file name, ios::in);

// Read data.
for (int i = @; i < size; ++i) {
read_file >> matrix[i];

}

read_file.close();

// This function calculates the average mistake. It should be close to zero for correct
solutions.

// Performance doesn't matter at all here, since we run test examples.

double calc_corr(double* left_mtrx, double* right_mtrx, int length, int width, int p_size,
const int mode) {

// Result and operational elements.
double result = 0;

double left_element = O;

double right_element = O;

// Number of blocks in matrix and global addresses.
int side_size = (int)round(sqrt(p_size));

int para_adress = 0;

int test_adress = 0;

// Local addresses.
int 1 _para_adress = 0;
int 1_test_adress = 0;

if (mode == 1) { // Verify parallel.
// Operate each block separately.
std::cout << "side:" << side_size << "\n";
for (int i = @; 1 < side_size; ++i) { // X axis
for (int j = @; j < side_size; ++j) { // Y axis
// Set rank and global address.
para_adress = (i * side_size + j) * (length /

side_size) * (width / side_size);

test_adress = i * side_size * (length / side size) *

(width / side_size) + j * (width / side_size);

// Inner cycle - work with elements.
for (int p = @; p < (length / side_size); ++p) { // X
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axis in outer cycle.
for (int q = @; q < (width / side_size); ++q)
// Y axis in inner cycle.
1 para_adress = para_adress + p *
(width / side_size) + q;

1 test_adress = test_adress + p *
width + q;
result +=

pow(abs(left_mtrx[1_test_adress] - right_mtrx[1l_para_adress]), 2);
}

}

}
else { // Verify sequental.

for (int i = @; i <= length * width; ++i) {
result += pow(abs(left_mtrx[i] - right_mtrx[i]), 2);
}

}
return sqrt(result / (length * width));

// Main function :)
// This program is very simple. It takes two files as arguments.
// Also number of processors used for parallel calculation and
// global field size should be passed as parameters. Then the program
// calculates difference in sequental and parallel solutions.
// It is NOT supposed to run on a supercomputer... it's just a check.
void main(int argc, char* argv[]) {
// Field size etc parameters...
int p_size = atoi(argv[1]);
int global_length = atoi(argv[2]);
int global_width = atoi(argv([3]);

// Memory for matrices.
double* seq_matrix = new double[global_ length * global width];
double* par_matrix = new double[global_length * global width];

// Here we read data.
read_file(seq_matrix, global_length * global_width, argv[4]);
read_file(par_matrix, global length * global width, argv[5]);

// Here we set mode.
int mode = atoi(argv([6]);

// Now calculate the average mistake.
std::cout << calc_corr(seq_matrix, par_matrix, global length, global width,
p_size, mode);

// Free memory.
delete seq_matrix;
delete par_matrix;
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9. Ilpunoxkenue 1. IlociaenoBaresbHas Bepcusi NPoOrpaMmabl.

W nocnenoBarenbHasi, U nmapajijiejbHas BEpCUs IPOrpaMMbl COCTOAT U3 TPEX (ailyioB —
Trans solverh , Trans solver.cpp , Main.cpp . Krnacc Trans solver oTBewaeT 3a
BBIYUCIUTEIBHBIN Tporiecc. Cieayer oOpaTUTh BHUMAHUE, YTO IOCIEAOBaTe/IbHAs
BEpCUsl mporpaMmbl  Takxke wucnoab3dyer MPI, xors mpoueccsl HUKaK He
B3aMMOJICHCTBYIOT MEXAYy c000i. DTo — HeoOXoauMmas Mepa Il TOTO, YTOOBI
IporpaMmy MOKHO OBLIO MOCTaBUTH B OOIIYIO Ouepe/b Ha BBINMOJIHEHHE HA CHCTEME
Blue Gene / P.

[ ] == -
// This file contains class to solve given transcalency equations.

[ ] = o
t#tdefine _USE_MATH_DEFINES

// MPI inclusions.
#tinclude <mpi.h>

// Basic inclusions.
#include <cstdlib>
#include <cstdio>
#include <iostream>
#include <fstream>
#include <cmath>

// Definitions

// Material is considered to be stainless steel.

#define DEFAULT_LAMBDA 1.0 // Lambda.

#tdefine DEFAULT C 1.0 // C.

#define DEFAULT RO 1.0 // Ro.

// Timestep is considered 0.01 second.

#define DEFAULT_T_STEP @.01

// Grid steps are considered M_PI both for x and y axis.
#tdefine DEFAULT_X_STEP M_PI

#define DEFAULT_Y_STEP M_PI

// MPI_Sorter class is used to implement a sorting network to sort array fragments. Only
declaration is here.

f ] == e

class Trans_solver

{

private:
// Step parameters.
double x_step;
double y_step;
double exponential_coeff;

// Data field parameters.

int field_length; // Data field length.

int field_width; // Data field width.

double* array_data; // A field of dots calculated.
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y_pos);
public:

double* dub_array; // A field of dots calculated duplicate.

// Border parameters.

double* upper_border; // Border data :)
double* lower_border; // Border data :)
double* left_border; // Border data :)
double* right_border; // Border data :)
double border_value; // Default border value.

// Tridiagonal equation system coefficients for horizontal solution step.
double* alpha_coeff_y_ axis;

double* charlie_coeff_y_axis;

double* beta_coeff_y_ axis;

double* alpha_coeff_x_axis;
double* charlie_coeff_x_axis;
double* beta_coeff_x_axis;

// Equation coefficients Ay(i-1) - Cy(i) + By(i+l) = - F
double A_coeff_x_axis;
double B_coeff_ x_axis;
double C_coeff_x_axis;
double A _coeff_y axis;
double B_coeff_y axis;
double C_coeff_y_ axis;

double* F_coeff_x_axis;
double* F_coeff_y axis;

// This internal function is used to simulate heat generators.
double generate_heat(const int iteration_number, const int x_pos, const int
// Constructor.

Trans_solver();

void Init(int data_length, int data_width, int p_rank, int p_size); // Initialize

solver with processor cart.

1

void Fill _data(const int iter_num); // Fill solver with data.

void Iterate(const int iter_num); // Perform a local iteration.
void Output(const int mode); // Output data.

// Destructor.
virtual ~Trans_solver();

// Project inclusions.
#tinclude "Trans_solver.h"

/] ===~

// This file contains functions used in trans_solver class

/] ===~
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// This internal function is used to simulate heat generators.
double Trans_solver::generate_heat(const int iter_num, const int x_pos, const int y pos) {
// This function can give an additional heat source to any cell in the field.
// As you can see, it depends on coordinates and iteration number.
// So it's basically f(r,t).
// For test purposes it's considered a simple given function, nondependant of
position
// This doesn't change any of calculation principles, since these additional heat
sources always provide a known value.

// Actual function.
//double result = (double)iter_num * DEFAULT_T_STEP + DEFAULT_T_STEP / 2.0;
//return 0.2 * cos(((double)result / DEFAULT_T_STEP) / 20.90);

// Test variant for checking.
return 0.0;

// Default constructor.
Trans_solver::Trans_solver() {

}

// Initialize solver ( make a cart of processes ).
void Trans_solver::Init(int data_length, int data_width, int p_rank, int p_size) {
// Calculate field parameters and initialize field data.
field_length = data_length;
field width = data_width;
array_data = new double[field length * field width];
dub_array = new double[field_length * field width];

// Allocate memory for border fields.

// Border values will be set later during data filling.
upper_border = new double[field_length];

lower_border = new double[field_length];

left_border = new double[field width];

right_border = new double[field_width];

// Allocate memory for Tridiagonal coefficients.
alpha_coeff_y axis = new double[field width];
charlie_coeff_y axis = new double[field width];
beta_coeff_y_axis = new double[field width];

alpha_coeff_x_axis = new double[field length];
charlie_coeff_x_axis = new double[field_length];
beta_coeff_x_axis = new double[field length];

// Calculate step sizes.

x_step = (2.0 * DEFAULT_X_STEP) / (double)(data_length - 1);
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y_step = (2.0 * DEFAULT_Y_STEP) / (double)(data_width - 1);

// Calculate static equation coefficients.

A_coeff_x_axis = DEFAULT_LAMBDA / (x_step * x_step);

B_coeff_x_axis = DEFAULT_LAMBDA / (x_step * x_step);

C_coeff x_axis = -2.0 * (DEFAULT_LAMBDA / (x_step * x_step)) - (DEFAULT_RO *
DEFAULT_C) / DEFAULT_T_STEP;

A_coeff_y axis = DEFAULT_LAMBDA / (y_step * y_step);

B_coeff_y axis = DEFAULT_LAMBDA / (y_step * y step);

C_coeff_y_axis = -2.0 * (DEFAULT_LAMBDA / (y_step * y_step)) - (DEFAULT_RO *
DEFAULT_C) / DEFAULT_T_STEP;

// Allocate memory for equation coefficients.
F_coeff _x_axis = new double[field length];
F_coeff_y axis = new double[field width];

}

// Fill solver with test source data.
void Trans_solver::Fill data(const int iter_num) {
// Formula used is sqrt((x - global_length/2)(y - global width/2)) +
sqrt((global_length/2)(global_width/2)) + 1
// X and Y are global coordinates. They're calculated as field _param * process
coord + local cell coord.
exponential coeff = pow(M_E, -(iter_num) * DEFAULT_T_STEP);
for (int length = @; length < field_length; ++length) {
for (int width = @; width < field_width; ++width) {
array_data[field_width * length + width] =
// Build test surface.
exponential_coeff * sin((double)(length) * x_step) +
+exponential coeff * sin((double)(width) * y step);

}

// Perform a single iteration.
void Trans_solver::Iterate(const int iter_num) {

// Set new border values ( we know a precise solution ).

exponential coeff = pow(M_E, -(iter_num + 1) * DEFAULT_T_STEP);

for (int i = @; i < field _length; ++i) left _border[i] = exponential_coeff *
sin(double(i) * x_step); // Left edge

for (int i = @; i < field_length; ++i) right_border[i] = exponential_coeff *
sin(double(i) * x_step); // Right edge

for (int i = @; i < field width; ++i) upper_border[i]
sin(double(i) * y step); // Upper edge

for (int i = @; i < field_width; ++i) lower_border[i]
sin(double(i) * y_step); // Lower edge.

exponential coeff *

exponential_ coeff *
// This coeddicient is used in string subtraction process.
double subtract_coeff_y_axis = 0;

// First step is "width solution".
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for (int 1 = @; i < field length; ++i) { // Solution is done separately for every
horizontal line.

// Initial action is calculating all coefficients of the tridiagonal
equation. Note that A,B,C are same for all equations and only F differs.
for (int j = @; j < field_width; ++j) {

// Pass A, B, C coeffs to the tridiagonal equation.
alpha_coeff_y axis[j] = A_coeff_y_ axis;
charlie_coeff_y axis[j] = C_coeff_y axis;
beta_coeff_y axis[j] = B_coeff_y_ axis;

// Calculate F_coeff.
F_coeff_y axis[j] =
- array_data[i * field width + j] * (DEFAULT_RO *
DEFAULT_C / (DEFAULT_T_STEP)) -

}

// In case our processor is responsible for the edge rectangle,

// we can adjust F_coefficient right now according to REAL border values.

// This also means that left data buffer will not be actually used. We
still keep it, since other processors will be busy with them anyway.

F_coeff_y axis[@] -= A_coeff_y_axis * left_border[i];

alpha_coeff_y axis[@] = 0;

F_coeff_y axis[field_width - 1] -=

beta_coeff_y axis[field width - 1]

generate_heat(iter_num, i, j);

B_coeff_y axis * right_border[i];
=a;

// Now we have to solve the equation system, which is done in several
basic steps.

// At first step, we subtract equation lines top-down; this process makes
all alpha coeffs = @ and adjusts f_coeffs.
for (int j = 1; j < field_width; ++j) {
// Subtraction coefficient calculation.
subtract_coeff_y axis = alpha_coeff_y axis[]j] /
charlie_coeff_y axis[j - 1];

// Solution vector.
F_coeff_y axis[j] -= subtract_coeff_y axis * F_coeff_y_axis[] -

1];

// Alpha and charlie vectors. Beta vector doesn't change during

this step.
alpha_coeff_y axis[j] = @; // -= subtract coeff y axis *

charlie_coeff_y axis[j - 1];
charlie_coeff_y axis[j] -= beta_coeff_y_axis[j - 1] *

subtract_coeff_y axis;

}

// At second step same sequence of operations is done in reversal.
for (int j = field_width - 2; j >= 0; --j) {
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// Subtraction coefficient calculation.
subtract_coeff_y axis = beta_coeff_y_axis[j] /
charlie_coeff_y axis[j + 1];

// Solution vector.
F_coeff_y axis[j] -= subtract_coeff_y axis * F_coeff_y_axis[]j +

1];

// Beta vector becomes zero, charlie vector is not affected

( alpha should bezero ).
// charlie_coeff_y axis[j] -= subtract_coeff_y axis *

alpha_coeff_y_axis[j + 1];
beta_coeff_y axis[j] = ©;
}

// Calculate actual values now.
for (int j = field_width - 1; j >= 0; --j) {
dub_array[i * field_width + j] = F_coeff_y_axis[j] /
charlie_coeff_y_axis[j];

// This coeddicient is used in string subtraction process.
double subtract_coeff_x_axis = 0;

// Second step is "length solution".

[/ == e o

[/ == e e
for (int i = @; i < field_width; ++i) { // Solution is done separately for every

vertical line.

// Initial action is calculating all A,B,C,F coefficients of the
tridiagonal equation. Note that A,B,C are same for all equations and only F differs.

// So we only need to calculate F coefficient.

for (int j = @; j < field_length; ++3j) {

// Pass A, B, C coeffs to the tridiagonal equation.
alpha_coeff_x_axis[j] = A_coeff x_axis;
charlie_coeff _x_axis[j] = C_coeff_x_axis;
beta_coeff_x_axis[j] = B_coeff_x_axis;

// Calculate F_coeff.
F_coeff x_axis[j] =
- dub_array[j * field_length + i] * (DEFAULT_RO *
DEFAULT_C / (DEFAULT_T_STEP))
- generate_heat(iter_num, j, i);

}

// In case our processor is responsible for the edge rectangle,

// we can adjust F_coefficient right now according to REAL border values.
F_coeff _x_axis[@] -= A _coeff_x_axis * upper_border[i];
alpha_coeff_x_axis[@] = 0;
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F_coeff x_axis[field length - 1] -

= oeff_x_axis * lower_border[i];
beta_coeff_x_axis[field length - 1]

B_c
=0;

// Now we have to solve the equation system, which is done in several
basic steps.

// At first step, we subtract equation lines top-down; this process makes
all alpha coeffs = @ and adjusts f_coeffs. However,
for (int j = 1; j < field_length; ++j) {
// Subtraction coefficient calculation.
subtract_coeff_x_axis = alpha_coeff_x_axis[]j] /
charlie_coeff_x_axis[j - 1];

// Solution vector.

F_coeff _x_axis[j] -= subtract_coeff_x_axis * F_coeff_x_axis[] -
1];

// Alpha and charlie vectors. Beta vector doesn't change during
this step.

alpha_coeff_x_axis[j] = @; // -= subtract coeff x axis *
charlie_coeff_x_axis[j - 1];

charlie_coeff_x_axis[j] -= beta_coeff_x_axis[j - 1] *

subtract_coeff_ x_axis;

}

// At second step same sequence of operations is done in reversal.
for (int j = field length - 2; j >= 0; --j) {
// Subtraction coefficient calculation.
subtract_coeff_x_axis = beta_coeff_x_axis[j] /
charlie_coeff_x_axis[j + 1];

// Solution vector.
F_coeff_x_axis[j] -= subtract_coeff_x_axis * F_coeff_ x_axis[j +
1];

// Beta vector becomes zero, charlie vector is not affected
( alpha is zero ).

// charlie_coeff_x_axis[j] -= subtract_coeff_x_axis *
alpha_coeff_x_axis[j + 1];

beta_coeff_x_axis[j] = ©;

}

// Finally, every process locally fills the remaining dub_array cells.
for (int j = field length - 1; j >= 0; --j) {
array_data[j * field_length + i] = F_coeff_x_axis[j] /
charlie_coeff x_axis[j];

}

// As horizontal solution is over, we should have fully updated data ready for
the next step. That means iteration is over.



}

// Output results to a file.
void Trans_solver::OQutput(const int mode) {
std: :fstream out_file;
if (mode == 1) { // Use stdout.
for (int i = @; i < field_width; ++i) {
for (int j = @; j < field_length; ++3j) {
std::cout << array_data[i * field length + j] << " ";

}
}

else
if (mode == 2) { // Use fstream.
out_file.open("std out.txt", std::ios::out);
for (int 1 = @; i < field width; ++i) {
for (int j = @; j < field_length; ++j) {
out_file << array_data[i * field_length + j] << " ";
}
out_file << "\n";

}

out_file.close();

}

// Default destructor.

Trans_solver::~Trans_solver(){
// Delete field data.
if (array_data != NULL) { delete array_data; }
if (dub_array != NULL) { delete dub_array; }

// Delete border data.

if (upper_border != NULL) { delete upper_border; }
if (lower_border != NULL) { delete lower_border; }
if (left_border != NULL) { delete left_border; }
if (right_border != NULL) { delete right_border; }

// Delete coefficients data.
if (F_coeff_x_axis != NULL) { delete F_coeff_x_axis; }
if (F_coeff_y axis != NULL) { delete F_coeff_y axis; }
}
// Basic inclusions.
#tinclude <cstdlib>

#include <cstdio>
#include <iostream>

// Mpi inclusions.
#include "mpi.h"

// Using directives.
using namespace std;

// Project inclusions.
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#include "Trans_solver.cpp"

// Main function :)
[/ mm e
int main(int argc, char* argv[]) {

// MPI rank & size variables.

int p_rank, p_size;

// Command line arguments.

int data_length = atoi(argv[1]);
int data_width = atoi(argv[2]);
int iter_num = atoi(argv[3]);
int calc_mode = atoi(argv[4]);
int out_mode = atoi(argv[5]);

// Initialize MPI.

MPI_Init(&argc, &argv);

MPI_Comm_rank (MPI_COMM_WORLD, &p_rank);
MPI_Comm_size(MPI_COMM_WORLD, &p size);

// Time parameters.
double start_time;
double end_time;

Trans_solver Eq_solver; // Create a solver.
Eq_solver.Init(data_length, data_width, p_rank, p_size); // Initialize solver.
Eq_solver.Fill data(@); // Load test data to solver.

start_time = MPI_Wtime();

// Perform as many iterations as needed.
if (calc_mode == @) { // Calculation mode.
for (int 1 = @; i < iter_num; ++i) {
Eq_solver.Iterate(i);

}

}

else if (calc_mode == 1) { // Generate test solution
Eq_solver.Fill_data(iter_num);

}

MPI_Barrier (MPI_COMM_WORLD);
end_time = MPI_Wtime();

double total _time = end_time - start_time;
if (out_mode == @) { // Print time.
cout << "Calculation time is :

<< total_time << "\n";

}
else { // Verify
Eq_solver.Output(out_mode);

}

// Finalize MPI.
MPI_Finalize();
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// Return :)
return 0;

10.  IIpuioxkenue 2. [lapasiesibHas Bepcusi MIPOrpamMMBbl.

[TapayutenibHass BepcHUs MPOrpaMMbl OTIIMYAETCS OT MOCIEAOBAaTEIBbHOW pean3alnuei
GYHKIIMM ~ BBIYUCIICHHWS Iara 1o BpemMeHHu. HykHO o00patuTh BHUMaHUE Ha
OrpaHMYEHHOCTh MCIOJB30BaHUSI Openmp — MCHOJIb30BaTh Openmp B CAMOM BHEIIHEM
LUKIIE «HEXOPOIIO», MOCKOJIbKY BHYTPH IMKJIA IPOUCXOAHUT B3aWMOJAEHCTBHE Y3JI0B
yepe3 MPI. U3 Tpéx KpylHBIX BHYTPEHHHUX LIMKJIOB PaClapauIeIMBAETCs Yepe3 openmp
TOJIbKO TEpPBBIA, T. K. B OCTAJIbHBIX JIByX HMEETCS CTPOro MOCJeI0BaTeNIbHAS
3aBUCUMOCTh TI0 JaHHbIM. Emié openmp ucnosib3yercss mpu o0paboTKe «I100anbHOM
MaTpHIIbI.

[/ = m e e e m oo
// This file contains class to solve given transcalency equations.

[/ == m e e oo eeeeeoeooooooo-o-
#tdefine _USE_MATH_DEFINES

// MPI inclusions.
#include <mpi.h>
#tinclude <omp.h>

// Basic inclusions.
#include <cstdlib>
#include <cstdio>
#include <iostream>
#include <fstream>
#include <cmath>

// Definitions
#tdefine default_dims 2
// Material is considered to be stainless steel ( coeffs are added for FAST
calc ).
#define DEFAULT_LAMBDA 1.0 // Lambda.
#tdefine DEFAULT_C 1.0 // C.
#define DEFAULT_RO 1.0 // Ro.
// Timestep is considered 0.01 second.
#tdefine DEFAULT_T_STEP 0.01
// Default grid steps are considered M_PI both for x and y axis.
#define DEFAULT_X_STEP M_PI
#define DEFAULT_Y_STEP M_PI

// MPI_Sorter class is used to implement a sorting network to sort array fragments. Only
declaration is here.

[ == e e

class Trans_solver

{

private:
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// Global data parameters.
int global_length;
int global_width;

// Step parameters.
double x_step;

double y_step;

double exponential_coeff;

// MPI_Cart parameters.
int p_rank;

int n_dims;

int* coords;

int* dub_coords;

int* dim_sizes;

int* periods;

MPI_Comm cart_comm;

// MPI_Cart send_recv parameters.
int shift_source, shift_dest;

MPI_Status status; // Status of MPI messages received.
MPI_Request s_request; // Send request for MPI messages.
MPI_Request r_request; // Receive request for MPI messages.

// Data field parameters.

int field_length; // Data field length.

int field_width; // Data field width.

double* array_data; // A field of dots calculated.

double* dub_array; // A field of dots calculated duplicate.

// Border parameters.

double* upper_border; // Border data :)
double* lower_border; // Border data :)
double* left_border; // Border data :)
double* right_border; // Border data :)
double border_value; // Default border value.

// Tridiagonal equation system coefficients for horizontal solution step.
double* alpha_coeff_y_ axis;

double* charlie_coeff_y_axis;

double* beta_coeff_y_axis;

double* alpha_coeff_x_axis;
double* charlie_ coeff_x_axis;
double* beta_coeff_ x_axis;

// Auxillary data fields for matrix operations.
double* left_data_buffer;
double* right_data_buffer;

double* up_data_buffer;
double* down_data_buffer;
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// Equation coefficients Ay(i-1) - Cy(i) + By(i+l) = - F
double A coeff_ x_axis;
double B_coeff_x_axis;
double C_coeff_ x_axis;
double A _coeff_y_ axis;
double B_coeff_y axis;
double C_coeff_y axis;

double* F_coeff_x_axis;
double* F_coeff_y axis;

// Data buffers for upper line in reversal step of the method.

double appendix; // Additional value used in forming the global matrix.

double auxillary; // Data element from previous process - used in the follower.
double* send_buf;

double* recv_buf;

// Global matrix used in the final step of the method.
double* global x_array;
double* global y array;
double* global x_mtrx;
double* global y mtrx;

//This internal function solves a simple version of original equaition.
void simple_solve(double* global mtrx, double* global array, const int length);

// This internal function is used to simulate heat generators.
double generate heat(const int iteration_number, const int x_pos, const int

y_pos);

public:
// Constructor.
Trans_solver();

void Init(int data_length, int data_width, int p_rank, int p_size); // Initialize
solver with processor cart.
void Fill data(const int iter_num); // Fill solver with test source data.

void Iterate(const int iter_num); // Perform a local iteration.
void Output(const int mode); // Output data.

// Destructor.
virtual ~Trans_solver();

3

// Project inclusions.
#include "Trans_solver.h"

T ROEEEEEEEES

// This file contains functions used in trans_solver class

/] =



//This internal function solves a simple version of original equaition.
void Trans_solver::simple_solve(double* global mtrx, double* global array, const int
length) {

double global subtract_coeff_1;

double global_subtract_coeff_2;

int upper = 0;

int lower = length - 1;
int i = 0;

int j = o;

// Straight walk.
#tpragma omp parallel private(upper, lower) num_threads(2)
{
if (omp_get_thread_num() == @) {
for (i = 1; i < length / 2; ++i) {
global_subtract_coeff_1 = global_mtrx[4 * i] /

global mtrx[4 * (i - 1) + 1];

global mtrx[4 * i] -= global mtrx[4 * (i - 1) + 1] *
global subtract_coeff_ 1;

global_mtrx[4 * i + 1] -= global _mtrx[4 * (i - 1) + 2]
* global_subtract_coeff_1;

global mtrx[4 * i + 3] -= global_mtrx[4 * (i - 1) + 3]
* global_subtract_coeff_1;

upper++;

}
else {

for (j = length - 2; j >= length / 2; --j) {
global subtract_coeff 2 = global mtrx[4 * j + 2] /
global mtrx[4 * (j + 1) + 1];
global mtrx[4 * j + 1] -

global mtrx[4 * (j + 1)] *
global subtract_coeff 2;
global mtrx[4 * j + 2] -

global mtrx[4 * (7 + 1) + 1]
* global_subtract_coeff_ 2;
global mtrx[4 * j + 3] -

global mtrx[4 * (j + 1) + 3]
* global_subtract_coeff_2;
lower--;

}

// Synchronise.
global subtract_coeff_1 = global mtrx[4 * (upper + 1)] / global mtrx[4 * (upper)
+ 1];
global_mtrx[4 * (upper + 1)] -= global mtrx[4 * (upper)+1] *
global subtract_coeff 1;
global mtrx[4 * (upper + 1) + 1] -= global mtrx[4 * (upper)+2] *
global subtract_coeff 1;
global mtrx[4 * (upper + 1) + 3] -= global mtrx[4 * (upper)+3] *
global subtract_coeff_1;
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global subtract coeff 2 = global mtrx[4 * (lower - 1) + 2] / global mtrx[4 *
(lower) + 1];

global mtrx[4 * (lower - 1) + 1] -= global mtrx[4 * (lower)] *
global subtract_coeff 2;

global mtrx[4 * (lower - 1) + 2] -= global mtrx[4 * (lower)+1] *
global subtract_coeff_2;

global_mtrx[4 * (lower - 1) + 3] -= global_mtrx[4 * (lower)+3] *
global_subtract_coeff_2;

#tpragma omp parallel num_threads(2)
{
if (omp_get_thread_num() == @) {
// Reverse walk.
for (int p = 1 + 1; p < length; ++p) {
global_subtract_coeff_1 = global_mtrx[4 * p] /
global mtrx[4 * (p - 1) + 1];
global_mtrx[4 * p] -= global_mtrx[4 * (p - 1) + 1] *
global subtract_coeff 1;
global mtrx[4 * p + 1] -= global mtrx[4 * (p - 1) + 2]
* global_subtract_coeff_1;
global _mtrx[4 * p + 3] -= global_mtrx[4 * (p - 1) + 3]
* global_subtract_coeff_1;
}
} else {
// Reverse walk.
for (int g =3 - 1; g >=0; --q) {
global_subtract_coeff_2 = global_mtrx[4 * q + 2] /
global mtrx[4 * (q + 1) + 1];
global mtrx[4 * q + 1] -= global mtrx[4 * (q + 1)] *
global subtract_coeff 2;
global mtrx[4 * q + 2] -= global_mtrx[4 * (q + 1) + 1]
* global_subtract_coeff_2;
global_mtrx[4 * q + 3] -= global_mtrx[4 * (q + 1) + 3]
* global_subtract_coeff 2;
}
}
}

// Solutions, finally !.
for (int m = @; m < length; ++m) {
global array[m] = global mtrx[4 * m + 3] / global mtrx[4 * m + 1];
}
}

// This internal function is used to simulate heat generators.
double Trans_solver::generate_heat(const int iter_num, const int x_pos, const int y pos) {
// This function can give an additional heat source to any cell in the field.
// As you can see, it depends on coordinates and iteration number.
// So it's basically f(r,t).
// For test purposes it's considered a simple given function, nondependant of
position
// This doesn't change any of calculation principles, since these additional heat
sources always provide a known value.
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// Actual function.
//double result = (double)iter num * DEFAULT T_STEP + DEFAULT T STEP / 2.0;
//return 0.2 * cos(((double)result / DEFAULT T_STEP) / 20.0);

// Test variant for checking.
return 0.0;

// Default constructor.
Trans_solver::Trans_solver() {

}

// Initialize solver ( make a cart of processes ).

void Trans_solver::Init(int data_length, int data_width, int p_rank, int p_size) {
// Set up global field parameters.
global length = data_length;
global width = data_width;

// Allocate memory for cart parameters.

n_dims = default_dims; // Number of dimensions - 2 by default.
dim_sizes = new int[n_dims];

periods = new int[n_dims];

coords = new int[n_dims];

dub_coords = new int[n_dims];

// Calculate cart parameters and initialize cart.
this->p_rank = p_rank;
int cart_size = static_cast<int>(trunc(sqrt(p_size))); // HERE SHOULD BE A CHECK
WITH AN EXCEPTION !!!
for (int i = @; i < n_dims; ++i) {
dim_sizes[i] = cart_size;
periods[i] = 1; // The cart is periodic.
}
MPI_Cart_create(MPI_COMM_WORLD, default_dims, dim_sizes, periods, false,
&cart_comm);

// Calculate field parameters and initialize field data.
field_length = ((data_length % cart_size == @) * data_length + (data_length %

cart_size != @) * (data_length + cart_size - data_length % cart_size)) / cart_size;
field_width = ((data_width % cart_size == @) * data_width + (data_width %
cart_size != @) * (data_width + cart_size - data_width % cart _size)) / cart_size;

array_data = new double[field length * field width];
dub_array = new double[field_length * field width];

// Allocate memory for border fields.

// Border values will be set later during data filling.
upper_border = new double[field_length];

lower_border = new double[field length];

left_border = new double[field width];

right_border = new double[field width];
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// Allocate memory for tridiagonal coefficients.
alpha_coeff_y_axis = new double[field_width];
charlie_coeff_y_axis = new double[field width];
beta_coeff_y_axis = new double[field width];

alpha_coeff_x_axis = new double[field_length];
charlie_coeff_x_axis = new double[field_length];
beta_coeff_x_axis = new double[field length];

// Allocate memory for auxillary data fields used in matrix operations.
left_data_buffer = new double[field width];
right_data_buffer = new double[field width];

up_data_buffer = new double[field_length];
down_data_buffer = new double[field length];

// Calculate step sizes.
x_step = (2.0 * DEFAULT_X STEP) / (double)(data_length - 1);
y step = (2.0 * DEFAULT_Y_STEP) / (double)(data_width - 1);

// Calculate static equation coefficients.

A_coeff_x_axis = DEFAULT_LAMBDA / (x_step * x_step);

B_coeff_x_axis = DEFAULT_LAMBDA / (x_step * x_step);

C_coeff_x_axis = -2.0 * (DEFAULT_LAMBDA / (x_step * x_step)) - (DEFAULT_RO *
DEFAULT_C) / DEFAULT_T_STEP;

A _coeff_y axis = DEFAULT_LAMBDA / (y_step * y step);

B_coeff_y axis = DEFAULT_LAMBDA / (y_step * y step);

C_coeff_y_axis = -2.0 * (DEFAULT_LAMBDA / (y_step * y_step)) - (DEFAULT_RO *
DEFAULT_C) / DEFAULT_T_STEP;

// Allocate memory for equation coefficients.
F_coeff_x_axis = new double[field_length];
F_coeff_y axis = new double[field width];

// Allocate memory for send and receive buffers.
send_buf = new double[4];
recv_buf = new double[4];

// Allocate memory for global matrix.

global x_array = new double[dim_sizes[@]];
global_y_array = new double[dim_sizes[1]];
global x_mtrx = new double[4 * dim_sizes[0]];
global y mtrx = new double[4 * dim_sizes[1]];

}

// Fill solver with test source data.

void Trans_solver::Fill data(const int iter_num) {
// Cart coordinates are required to set data appropriately.
MPI_Cart_coords(cart_comm, p _rank, n_dims, coords);

// Global offsets.

int x_offset = field length * coords[0];
int y_offset = field width * coords[1];
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exponential coeff = pow(M_E, -(iter_num) * DEFAULT_T_STEP);
// Formulae used is sqrt((x - global length/2)(y - global width/2)) +
sqrt((global_length/2)(global width/2)) + 1
// X and Y are global coordinates. They're calculated as field_param * process
coord + local cell coord.
#tpragma omp parallel for
for (int length = @; length < field_length; ++length) {
for (int width = @; width < field_width; ++width) {
array_data[field_width * length + width] =
// Build test surface.
exponential_coeff * sin((double)(x_offset + length) *
x_step) +
+ exponential coeff * sin((double)(y_offset + width) *
y_step);

}

// Perform a single iteration.

void Trans_solver::Iterate(const int iter_num) {
// Global offsets.
int x_offset = field_length * coords[0];
int y_offset = field_width * coords[1];

//Set borders if process is responsible for the edge rectangle.

exponential_coeff = pow(M_E, -(iter_num + 1) * DEFAULT_T_STEP);

if (coords[1] == @) { for (int i = @; i < field_length; ++i) left_border[i] =
exponential coeff * sin(double(x_offset + i) * x_step); } // Set left edge

if (coords[1] == dim_sizes[1] - 1) { for (int i = @; i < field length; ++i)
right_border[i] = exponential_coeff * sin(double(x_offset + i) * x_step); } // Set right
edge

if (coords[@] == @) { for (int i = @; i < field_width; ++i) upper_border[i] =
exponential coeff * sin(double(y offset + i) * y step); } // Set upper edge

if (coords[@] == dim_sizes[@] - 1) { for (int i = @; i < field width; ++1i)
lower_border[i] = exponential_coeff * sin(double(y_offset + i) * y_step); } // Set lower
edge

// This coeddicient is used in string subtraction process.
double subtract_coeff_y axis = 0;

// First step is "width" solution
[/ = e oo
/] = oo
for (int i = @; 1 < field length; ++i) { // Solution is done separately for every
horizontal line.
// Don't forget to reset appendix from previous step.
appendix = 0;
auxillary = O;

// Initial action is calculating all coefficients of the tridiagonal
equation. Note that A,B,C are same for all equations and only F differs.
#tpragma omp parallel num_threads(4)

{
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#tpragma omp for

for (int j = @; j < field width; ++j) {
// Pass A, B, C coeffs to the tridiagonal equation.
alpha_coeff_y axis[j] = A_coeff_y axis;
charlie_coeff_y axis[j] = C_coeff_y axis;
beta_coeff_y axis[j] = B_coeff_y_ axis;

// Calculate F_coeff.
F_coeff_y axis[j] =
- array_data[i * field _width + j] * (DEFAULT_RO
* DEFAULT_C / (DEFAULT_T_STEP)) -
generate_heat(iter_num, i, j);

// Left and right data buffers contain only zeros by
default.

left_data_buffer[j] = 0;

right_data_buffer[j] = ©;

}

// Prepare left data buffer for storing "defective" 1lines.
left_data_buffer[@] = alpha_coeff_y axis[9];

// In case our processor is responsible for the edge rectangle,
// we can adjust F_coefficient right now according to REAL border values.
// This also means that left data buffer will not be actually used. We
still keep it, since other processors will be busy with them anyway.
if (coords[1] == 0) {
F_coeff_y axis[@] -= A _coeff_y axis * left_border[i];
alpha_coeff_y _axis[@] = 0;
left_data_buffer[0] = ©;
}
if (coords[1] == dim_sizes[1] - 1) {
F_coeff_y axis[field_width - 1] -= B_coeff_y axis *
right_border[i];
beta_coeff_y_axis[field width - 1] = @;

}

// Now we have to solve the equation system, which is done in several
basic steps.

// At first step, we subtract equation lines top-down; this process makes
all alpha coeffs = © and adjusts f_coeffs. However,
// it also causes left data buffers to become non-zero and thus making
those "defective" lines.
for (int j = 1; j < field_width; ++j) {
// Subtraction coefficient calculation.
subtract_coeff_y axis = alpha_coeff_y_ axis[]j] /
charlie_coeff_y axis[j - 1];

// Solution vector.
F_coeff_y axis[j] -= subtract_coeff_y axis * F_coeff_y_axis[] -
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1];

// Alpha and charlie vectors. Beta vector doesn't change during
this step.

alpha_coeff_y axis[j] = ©;

charlie_coeff_y_axis[j] -= beta_coeff_y_axis[j - 1] *
subtract_coeff_y_axis;

// Left data buffer gets filled with defective data :(
left_data_buffer[j] -= left_data_buffer[j - 1] *
subtract_coeff_y axis;

}

// At second step same sequence of operations is done in reversal.

// This nullifies beta coefficient and fills right data buffers with
unnecessary data.
// Right data buffer values are initialized here;
if (field_width >= 2) {
right_data_buffer[field width - 1]
charlie_coeff_ y axis[field width - 1];
right_data_buffer[field width - 2]
beta_coeff_y_axis[field width - 2];
}

// This also changes data in left data buffer !!!
for (int j = field_width - 3; j >= 0; --j) {
// Subtraction coefficient calculation.
subtract_coeff_y axis = beta_coeff_y axis[j] /
charlie_coeff_ y axis[j + 1];

// Solution vector.
F_coeff_y axis[j] -= subtract_coeff_y axis * F_coeff_y_axis[j +
1];

// Beta vector becomes zero, charlie vector is not affected
( alpha is zero ).

beta_coeff_y axis[j] -= subtract_coeff_y axis *
charlie_coeff_y_axis[j + 1];
charlie_coeff_y axis[j] -= subtract_coeff_y axis *

alpha_coeff_y axis[j + 1];

// Right data buffer is filled with defective data. Left data
buffer is adjusted.

left_data_buffer[j] -= left_data_buffer[j + 1] *
subtract_coeff_y_axis;

right_data_buffer[j] -= right_data_buffer[j + 1] *
subtract_coeff_y axis;

}

// Now the tricky part: we take the upper line, take CHARLIE, LEFT, RIGHT
and SOLUTION

// values from there and send them to the previous process, if there's
one.
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left_data_buffer[0];
charlie_coeff_y_axis[@];
right_data_buffer[0o];
F_coeff_y_axis[@];

send_buf[0]
send_buf[1]
send_buf[2]
send_buf[3]

if (dim_sizes[1] > 1) { // Send only there is somebody to receive.
MPI_Cart_shift(cart_comm, 1, -1, &shift_source, &shift_dest);
MPI_Sendrecv(send_buf, 4, MPI_DOUBLE, shift_dest, @, recv_buf,
4, MPI_DOUBLE, shift source, @, cart_comm, &status);
}

else {
for (int k = @; k <= 3; ++k) { recv_buf[k] = send_buf[k]; }

}

// Then we adjust actual values according to what we received and fill
ONE line of a global matrix.
if (coords[1] != dim_sizes[1] - 1) { // It's not the "rightest" process.
// Calculate subtraction coefficient.
subtract_coeff_y axis = beta_coeff_y axis[field_width - 1] /

recv_buf[1];

// Calculate actual new values.

charlie_coeff_y axis[field_width - 1] -= subtract_coeff_y axis *
recv_buf[@];

beta_coeff_y axis[field width - 1] = 0;

appendix = -subtract_coeff_y axis * recv_buf[2];

F_coeff_y axis[field width - 1] -= subtract_coeff_y axis *
recv_buf[3];

}

// Form a line for the global matrix.

send_buf[@] = left_data_buffer[field width - 1];
send_buf[1] = charlie_coeff_ y axis[field width - 1];
send_buf[2] appendix;

send_buf[3] F_coeff_y axis[field width - 1];

if (dim_sizes[1] > 1) { // Send only there is somebody to receive.
if (coords[1] == @) { // Now processes with coords[1] ==
receive data to global matrix.
dub_coords[@] = coords[0];
for (int j = @; j <= 3; ++j) { global_y mtrx[j] =
send_buf[j]; }
for (int j = 1; j < dim_sizes[1]; ++J) {
dub_coords[1] = j;
MPI_Cart_rank(cart_comm, dub_coords,
&shift_source);
MPI_Recv(&global y mtrx[4 * j], 4, MPI_DOUBLE,
shift source, O, cart_comm, &status);
}
}

else { // And other processes send data to them.
dub_coords[@] = coords[0];
dub_coords[1] = O;

32



MPI_Cart_rank(cart_comm, dub_coords, &shift dest);
MPI_Send(send_buf, 4, MPI_DOUBLE, shift_dest, O,

cart_comm);

}
}
else {

for (int k = @; k <= 3; ++k) { global_y mtrx[k] = send_buf[k]; }
}

// Simple version of the method is used for solving the equation with

global matrix.
simple_solve(global_y mtrx, global y array, dim_sizes[1]);

// Results are sent to processes, directly into appopriate locations of
their dub_arrays.
if (dim_sizes[1] > 1) { // There is somebody to receive.
if (coords[1] == 0) {
dub_array[i * field_width + (field_width - 1)] =
global y_array[0];
dub_coords[@] = coords[0];
for (int j = 1; j < dim_sizes[1]; ++j) {
dub_coords[1] = j;
MPI_Cart_rank(cart_comm, dub_coords,

&shift_source);
MPI_Send(&global y array[j], 1, MPI_DOUBLE,

shift_source, @, cart_comm);
MPI_Send(&global y array[j - 1], 1, MPI_DOUBLE,

shift_source, @, cart_comm);

}
else {
MPI_Recv(&dub_array[i * field width + (field width -
1)], 1, MPI_DOUBLE, shift dest,
0, cart_comm, &status);
MPI_Recv(&auxillary, 1, MPI_DOUBLE, shift_dest,
0, cart_comm, &status);

}

else {
dub_array[i * field_width + (field_width - 1)] =

global y_array[@];

// Finally, every process locally fills the remaining dub_array cells.
for (int j = field_width - 2; j >= 0; --j) {
dub_array[i * field_width + j] =
(F_coeff_y axis[j] - left_data_buffer[j] * auxillary -
dub_array[i * field width + (field width - 1)] * right data_buffer[j])
/ charlie_coeff_y_axis[j];
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// This coeddicient is used in string subtraction process.
double subtract_coeff_x_axis = 0;

// Second step is "length" solution

/] =

e e LR L LR
for (int i = @; i < field width; ++i) { // Solution is done separately for every

vertical line.
// Don't forget to reset appendix from previous step.
appendix = 0;
auxillary = 0;

// Initial action is calculating all A,B,C,F coefficients of the
tridiagonal equation. Note that A,B,C are same for all equations and only F differs.
// So we only need to calculate F coefficient.
#pragma omp parallel
{
#pragma omp for
for (int j = @; j < field_length; ++j) {
// Pass A, B, C coeffs to the tridiagonal equation.
alpha_coeff_x_axis[j] = A_coeff_x_axis;
charlie_coeff_x_axis[j] = C_coeff_x_axis;
beta_coeff_x_axis[j] = B_coeff_x_axis;

// Calculate F_coeff.
F_coeff_x_axis[j] =
- dub_array[j * field_length + i] * (DEFAULT_RO

* DEFAULT_C / (DEFAULT_T_STEP))
- generate_heat(iter_num, j, i);

// Left and right data buffers contain only zeros by
default.
up_data_buffer[j]

=a;
down_data_buffer[j] =

0;

}

// Prepare up data buffer for storing "defective" lines.
up_data_buffer[@] = alpha_coeff x_axis[0];

// In case our processor is responsible for the edge rectangle,
// we can adjust F_coefficient right now according to REAL border values.
// This also means that up data buffer will not be actually used. We
still keep it, since other processors will be busy with them anyway.
alpha_coeff_x_axis[0@] = 0;
if (coords[@] == @) {
F_coeff_x_axis[@] -= A_coeff_x_axis * upper_border[i];
alpha_coeff x_axis[@] = 0;
up_data_buffer[0] = O;
}
if (coords[@] == dim_sizes[@] - 1) {
F_coeff_x_axis[field_length - 1] -= B_coeff_x_axis *
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lower_border[i];
beta_coeff_x_axis[field_length - 1] = 0;
}

// Now we have to solve the equation system, which is done in several
basic steps.

// At first step, we subtract equation lines top-down; this process makes
all alpha coeffs = @ and adjusts f_coeffs. However,
// It also causes up data buffers to become non-zero and thus making
those "defective" lines.
for (int j = 1; j < field_length; ++j) {
// Subtraction coefficient calculation.
subtract_coeff x_axis = alpha_coeff_x_axis[]j] /
charlie_coeff x_axis[j - 1];

// Solution vector.

F_coeff_x_axis[j] -= subtract_coeff_x_axis * F_coeff_x_axis[] -
1];

// Alpha and charlie vectors. Beta vector doesn't change during
this step.

alpha_coeff_x_axis[j] = @; // -= subtract coeff x axis *
charlie_coeff_x_axis[j - 1];

charlie_coeff_x_axis[j] -= beta_coeff_x_axis[j - 1] *

subtract_coeff x_axis;

// Up data buffer gets filled with defective data :(
up_data_buffer[j] -= up_data_buffer[j - 1] *
subtract_coeff x_axis;

}

// At second step same sequence of operations is done in reversal.
// This nullifies beta coefficient and fills down data buffers with
unnecessary data.
// Down data buffer values are initialized here;
if (field_length >= 2) {
down_data_buffer[field_length - 1]
charlie_coeff x_axis[field length - 1];
down_data_buffer[field_length - 2]
beta_coeff_x_axis[field_length - 2];
}

// This also changes data in up data buffer !!!
for (int j = field_length - 3; j >=0; --j) {
// Subtraction coefficient calculation.
subtract_coeff_x_axis = beta_coeff x_axis[j] /
charlie_coeff x_axis[j + 1];

// Solution vector.

F_coeff _x_axis[j] -= subtract_coeff x_axis * F_coeff_x_axis[j +
1];
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// Beta vector becomes zero, charlie vector is not affected
( alpha is zero ).

beta_coeff_x_axis[j] -= subtract_coeff_x_axis *
charlie_coeff_x_axis[j + 1];

// Down data buffer is filled with defective data. Up data
buffer is adjusted.

up_data_buffer[j] -= up_data_buffer[j + 1] *
subtract_coeff_ x_axis;

down_data_buffer[j] -= down_data_buffer[j + 1] *
subtract_coeff_x_axis;

}

// Now the tricky part: we take the upper line, take CHARLIE, UP, DOWN
and SOLUTION

// values from there and send them to the previous process, if there's
one.

send_buf[0]

send_buf[1]

send_buf[2]

send_buf[3]

up_data_buffer[0];
charlie_coeff_x_axis[@];
down_data_buffer[0];
F_coeff _x_axis[@];

if (dim_sizes[@] > 1) { // There is somebody to receive.
MPI_Cart_shift(cart_comm, @, -1, &shift_source, &shift _dest);
MPI_Sendrecv(send buf, 4, MPI_DOUBLE, shift_dest, @, recv_buf,

4, MPI_DOUBLE, shift_source, @, cart_comm, &status);

}

else {
for (int k = @; k <= 3; ++k) { recv_buf[k] = send_buf[k]; }

}

// Then we adjust actual values according to what we received and fill
ONE line of a global matrix.
if (coords[@] != dim_sizes[@] - 1) { // It's not the "lowest" process.
// Calculate subtraction coefficient.
subtract_coeff_x_axis = beta_coeff_x_axis[field_length - 1] /
recv_buf[1];

// Calculate actual new values.

charlie_coeff x_axis[field length - 1] -= subtract_coeff x_ axis
* recv_buf[@];

beta_coeff_x_axis[field_length - 1] = 0;

appendix -= subtract_coeff_ x_axis * recv_buf[2];

F_coeff x_axis[field_length - 1] -= subtract_coeff x_axis *
recv_buf[3];

}

// Form a line for the global matrix.

send_buf[@] = up_data_buffer[field length - 1];
send_buf[1] charlie_coeff_x_axis[field length - 1];
send_buf[2] appendix;

send_buf[3] F_coeff_x_axis[field_length - 1];

36



if (dim_sizes[@] > 1) { // Send only there is somebody to receive.
if (coords[@] == @) { // Now processes with coords[@] == 0
receive data to global matrix.
dub_coords[1] = coords[1];
for (int j = @; j <= 3; ++j) { global x mtrx[j] =
send_buf[j]; }
for (int j = 1; j < dim_sizes[0@]; ++j) {
dub_coords[@] = j;
MPI_Cart_rank(cart_comm, dub_coords,
&shift_source);
MPI_Recv(&global x_mtrx[4 * j], 4, MPI_DOUBLE,
shift_source, O, cart_comm, &status);
}
}
else { // And other processes send data to them.
dub_coords[@] = O;
dub_coords[1] = coords[1];
MPI_Cart_rank(cart_comm, dub_coords, &shift_dest);
MPI_Send(send_buf, 4, MPI_DOUBLE, shift_dest, o,

cart_comm);

}
}
else {

for (int k = @; k <= 3; ++k) { global_x_mtrx[k] = send_buf[k]; }
}

// Simple version of the method is used for solving the equation with

global matrix.
simple_solve(global x_mtrx, global x_array, dim_sizes[0]);

// Results are sent to processes, directly into appopriate locations of
their dub_arrays.
if (dim_sizes[@] > 1) { // There is somebody to receive.
if (coords[@] == 0) {
array_data[ (field_width - 1) * field_length + i] =
global x_array[0];
dub_coords[1] = coords[1];
for (int j = 1; j < dim_sizes[1]; ++j) {
dub_coords[@] = j;
MPI_Cart_rank(cart_comm, dub_coords,

&shift_source);
MPI_Send(&global x_array[j], 1, MPI_DOUBLE,

shift_source, 2, cart_comm);
MPI_Send(&global x_array[j - 1], 1, MPI_DOUBLE,

shift_source, 2, cart_comm);

}

else {
MPI_Recv(&array data[(field width - 1) * field length +

i], 1, MPI_DOUBLE, shift_dest,
2, cart_comm, &status);
MPI_Recv(&auxillary, 1, MPI_DOUBLE, shift_dest,
2, cart_comm, &status);
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}
else {
array_data[ (field_width - 1) * field_length + i] =
global_x_array[0];
}

// Finally, every process locally fills the remaining dub_array cells.
for (int j = field_length - 2; j >=0; --j) {
array_data[j * field _length + i] =
(F_coeff_x_axis[j] - up_data_buffer[j] * auxillary -
array_data[ (field_width - 1) * field_length + i] * down_data_buffer[j]) /
charlie_coeff_x_axis[j];

}
// As horizontal solution is over, we should have fully updated data ready for
the next step. That means iteration is over.

// Output results to a file.

void Trans_solver::Output(const int mode) {
double send_double = 0;
double recv_double = 0;

// Calculate source process.
if (!((coords[@] == @) && (coords[1] == 0))) { // Need to receive.
dub_coords[@] = coords[@];
dub_coords[1] = coords[1] - 1;
if (dub_coords[1] < @) {
dub_coords[1] = dim_sizes[1] - 1;
dub_coords[0]--;
}
MPI_Cart_rank(cart_comm, dub_coords, &shift_source);
MPI_Recv(&recv_double, 1, MPI_DOUBLE, shift_source, 5, cart_comm,
&status);
}

std: :fstream out_file;
// In parallel version processes write into memory one after another.
if (mode == 1) { // Use stdout.
for (int i = @; i < field width; ++i) {
for (int j = @; j < field_length; ++3j) {
std::cout << array_data[i * field_length + j] << " ";
}
}
}

// In parallel version processes write into memory one after another.
else { // Use fstream.
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if ((coords[@] == @) && (coords[1] == 9)) {
out_file.open("std out.txt", std::fstream::out);
}
else {
out_file.open("std out.txt", std::fstream::in |
std::fstream::out | std::fstream::ate);
}
for (int i = @; i < field_length; ++i) {
for (int j = @; j < field_width; ++j) {
out_file << array_data[i * field_width + j] << " ";
¥
}

out_file.close();

}

// Calculate dest_process.
if (!((coords[@] == dim_sizes[@] - 1) & (coords[1] == dim_sizes[1] - 1))) { //
Need to send.
dub_coords[1] = coords[1] + 1;
dub_coords[@] = coords[0];
if (dub_coords[1] >= dim_sizes[1]) {
dub_coords[1] = O;
dub_coords[@]++;
}
MPI_Cart_rank(cart_comm, dub_coords, &shift_dest);
MPI_Send(&send_double, 1, MPI_DOUBLE, shift_dest, 5, cart_comm);

}

// Default destructor.
Trans_solver: :~Trans_solver(){
// Delete cart data.
if (dim_sizes != NULL) { delete dim_sizes; }
if (periods != NULL) { delete periods; }
if (coords != NULL) { delete coords; }
if (dub_coords != NULL) { delete dub_coords; }

// Delete field data.
if (array_data != NULL) { delete array _data; }
if (dub_array != NULL) { delete dub_array; }

// Delete auxillary data fields.
if (left_data_buffer != NULL) { delete left _data_buffer; }
if (right_data_buffer != NULL) { delete right_data_buffer; }

// Delete border data.

if (upper_border != NULL) { delete upper_border; }
if (lower_border != NULL) { delete lower_border; }
if (left_border != NULL) { delete left_border; }
if (right_border != NULL) { delete right_border; }

// Delete tridiagonal coeffs data.
if (alpha_coeff_x_axis != NULL) { delete alpha_coeff_x_axis; }
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if (beta_coeff x axis != NULL) { delete beta_ coeff x_axis; }
if (charlie_coeff x_axis != NULL) { delete charlie_coeff x_axis; }

if (alpha_coeff_ y axis != NULL) { delete alpha_coeff_ y axis; }
if (beta_coeff_y axis != NULL) { delete beta coeff y axis; }
if (charlie _coeff_y axis != NULL) { delete charlie_ coeff_ y axis; }

// Delete coefficients data.
if (F_coeff_x_axis != NULL) { delete F_coeff_x_axis; }
if (F_coeff_y_axis != NULL) { delete F_coeff_y_axis; }

// Delete sendrecv buffers data.
if (send_buf != NULL) { delete send_buf; }
if (recv_buf != NULL) { delete recv_buf; }

// Delete global matrices data.
if (global_x_mtrx != NULL) { delete global x_mtrx; }
if (global_y mtrx != NULL) { delete global y mtrx; }

// Delete global arrays data.

if (global_x_array != NULL) { delete global x_array; }

if (global_y array != NULL) { delete global y array; }
}

// Basic inclusions.
#include <cstdlib>
#include <cstdio>
#include <iostream>

// Mpi inclusions.
#tinclude "mpi.h"

// Using directives.
using namespace std;

// Project inclusions.
#include "Trans_solver.cpp"

// Main function :)
[/ == m e m i m oo oooeoeoeoooooooooo-o-
int main(int argc, char* argv[]) {

// MPI rank & size variables.

int p_rank, p_size;

// Command line arguments.

int data_length = atoi(argv[1]);
int data_width = atoi(argv[2]);
int iter_num = atoi(argv[3]);
int calc_mode = atoi(argv[4]);
int out_mode = atoi(argv[5]);

// Initialize MPI.

MPI_Init(&argc, &argv);
MPI_Comm_rank (MPI_COMM_WORLD, &p_rank);
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MPI_Comm_size(MPI_COMM_WORLD, &p_size);

// Time parameters.
double start_time;
double end_time;

Trans_solver Eq_solver; // Create a solver.
Eg_solver.Init(data_length, data_width, p_rank, p_size); // Initialize solver.
Eq_solver.Fill_data(@); // Load test data to solver.

start_time = MPI_Wtime();

// Perform as many iterations as needed.
// Perform as many iterations as needed.
if (calc_mode == @) { // Calculation mode.
for (int 1 = @; i < iter_num; ++i) {
Eq_solver.Iterate(i);

}

}

else if (calc_mode == 1) { // Generate test solution
Eq_solver.Fill_data(iter_num);

}

MPI_Barrier (MPI_COMM_WORLD);
end_time = MPI_Wtime();

double total_time = end_time - start_time;
if (out_mode == @) { // Calculation mode.
if (p_rank == @) {
cout << "Calculation time is :

<< total_time << "\n";

}

}
else { // Verify

Eq_solver.Output(out_mode);
}

// Finalize MPI.
MPI_Finalize();

// Return :)
return 0;
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