Cexyus 6. O6opydosanue u mexHono2us

AQANTALUA NAKETOB KBAHTOBOW XMWUK ONA PACYETOB
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B HacTosilwen paboTe paccmaTpuBaeTcst aganTtauusi nakeToB kBaHToBoW xummnn Quantum Espresso n LASTO ans pacue-
TOB 3MEKTPOHHOW CTPYKTYPbl CMOXHbIX TBEPAOTENbHbLIX CUCTEM, B YaCTHOCTU, 3aLUMUTHBIX MOKPLITUA Ha OCHOBE HUTPWAOB Nepe-
XOAHbIX MeTannos, ¢ ucnonb3oBaHnem rpadmyeckmx npoueccopos cepumn GeForce n texHonorum NVIDIA CUDA.

BBepneHue

B nocnegHue roabl ucnonb3oBaHne rpadmnyeckux
npoueccopoB (GPU) ana HayyHbIX pac4yeToB Haxo-
OuT Bce bonee Limpokoe npuMeHeHue. [ns Bbluuc-
nenmn Ha GPU komnanuerr NVIDIA paspaboTtaHa
crneumanbHasa TexHonorus nporpammupoBaHus CU-
DA — pacwwupeHne dsbika nporpammupoBaHusa C.
[ns peleHnsa CnoXHbIX HayvHbIX 3agady 0b6blYHO
NPUMEHSAIOTCA BbIYUCIIMTENbBHBIE KIacTepbl, conep-
Xawme Tbicsum n gaxe gecatkm Toicssd CPU 1 coTHM
GPU. PasymeeTcs, BblMMCNIEHNS HA TakUX KnacTtepax
ABNAOTCA BECbMa A0POrocToAwmMMn. Npn aToM MHO-
rme WHTEPECHble C Hay4HOW U NPaKTUYECKOW TOYKU
3peHns 3agady MOXHO YCNewHO pellaTb M Ha Cco-
BPEMEHHbIX MHOrosiAepHbIX NEePCOHANbHbIX KOMMbHO-
Tepax ¢ npoueccopamu cmpm Intel 1 AMD n oTHocuK-
TenbHO Hegopormn BuaeokaptTamu GeForce cepun
GTX 600-900.

CnepnyeT, ogHako, OTMETUTb, YTO NPUPOCT Mpo-
M3BOAMTENBHOCTU NpK ucnons3osaHnun GPU 3asucut
OT psga akTopoB, KOTOpble crieAyeT NPUHUMaThb BO
BHMMaHMWe: 1) 3agava [OIKHa XOpOoLLOo pacnapanne-
nuBaTtbCsi Ha OonblLIOEe KONMMYECTBO MOTOKOB, a
B3aMMOLENCTBME MeXOY NOTOKaMM OOIMKHO OTCYTCT-
BOBATb MUIN ObITb CNabbiM; 2) OQHW U Te XKe UHCTPYK-
LUUKN MPUMEHSIIOTCA K OTPOMHBbIM MacCuUBaM LaHHbIX;
3) B anroputMmax xernaTtenbHo usberaTtb MHOXECT-
BEHHOIO BETBIEHMWS U CIOXHbIX ANsi 06paboTku one-
pauwi: geneHve, BO3BedeHME B OTpuUaTENbHYHO
cTeneHb, BbIMUCIEHUA MaTeMaTU4ecknx QYyHKUUN
T7.4. AIMEeHHO Takme BblYMCNEHUS XapaKTepHbl And
nporpamMm KBaHTOBOW XMMUW.

OcHoOBHas YacTb

B HacToswen paboTe BbINnonHeHa agantauus na-
keTa Quantum Espresso [2] Anst pacyeToB C UCMOIb-
30BaHMEM rpadnyecKnx NpoLECCOPOB U TEXHONOMMN
CUDA, a takke naketa LASTO, peanuasytowiero nu-
HEMHbIN METOA MNPUCOEOMHEHHbBIX CNAUTEPOBCKUX
opbutanen (JINCO). Maket LASTO HanucaH Ha 53bl-
ke FORTRAN-90 u siBnsietcs cobCcTBEeHHOM paspa-
©60TKOW.
KoHdurypaumsi cuctemsl 4nsa TeCTUPOBAHWS:
CucrtemHas nnata ASUSH87M-PRO;
Mpoueccop Intel® Core™ i7-4770K CPU 3,4 I y;
Mamate 16 'b DDR3 PC6400;
BupgeokapTa NVIDIAGeForceGTX 660,
1032.5 MI'y, 2047.7 MB;
HDD WDC WD10003FZEX-0 1000 I'B;
Linux x86 64-6ut, NVIDIA CUDA: 6.0, 6.5.
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Apgantaumss naketa Quantum Espresso pans
OaHHoM KOHcpurypauum ocyulecTBnsnacb  C
ncnonb3oBaHNeEM komnunsaTopoB cupmbl Intel (30-
OHeBHas npobHas Bepcus).

MpeaoBaputensHO uM3yyanock ObicTpoaencTeme
GPU Ha npumepe yMHOXeHus maTtpuy (KOMNMnaTop
pgi fortran 2014, npoGHas Bepcus). PesynbTathbl
nokasaHel Ha pucyHke 1. OddeKTUBHOCTL
npuMeHeHns BbluucneHun Ha GPU pna martpuy
BbICOKOW pa3MepHOCTU OYEBUAHA.
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Puc. 1. YMHOXeHVne maTpuy (OBOMHAas TOYHOCTb) C
nomoLLbio npoueaypbl dgemm n3 6ubnuotekun BLAS;
n — nopsiAaok matpu, k-Toyka B 3oHe BpunnioaHa.

BosmoxHoCTb npuMeHeHns rpacdunyecknx
npoLeccopos "n TexHonormm CUDA ans
BbICOKOMPON3BOAUTENbHbIX BbIYMCNEHUN B

KBAHTOBOW XMMUM C Momollplo naketa Quantum
Espresso udydeHa Ha npymMmepe camocornacoBaHHbIX
pacyeToB  9MEKTPOHHOW  CTPYKTypbl  TBEPAOro
pacTtBopa TiosZrosN, copepxawero 64 atoma B
anemMeHTapHoOn gfyevike. Takue TBepAoOTenbHbIE
CTPYKTYPbl  LUMPOKO WCMONb3YOTCA B KayecTBe
3aLUNTHBIX MOKPLITUNA.

YunTbiBass GonblLlOe KONMUYECTBO aTOMOB B
anemMeHTapHOW s4elike, pacyeTbl NPOBOAUNUCH C
nucnonb3oBaHNeM ogHom K-touku ([-Touka).

Ons TtBepgoro pactBopa TigsZrosN  oueHka
nposogunace no 40 wTepauMsaM OAHOM NeTnu
CaMOoCOrnacoBaH1s Kak npv MCMNonb30BaHUM TOSbKO
CPU, Tak n npu BbluUCrIEHMAX C nomoubio GPU.
PesynbTaTbl pacyeToB NpuMBEAEHbl Ha pUCYHKax 2 U
3.

AHanmMs pesynbTaToOB pacyeToB NO3BOnseT
caenatb BbIBOA, YTO ONTuMarnbHbIM 6yaeT BapuaHT 1
MPI+GPU, npuBoasLLmi K YCKOPEHUIO BbINONHAEMON
3agayn B 1.37 pasa no cpaBHEHUIO ¢ ogHUM MPI

11-1 Meacoynapoonas kongepenyus « Bsaumooeiicmeue uznyuenuti ¢ meepovim menomy, 23-25 cenmsnops 2015 2., Munck, Benapyco
11th International Conference “Interaction of Radiation with Solids”, September 23-25, 2015, Minsk, Belarus



393

Cexyus 6. O6opydosanue u mexHono2us

1k Touka 8 36 ( ramma)
I --CPU MPI
N --CPU+GPU, MPI
I -1 MPI+GPU+4 OMP
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Bpema, ¢ ( CPU Ha 1 SCF umn)
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Konuyecteo spep

Puc. 2. Bpemsi BbINOMHEHNS NETNN CamMOCOrnacoBaHusi
ansa Teepgoro pacteopa TigsZrosN.

npoueccoMm. OcTtanbHble agpa crnegyeT 3arpyxaTb
ApYrMMy 3agadamu.

B mMeToae TNIMHENHbIX NPUCOEANHEHHbIX
CNnaTepoBCKMX opbutanen BomHoBas  pyHKUMA
NpeacTaBnseTcsl Kak JUHerHas KombuHauumsa Tak
Ha3blBaeMbIX NPUCOEANHEHHbIX CN3TEPOBCKNX
opbutanen [3, 4]:

\Pg(r) = ZCN YN () @

roe

()= %zem bun T -7 -R) @
R,

apeck uipekc N = {i,nlm} , ?l. — no3uuus i-ro

aTtoma B 3MIeMEeHTapHON sivelike, RV — BEKTOp pe-

WweTkn, a yHKUUM ¢n1m (77) — CNnaTepoBCKue op-

6utanu BHe MT-cdep 1 ToYHble pelueHust pagunanb-
Horo ypaBHeHus LWpeauHrepa BHyTpM MT-cdpep,
rmagko NpPUCOEAMHEHHbIE K CM3ITEPOBCKMM opbuTta-
nam Ha rpanuue MT-cdbep:
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3pecb Nc — YNCNO 3NEMEHTApPHbIX SYEEK B KpU-

ctanne, V — obGbeM anemMeHTapHOW SYeiiku, k —

BOSIHOBON BEKTOp, & — BEKTOp obpaTHON Aqeiku,

O v B — maTtpuubl pasnoxeHusi peleHus papu-

anbHOro ypaBHeHus B i-1 cdepe no pelleHnsam B K-x
chepax, KOTOpble HAXOASTCA U3 YCIOBUS Henpe-
pbIBHOCTU Ga3nCHOW BOMHOBOW (PYHKUMW U ee Npo-

M3BOJHON Ha MOBEPXHOCTU i-Cpepbl; &, U g,d —

3TO pelleHne paananbHOro ypaBHEHUs! 1 COOTBETCT-
BylOLlass 3HepreTMyeckasl NpPOuU3BOAHas pelueHne
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Puc 3. YckopeHve BbINOMHEHWUS BLINOMHEHWUA NETNn
camocorfnacoBaHnuss  Ansa  TBEpAoro  pacTeopa
TiosZrosN npun ncnonb3osarun GPU.

pagvansHoro ypasHeHus ans k-ro atoma n opbu-
TanbHOro KBAHTOBOrO Yncna 4, YA — chepunyeckas
rapmoHuka, /A — coBokynHoCTb uHAekcoB {Az},
Q; — obnactb BHyTpu MT-cchbep unmn obnactb nep-
BOro Tuna, a Q, — obnactb BHe MT-ccep nnm ob-
nactb BTOPOro TuMnNa W CTPYKTYpHbIN  chak-

— —ig-% 7 .
topT.(G)=€"", a @, npeacraenser coboi
TpexmepHbii Pypbe-obpa3 cnatepoBckon opbuTa-
nun[3]. KoadbpumumneHTol 0L n [3 Heobxogumble Ons

rMagkow CLUMBKM 0a3nCHbIX (DYHKUMIA Ha MOBEPXHO-
ctn MT-coep, npuBegeHs! B[S].

BblpaxeHne ns MaTpuU4HbIX 3NIEMEHTOB onepa-
Topa NamMunbTOHa umeeT cneayowmn sua [5,6]:
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nosnyyaloTca B pesynbTate 3ameHbl onepatopa [a-
MUNbTOHA HA EAMHUYHbIN OnepaTop:
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—u— % (CPU: PGl Fortran + BLAS)
—e— % (CPU: Intel Fortran + MKL)
—A— % (GPU: PGI Fortran + cuBLAS)
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Puc. 4. YckopeHne BblYUCNEHNS MATPUYHbBIX S1EMEH-
ToB Ans cTpykTypbl TiC npu ucnons3osaHun GPU.

B meTtope JINCO ocHoBHble BpeMeHHbIE 3aTpaThl
CBSi3aHbl C BbIYMCIIEHMEM MaTPUYHBIX 3NEMEHTOB.
«Y3KnM MecToM» meToaa siBNAeTcs HeobXxoauMocCTb
BbIYNCNEHNA OBOMHbBIX CYMM MO BEKTopaMm obpaTHON
peweTku (TpeTbn cnaraemsie B opmynax (4), (5)).

3amMeTHO YMEHbLUNTL BPEMS pacyeTa MaTpUYHbIX
3M1eMeHTOB MOXHO, €Cnu nepenucaTtbe crnaraemble,
cofepaluve aBolHble cyMMbl B hopmynax (4) u (5),
cne,qyrou.l,wM obpasom:

72 Z¢ (9+k)gZH ()i (@' +K)
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roe H«,(k) n O«,(k)— SpPMUTOBbI MaTPULbI.

Takum 06pasoM, BblYMCIEHME OBOVHbIX CYMM CBO-
ANTCA K cTaHOapTHLIM onepauusM NuHenHon anre6-
pbl: YMHOXEHWIO 3PMUTOBbLIX MaTpuUL, Ha BEKTOp M
BbIYMCIIEHMIO CKAIAPHOTO MPOM3BEOEHNs] BEKTOPOB.

[na aTux onepaumi cywlecTByeT cTaHaapTHast 6ub-
nuoteka BLAS 1 nmelTca BbICOKO ONTUMU3NPOBAH-
Hble 6ubnuotekn: MKL, ACML, GOTO, ATLAS. WUc-
nonb3oBaHne aTnx GubnmnoTek NO3BONSAET YyBENUUUTD
CKOpPOCTb BblYMCNEHNI B 2-3 pasa.

Mcnonb3oBaHne GPU MoxeT aatb 3aMeTHoe yC-
KOpeHue, ecnu B BbIYUCINEHNAX HET CINOXHbLIX onepa-
UWIA, @ UMEHHO Takas cuTyaumst U peanuayeTtcs npu
nepeMHoxeHun maTpuvu. oatoMmy yacTe kopa, OT-
BETCTBEHHas 3a BbIYMCIIEHNE MATPUYHbBIX 3NIEMEH-
ToB no copmynam (6) u (7), 6eina nepenvcaHa c
ncnonb3oBaHnem TexHonorun CUDA n 6mubnunotekun
CUBLAS, nosBonstoLwlei Npov3BOAUTbL MaTpUyHble
onepaumm.

TectnpoBaHve naketa LASTO BbinonHeHo Ans
paclMpeHHoW 3MneMeHTapHOW s4venkn kapbupa Tu-
TaHa, cogepxatiero 8 atoMoB B siyelike. Ha pucyHke
4 npvBegeHo BpeMs BblYUCHEHUS OBOWHbLIX CYyMM B
MaTpUYHbIX 3fIEMEHTaxX B 3aBMCUMOCTU OT 3HEpPrum

O6pe3aHMﬂ MNMOCKUX BOJTH Ecut

3aknio4yeHune

C wncnonb3oBaHnem TexHonorum CUDARakeThbl
KBAHTOBOW  XMMUM Quantum Espresso "
LASTOagantMpoBaHbl AN BbluucneHun Ha GPU.
MpumeHeHne GPU nos3BonsieT yCKOpUTb pacyeThbl
3NEKTPOHHOW CTPYKTYPbI MPU MCNONb30oBaHUM o6omx
naketoB. OcobeHHO 3dhheKTUBHO ycKOpsTCHA pac-
YeTbl 3NEKTPOHHOM CTPYKTYpbl CMCTEM C GOMbLINM
KONM4YecTBOM aTOMOB B 3f1IEMEHTAPHOW siYeike npu
ncnonb3oBaHumn naketa LASTO (B HECKOMbKO pas).
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ADAPTATIONOF QUANTUM CHEMISTRY SOFTWARE FOR THE ELECTRONIC STRUCTURE
CALCULATIONS ON GPU FOR SOLID-STATE SYSTEMS

V.E. Gusakov?, V.I. Belko?, N.N. Dorozhkin?
Dscientific-Practical Materials Research Centre NAS of Belarus,
P. Brovki str., 19, Mlnsk 220072, Belarus, gusakov@ifttp.bas-net.by
JBelarusian State University,
Nezavisimosti av. 4, 220030, Minsk, Belarus, belko@bsu.by, dorozhkin@bsu.by

We report on adaptation of quantum chemistry software - Quantum Espresso and LASTO - for the electronic structure cal-
culations forthe complex solid-state systemson the GeForce series GPUs using the nVIDIA CUDA technology. Specifically,
protective covering based on transition metal nitrides are considered.
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