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Mockosckuit rocyjiapcrsentbiit yuusepcurer umenu M.B. JIomonocosa

CoBpeMeHHBIE MUPOBBIE JTOCTUXKEHUS B 00JIACTH pa3pabOTKu 3HEPro3dMEeKTUBHBIX
nporpammupyembix Jorudecknx cxeM (ITJIVIC), oOmupHBI ONBIT MPUMEHEHUs pe-
KOH(UTYPUPYEMBIX CIENBBIYUCAUTE N TTPU pa3pabOTKe MTPOOJIEMHO OPUEHTHPOBAH-
HBIX CYIIEPKOMIIBIOTEPOB U y2K€ IPOJEMOHCTPUPOBAHHBIE BO3SMOXKHOCTH CO3/IAHUS HA
[IJIUC KOHTPOJIEPOB MAMSITH ¥ KOMMYHUKAIOHHBIX [POIECCOPOB CO CBEPXHU3KON
JIATEHTHOCTHIO, TTO3BOJISIIOT TIPEJIOJIATaTh, YTO MMEHHO HA TAaKOW 3JIEMEHTHOI Oa3e
CETOHS MOTYT OBITh CO3aHbl BBIYUCJIUTEIHHBIE CHCTEMBI C PEKODIHBIMU Ha TECTE
GreenGraphb500 nmokazarensivmu. B pabore ob6cyxmaiorcs TpeOOBAHNS K BBIUUCTUTE b
uoit cucreme Ha [IJIVC ¢ BHemHel maMsThIO IPUMEHUTEIHHO K PEIIEHUIO 3a1a491 10~
ucka Bupb 110 rpady (Breadth first search — BFS), yuursisatoniue umerommiicss Mu-
POBOIf OIBIT M OCOBEHHOCTH JIYHITNX CYIIECTBYIOMINX MapaJliebHbIxX ajroprmMoB BFS.
Paccemorpen peasbHBIN BhraucauTenbubiil y3en, comepsxkamuit [IJINC Kintex Ultra
Scale ¢ 4-ma kouTposnepamu namatu RLDRAMIIL. Onenena nponsBoAUTEILHOCTD
cucTeMbI U3 32-7BYX TAKWX y3JI0B, paccauTaHa dHEProdddOEKTUBHOCTH MO0 KPUTEPHU-
saMm peiituara GreenGraph500 u gaHbl peKOMEHIAIMK 110 JajbHeilnell onTuMu3anuu
anmapaTyphl.

1. BBenenue

Graph500 — MUPOBOIT PEHTUHT CyTIEPKOMITBIOTEPOB, TTPETHAZHATEHHDIX JIJIS PEeIeHns 3314,
CBSI3aHHBIX C 00paboTkoit Gobmmx TpadoB. J[ns paHKUPOBAHUS ITHX CUCTEM HUCIIOIL3YETCS
BFS — mouck B miupuHy B HEOPUEHTUPOBAHHOM Pa3pezKeHHOM Tpade. DTOT TecT B OOIbINeil cTe-
[EHU HAIPYKAeT KOMMYHUKAIIMOHHYIO TMOJACUCTEMY W KOHTPOJLIEPHI TIAMSITH, TaK KaK JIaHHBIA
AJITOPUTM TIOJIpa3yMeBaeT paboTy ¢ OOJIBIINM O00BEMOM HEPEryJISPHBIX JAHHBIX B ITPOTHUBOIO-
sioxkaocTh Toph00, OpueHTUPOBAHHOMY HA BBIYUCJICHUS HAJI YUCIAMU C ILJIABAIOIICH TOYKOW HA
tecre HPL Linpack. B monosnnenne k TopbH00 ouennb BocTpeboBan Green500 — peldTwHr 3HEp-
ro3ddeKTUBHOCTH BblYUCUTE/IbHbIX cucrem Ha Tecte Linpack. Ilpemroxkennniit B 2012 romxy
GreenGraphb00, coueraeT ykazaHHbIe BBIIIE HOJAXO/bl U pamkupyer cucrembl u3 Graphb00 mo
upoussojuresnbioctu B GTEPS (109 LPOMIEHHBIX JIyI' B CeKyHy) Ha Barr ssiekrpouorpebsie-
Husi. Ba)KHOCTH 3TOr0 TECTa CJIOXKHO IMEPEOIEHUTh, TaK KAK UMEHHO SHEProdddEKTUBHOCTH U
CKOPOCTBH PabOThI CO CBEPXOOJIBIIMMEI 00bEMaMU HEPETYISIPHBIX JAHHBIX SIBJIAIOTCA OCHOBHBIMU
TPeGOBaHUSAMN K CYIIEPKOMIThIOTEPAM U IeHTpaM 00paboTku JaHHbIx Oy/ayiero [1].

CoBpeMeHHBI OIBIT TMOKA3BIBAET, UTO OJIUH U3 HAMOOJIee YIAUHBIX TOIXOJIOB K IMOCTPOE-
HUIO 3aKA3HBIX TPOOJIEMHO OPHEHTHPOBAHHBIX BbIducsnTesbHbix cucreM (ITOBC) makcumanbHoi
5HEPTro3(PHEKTUBHOCTU — UCTIOJIb30BAHNE CIIEIUATBHBIX YCKOPUTEIel Ha 6a3e MporpaMMupyeMoit
aoruku (ITJINC) [2]. C upyroii croponbl, KpurndeckuM GakTopoM, OrpaHIIMBAIOIIUM [TPOU3BO-
JIUTEJIbHOCTD TIPU PeIlleHnn IPAdOBBIX 38,14, SIBJIAETCSI CKOPOCTh CJIYUYAHOrO JIOCTYIIA B TAMATh.
[Mokazano [3], aro nupoussourensuocts rpagunuontubix CPU/GPU apxurekryp, opueHTHpOBaH-
HBIX HA OJIOYHYIO PaboTy C BHEIIHEH NaMATHIO U UCIOJIB3YIONIUX IIyOOKre KOHBEephl KOMaH/ B
COBOKYITHOCTH C HECKOJIbKUMU CTYIIEHSIMU KEIIMPOBAHUS JIAHHBIX, CHI2KaeTCs Ha 1-2 1opsi/ika Ha
zagadax tuna BFS. Oxaako na I1JIMC BO3MOXKHO peasim30BaTh CIEIUAIN3NPOBAHHBIE KOHTPOJI-
JIEpBI TAMATH, TPAKTUIECKN JINIIIEHHbIE YKa3aHHOT0 HeJ0CTaTKa, TaKue KakK, HallpUMED, B CUCTe-
me Convey MX-100, Bxoggeii B nepsyio coruio peiirnara Graph500 [4]. TTpounssomurensrocTh
MOJICHCTEMBI TTAMSITH MOYKHO ellle YBeJIMYUTh, Tepeiiasa K orananbiM or DDR3/DDR4 apxurex-
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rypam [6]. Ipyroii nojcucremoii, onpejensonieit mponssoauTesbHOCTL B 3aa4de BFS, spisiercs
KOMMYHUKAIMOHHAS CETh, COEINHSIONIAsT BBIYUCIUTEIbHbIe MOy [7]. I3BecTHO, uTO Hanbosee
ObicTphle W HU3KOJATEHTHBIe KOMMYyHuKamuonubie ceru st [IOBC wa IIJIMC nmocrpoensr Ha
MyJIBTUTUTA0MTHBIX TPAHCUBEPAX W KOMMEDPYECKH JOCTYNHBIX KomMyTaTopax PCle [§].

[pennaras [IJIMC, B KagecTBe OCHOBHOTO BBIYUCJIUTENHHOTO Y34, Hy?KHO MPUHAMATEH BO
BunManue u3BectHble negocrarku 11JIVMC ornocturensrno ysnos ma ocuose CPU/GPU: momu-
HaabHast pabouas dactora ILJIMC cocrasaser 300-600 MI't, kotopas B 5-10 pa3 ycrymaer pa-
6o1eil yacToTe COBPEMEHHBIX KOMMEPUECKHX IporeccopoB. O0beM OLICTPOIl maMsTH, PaCIOJo-
KeHHOI HerocpencTBenno Ha Kpuctase [IJIMC, orpanuuen 1-10 MBaiiT, uto He mo3BossgeT
ucnosibzoBarh [IJINC mist pertennst 3aaa41 60JI6ITON0 pa3Mepa 6e3 MprMeHeHWs] BHEITHEN maMsi-
. [ena Tomosbix IIJIVIC Ha mopsimok mpessimiaer 1eny coorserctByomux CPU/GPU. Kpowme
toro, cozganne [TOBC na 6aze IIJIVC upeanosnaraer jjisd Kask 0l KOHKPETHOM 3a/1a41 CO3/a-
HUE U OTJIAJIKY BBIYUC/IUTE/A HA sI3bIKE OITUCAHUS AIMAPATY P, CJIO2KHOCTH KOTOPOU Ha, TTOPSITOK
BBIIIE HAIMCAHUS] TTPOIPAMMBI 110 TPAIUIINOHHBIE APXUTEKTYPHI Ha SI3bIKAX BBICOKOTO YPOBHSI.

B macrosimeii pabore IpoOBOAUTCS aHAIN3 JUTEPATYPHI M TpeOOBaHMII K ammapaTHOil 6ase
ITOBC st nocrpoenusi ronopbix pemienuit B GreenGraphb00. Beimosinsiercss pacuer napamer-
POB ONTHUMAJILHON KOH(MUryparun, 1aroTcsa pekoMenanun Ais co3aanus [IOBC mia rpadosbix
3a/1a4 pas3/IMIHOro pasmMepa. IIpoBojuTcs aHa/U3 MPUMEHUMOCTH Pa3pabOTAHHOIO JIJjis JIAHHO-
ro IIOBC anropurma momncka BIIHPL. B paMkax HaHHOII pabOTHI MPEIIOIAraeTCs OIpeIesIeHne
MPOM3BOIUTEHHOCTH OJTHOTO y3Jia Ha ajroputMme BES ¢ momombio MoaenpoBanust paboThl pe-
assaoro TIJINC.

2. Obniag nmamMsThb

Kaxk ckazano Bwitie, BFS npeamosaraeT MHOXKECTBO CIyYallHBIX OOpallieHus B OOIILYIO Ma-
MSATh BCEli BBIYMCIINTENLHOM cucrembl. B pabore [3] nmokasano, 4To NMKOBasi IPOU3BOANTENHHOCTh
KOHTpOJIIepoB namsaT B Tpaaunuonabix CPU/GPU apxutekTypax, pacCIuTaHHBIX HA OJI0THOE
qTeHne, JOCTUTAETCsT TOJBKO Tpu pabore ¢ 6oabmumvu 4 KB u 6omee 60kaMu JaHHBIX W CHU-
JKAETCsl Ha TOPSJIKYU MPU YTEHUSX OTJ/IEJIbHBIX MAINUHHBIX CJI0B. Pazmep oOpabaTbiBaeMbIxX aJi-
ropurmamu BSF rpados nexur B juanaszone or I'b o 1B, 1npu Tom, 4ro kaxkipiif 3ampoc Ha
grenne B BFS onepupyer eaununavn mamuaHbIX c10oB (4/8 GaiiT Ha C/I0BO), aapeca 3ampocoB
HPAKTUYECKHU CJIydaiiubl, modromy 3ddexkrusnoe drenune O6obmmmu 0J/0KaAMU HEBO3MOXKHO. Ta-
KM 00pa30M, apXUTEeKTypa KoHTposutepa mamaru B kiaaccmaeckux CPU/GPU apxurekTypax
ABJIgeTCs (PAKTOPOM, OIPAHUYUBAIONIAM OOIILYIO0 TPOU3BOIUTEILHOCTD CUCTEMBI Ha, TecTe BFS.
OTO 1O3BOJISET II0JIATATh, YTO [IEPEXOJ] K IIPODJIEMHO-OPUEHTUPOBAHHBIM KOHTPOJIJIEPAM [1aMSTH,
HA KOTOPBIX BO3MOXKHO JIOCTUXKEHUE MAKCUMAJBHBIX MPOMYCKHBIX CIIOCOOHOCTEN Ha OTeparusax
JIOCTYTIA TIO CJIyYailHBIM aJIpecaM, sSIBJISIeTCST OQHUM U3 MEPCIEKTUBHBIX HATIPABIEHUI B CO3MaHNN
I[TOBC nyist rpadoBbIX 3a1a4.

VBejmdenre MPOU3BOIUTEILHOCTH TOJCUCTEMbBI TIAMSTH BO3MOYKHO TaKXKe MPU HCIIOIB30-
panun apyrux tunos O3Y, rak Hanpumep npoussogurebrocth RLDRAMIIT (Reduce latency
DRAM) na ciuyuaiinbix urenusix B 2-3 pasa 6osibiie, dem Jyisi coorsercrytomeii DDR3. [6]

3. KomMmyHuKalimoHHada MoJicucTeMa

B cratpe |7| mokazaHo, 9TO B BBIYUCIUTENBHBIX CHCTEMAX C MHOIMMHU y3JaMU ITPOU3BO/II-
TesibHOCTH asiroputma BFS orpejesisiercss KOMMyHUKAIIMOHHON OICUCTEMOI, obecrieunBaromieit
OoOMEH HJAHHBIMUA MEKIY BLIYHCIHTEILHBIME y3JIaMH, [IO3TOMY CHHKEHME KOJMYIECTBa IIePeChl-
JIAEMbIX JIaHHbIX ITO3BOJIACT 3HAYUTE/IbHO IIOBLICUTDL IIPOU3BOJUTE/IBHOCTH CUCTEMbI B IIEJIOM. B
pabore [8] mokazana BO3MOXKHOCTH mocTpoeHUs U IPHEKTUBHON MaCIITAGUPYEMOCTH CUCTEMbI
3 HeckoJbKuxX IIJIMC, B KOTOpoil KOMMYHHKAIIMOHHAS IIOACHCTEMa MMOCTPOEHA Ha 6a3e MyJb-
TI/II‘I/II‘a6I/ITHbIX TPaHCUBEPOB. KOMMepquKI/I ,HOCTyHHOfI CETHIO TAKOI'O TUIIQA ABJIAETCA ITaKEeTHAA
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cerb PCle ¢ Tonosiorueit Tuna "3sezga", koropas B pamkax crangapra PCle Gen3 mnossoJisier
JIOCTUTATh MPOIYCKHOI crocobuocTr 10 16 I'BaiiT/c B mymiekcHoM peume.

4. IIpoexkT BFS ana IIOBC

1. for(i = 0; i < size(V); i++)

2. 1vl[v] = Inf;

3. 1lvl[s] = 0;

4. write_to_bfs_queue(n,s); // write v to queue on chip n
5. //0On every chip, on every level:

6. while(Q is not empty)

7. for (all u in Q) //1 read

8. for (all v in CSR[ul)//3 reads

9. if (v located in local_mem)

10. if (1vi[v] > 1vl[ul) //2 reads
11. dlv] = u; //write

12. 1vli[v] = 1lvll[ul; //write

13. //add v into local queue

14, write_to_bfs_queue(local,v);
15. else

16. // send rTemote check request

17. write_to_check_queue(n,v);

Puc. 1. [IpoekT pacmpemeleHHOTO aaropuTMa moncka Bimpsb Ha [IOBC

g ITOBC na [IJIVC tpebyercs My IbTUTDPEIOBBII aJITOPUTM, B KOTOPOM Pa3peIIeHbl TOb-
KO JIOKQJIbHbIE UTEHUsl, Olepamuu 1yiodabHON CHHXPOHU3AIMK HE TPEOyIT OOJIBIIOr0 KOJInde-
CTBa IEPECHIJIOK U B MAaKCUMAJbHOI cTereHn ucrob3yorcs Bosmoxkuoctu [IJIMC u noacucre-
Mbl namsitu. [IpoekT Takoro arjiopurma npuseieH Ha puc. 1. V3HauaibHO, BepiiuHbl B Ipade
pa30MBAIOTCSI MEXKJIy y3/JaMU TaKHM 00pa3oM, UTO pebpa, COOTBETCTBYIOIINE CIIMCKY BEPIIHH,
00pabaThIBAEMBIX Ha JAHHOM Y3JI€, HAXOISATCS B JIOKAJIBHOM TaMaTu cooTBercTBytomniero [IJINC.
B mamsiTi Ka)Xk[oro ysja TakyKe XPAHWTCS TaK>Ke JIOKAJIbHBIN y4uacTok (poHTa. B KaudecTre
dopmara xpanenus rpada ucnonbsyercss Compressed Sparse Row (CSR) dopmar. Kazxkprii Jjio-
KaJIbHBIN (DPOHT Ha OMPEIEIEHHOM yPOBHE MOUCKA 00padaThIBAETCH HE3ABUCUMO, IIPUYEM, €CJTH
B IIPOIECCe TTOUCKA, 00padarhiBaeMoe pedpO CBA3BIBAET JIOKAJBHYIO BEPINUHY C BEPIIUHOM, TaH-
HbIE O KOTOPOIl XPaHSITCS B yJIaJleHHON maMsiTi, WHMOPMAIMSA O JAHHOW BEPIIUHE MTOCHLIAETCS
HA YJAJIEHHBIN BBIYMCIUTEIbHBIN y3es, T/ie U IIPOUCXOJIUT ee Hoceyomias oopaborka. Paspe-
eHre KOH(MJIMKTOB MEXKJLy MOTOKAMU BHYTPH y3J/1a BBIYUC/IUTEJS OCYIIECTBIISIETCS C MOMOIIBIO
AIIAPATHO PeaJN30BAHHBIX HA YPOBHE KOHTPOJIEPA MAMTH aTOMapHBIX oreparmit u full /empty
[PU3HAKOB S9€€K JIAHHBIX.

5. Ouenka nmpousBoanteabHocTu IIOBC na I1JINC
5.1. OneHka MPOU3BOINTEJILHOCTHI y3JIa

[Mpemraraemsbiit [IOBC cocront u3 32 BEIYUCIUTEIBHBIX Y3JI0B, COEIMHEHHBIX KOMMYHUKAIIU-
OHHO TIOJICUCTEMOI 13 MYJIbTUTUTAOUTHBIX TPaHCHBEPOB paboTatomux 1mo nporokoay PCle Gen3
4x. Kaxkplil BeOuCJUTEIBbHBIN y3es1 npejgcrasisier u3 cedst kpucrar [IJIMC Kintex Ultrascale
XCKU095 emkoctbio 940 Teic. LUT, paboraiomuit na yacrore 660 MI'1, u gersipe KOHTpOJLIEPA
premneit namstu RLDRAMIII, paborarommit va vacrore 800 MI'n, emkoctbio 64 MbaiiT kak-
Jblii. OneHKy MpoM3BOAUTEILHOCTH JAHHOIO BBIYHUC/IUTEILHOIO y3Jia OyaeM IpPOBOJUTH IIyTeM
CpaBHEeHUs C CYHIECTBYOmUME BbraucjurebHbiMu cucremamu va [LJIMC or kommanuun Convey
[IPOU3BOIUTEILHOCTD KOTOPbIX u3BectHa [4]. Cucrema Convey MX-100 cocrouT u3 deTbipex Bbl-
quCIUTENBHBIX KprcTayuioB V6 HX565T emkocrrhio 585 Teic. LUT, paboratommii Ha gactore 550
MT' m momencremsbr mamMsaTn n3 32 kamaaoB DDR3.
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B pa6ote [9] 6b110 110KA3aHO, YTO UCIOJIB30BAHNE AJINOPUTMA ONTUMU3AIINY 110 HATIPABJIEHN-
sIM TI03BOJIIET CHU3UTH KOJIUUIECTBO 00pabarThiBaeMbIx pebep rpada 10 pasMepa MUHUMAJIHLHOTO
OCTOBHOI'O JiepeBa, uiau B 16 pas juist rpada nsiornocrsio 16 pebep na sepiinny. B padore [4] nc-
[OJIb3YeTCs CIIoco0 XpaHEeHUs, KOTOPbI TI03BOJISET YMEHBIIUTH KOJTUYECTBO 3alIPOCOB HA UTEHUE
JIAHHBIX TIPU 00PabOTKE OJHOIO pedpa JI0 TPEX, YTO MO3BOJISIET OLEHUTH TPEOYEMYIO IPOITYCKHY O
crioco6rOCTb mamaTH B cucteme MX-100 mo dbopayne 14,6 [5] /16%3 = 2,7 GR/s (GR/s — 10°
gyTennii B cekyHy). B coorBeTcTBUM ¢ paboToii [6] MPOM3BOIUTETLHOCTD HCTIOIB3YEMOii B CUCTe-
me Convey namsaru DDR3 na ciyuaiiabix urenusx moxer ObiTh onenena B 0,6 GR/s mia 32-x
kaHaJioB. PaccmarpuBaemoe B [10] mepeymopsiiounBanie 3apocoB MpH JOCTYTE K MaMATH TT03-
BOJISIET TIOBBICUTH TTPOM3BOJINTETHHOCTh UTEHNSA B 4-5 Pa3 OTHOCHTEILHO CKOPOCTH CJIYyYaifHOTO
grenns. [Iposemgennas HaMu Mofennposamue paborsl KouTposmepa RLDRAMIII mokaszaso, 9aro
[IPOM3BO/MTEJILHOCTD [IPe/IaraeMoii nojcucreMbl namsitu cocrapisier 140%16 = 2,24 GR/s na
cydaiieix arenunsax u 750%16 = 11,5 GR/s na mocjie1IoBaTeIbHbIX YTEHUSIX MPU pasMepe OJIOKa
18 GaiiT, 9TO MO3BOJIsIET TOBOPUTH O CO3/IAHUU TIOJICUCTEMBI ITAMSITH C IIPOITYCKHOM CIIOCOOHOCTHIO
0 10 GR/s.

Tora, orrajKuBasich OT IPOU3BOAUTE/ILHOCTU 1I0JICUCTEMbI HaMsTh, pejiaraembiii [IOBC
cmozker obpabareBaTh B 10/2,7 = 3,7 Gosbiie pebep B cexymmy, dem MX-100. CrenoBarenbho,
npousBoure/ibHOCTL oaHoro [IJIMC, npejoniaras JMHEHYI0 MaCIITAOUPYEMOCTh BbIYUC/IUTE-
Jist, MO2KHO oneHuTb B (14,6/4)*940 Teic. LUT*660 MI'11/565 toic. LUT*550 MI'n = 7,3 GTEPS.

5.2. Bo3aMmoxkHOCTU MacHITabupyeMOCTU CUCTEMBI

B paszmene 4 6bu10 mokazano, 9To B cirydae 00paboOTKu pedbpa, KOTOPOe COEIMHSET JIOKAJIb-
HYIO BEPINWHY C BEPITHHON, HAXOJSIIENHCT B yIAJEHHOW TaMSITH, MO KOMMYTAIMOHHONW IINHE
MOCHIJTAETCS 3AMPOC Ha YIAJEHHYI0 00pabOTKY JIaHHOW BEpPIIUHBL. DTOT 3AMPOC IPEIN0JIaraeT
nepenady 8 GalT moJIe3HON MHMOPMAINT — HOMEpD 3aIpAITHBAEMON BEPIIMHBI, HOMED 3allpallin-
BAIOIEll BEePIIUHBI U ee ypoBeHb. [Ipu paBHOMEPHOM paCHPEIE/IEHUN BEPIIUH MEXK/Iy y3J/I1aMHu,
YIUTHIBAs MAKCHUMAJIBHO BO3MOXKHYIO TPOM3BOAUTENHHOCTH OJHOTO y3J1a, OIEHKA ST KOTOPOit
JIaHA B HPEJIbIILYIINEM pasjiesie, HeOOXOAUMYO IPOILYCKHYIO CIIOCOOHOCTH MOXKHO PACCUUTATH KaK
8 6aiit*(7,6 GTEPS/16) = 3,8 I'Baiit/c g cucreMsl ¢ JOCTATOIHO OOIBIIAM KOJI-BOM BBITHC-
JuTebHbIX y3510B. B mpemmaraemom [TOBC nis coeinHeHns BEIYUCIUTEENH UCTOIB3YEeTCs CETh,
moctpoennasg Ha kommyTaropax PCle Gen3 4x, mpormyckHasi ClIoCOOHOCTL KOTOPOi HA 3AIINCH U3
OJIHOTO BBIUUC/IUTE IS B IpyToii coctasyser 4 ['Baiir/c. Oxnako, ussectHo [11], aTo mpomyckuast
cniocodbnocts PCle nipu nepejiade coobuiennii BeamdnHOi 8 6ailT cocrasiisier mpubIM3UTEIHHO
30% ot MakcuMasbHOI, Gosee 90% npu guuHe coobuienus B 100 u Gosiee 6aiiT. DTO 3HAUUT, ITO
st osiaoriennoit 3arpysku [IJIMC norpebyercst 6o niepeiitn k mmue PCle Gosibineit mmpu-
HBI, JTMOO0 NCTIOB30BATH MEXAHN3M ATrPETAINN COOOIIEHNH YIATEHHON 3aMUCH. DTH ONTHUMU3AIIN
MO3BOJISIT JIJIsi CUCTEMBI U3 4 y3JI0B JIOCTUYb MPAKTUIECKU JInHEHO Macirrabupyemoctu. O
HAKO B paccMaTpuBaeMoM IpoTroTuiie 4-x y30Bbie 00k obbequnenst PCle Gend 8x, nposens
aHaJIOrUYHbIe BbIKJIaJIKK, npousBoauTesbuoctb [IOBC ¢ 32 y3namu moxker ObiTh OreHena B 7,6
GTEPS * 32 y3na*(8 I'6aiir/c/4) /3,8 I'6aiit/c = 128 GTEPS mmu 200 MTEPS/W (onenusas
suepronorpedsienne B 20 Bart ua IIJIVC).

5.3. CpaBHeHHE C CyIEeCTBYIOMIMMHA yCTpoOiicTBaAaMU

PacemarpuBaemas [IOBC mo pasmepy permaemoit 3amaaun BES momkaa ObITH IO OTHECEHA
o kjaaccudukaimu GreenGraph500 k pazzeny Small data, koropsiit B pegaknun ot nrosst 2015
MPEJICTABJIEH B TIEPBOil JIeCATKe 4-Msi CUCTEMAMU OPUTHHAIBHON apXUTEKTYPhI 1 6-10 crucTeMaMu
Ha 0a3e MUKPOIPOIECCOPOB JIJIsi COTOBBIX Tesie(pOHOB U ILJIAHINETOB. BTOpOil 1 TpeTuii 1ecsaToK
sunepoB GreenGraph500 npakTudecku moJTHOCTBIO 3aHATHI SMP crcremaMu Ha OTHOM, JIBYX UJIH
geThipex TonoBbIX x86 mporeccopax Intel Sandybridge. IlpakTuvuecku Bce JUIEPHI UCIIOIB3YIOT
peJIe/IbHO ONMTUMU3UpoBaHHbie agroputMel oT rpynsl GraphCREST [9]. [lonaganue B mecaTky
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Tabuua 1. Cpasnenue pacemarpusaemoro [IOBC ¢ cymiecTByrommumMu perieHusiMu.

IHapamerpsr | Convey Xperia Z1 | Fermi | Cray XE6 | Intel SB | IIOBC
MX- [13] GPU | Hopper [15] | EP [13] | 32 y3mna
100 [12] [14]

Bo3moxKHBII 29 20 20 31 28 22

pasmep rpada

Pesynbrar 14,6 1,03 0,63 62 28,61 128

GTEPS

Pesynbrar 146 235 2,6 0,15 61,48 200

MTEPS/W

Green 8 SD 2 SD 29 SD 19 BD 1 BD 5 SD

Graphb00

Small or

Big Data

Category

Graph500 79 153 171 54 70 46

Tpebyer sueproaddexrusuoctu va yposae 130 MTEPS /W, koropasi, Kak moka3aHO BbIIIe, MO-
xeT 66Tk Jocturayta Ha [IOBC B paccmaTpuBaeMmoil B HacTOsIIIel cTaThbe KOH(MUTYPAIIUN TTPU
sppexTuprocTr peannzanun armopurma BEFS wa TTJIMC ITOBC na yposue cucrem Convey.
OTMmeTnM, 9TO MPAKTUIECKN BCe MPEICTaBIeHHbIe B pasaene Small data Berauciurenn nme-
IOT OJIMH y3€JI U He JOIYCKAIOT MACIITabUPOBaHUA, T.K. JIMOO MPUHIIAIINAIHHO OTHOIIPOIIECCOPHBIE
(cucrembr Ha Snapdragon u mo06HBIE), JTUOO MCHONB3YIOT He MaciiTabupyembie perrerns (SMP
cucrema Ha 4-x Intel Sandybridge). B nuporusonosoxuocrs nm — npejyioxkennas [IIOBC muoro-
y37I0Basi U y2Ke COJEPKUT 32 BHIUUCIUTEbHBIX y3ia. Be ornecenne k Small data cea3ano Tosibko
¢ ocobennocrbio nuctosbdyemoit RLDRAMIII (masiasi emkocrs Moaydst). B kiacce Big data 1o-
najianne B IepByIo ecaTKy Tpebyer sueprosaddexrusnoctu na yposuae 20 MTEPS /W, koropas
o4eBuIHO Oy/IeT JIOCTUIHYTa IPU nepexoje Ha 6osee emkue momayau namsru tuna DDR3 /4.

6. 3akJIIoueHue

[upokwmii K1acce 3aa49, TPEOYOMMUX HEPEryIAPHON pabOThI ¢ OOIBIINME U CBEPXOOJIbIITNMU
obbeMaMi TaHHBIX, B TOM YHCJIE 3a,1a9a MONCKa BIIUPD 110 Tpady, MoxKeT 3(hHEKTUBHO PeIraThCs
una maccuse [IJINC, ocHalleHHBIX KOHTPOJLIEpAME TIAMSTH U CBSI3aHHBIMU KOMMYHUKAIIMOHHO
munoii PCle. Ilpu coBMecTHOIT onTrMHI3ai aJTOPUTMa TOUCKa, KOJIYeCTBa U TUIIA HCIOJIb3ye-
MBIX KOHTPOJLJIEPOB MAMSATH U TTAPAMETPOB KOMMYHUKAIIMOHHON IITUHBI, MOTYT OBITh Pa3padoTaHbI
CHCTEMBI C PEKOPIHBIMHI ToKazaTeasaMu B Tecte GreenGraph500.
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How to reach GreenGraph500 top with FPGA-based
supercomputer? Theory and practice
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Keywords: Field-Programmable Gate Array, Hybrid computing systems, application-specific
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latency memory controller, green graph 500, graph

World achievements in energy-efficient Field-Programmable Gate Array (FPGA), wide
experience in reconfigurable application-specific supercomputers field and new FPGA-based
low latency communications processors and memory controllers allows us to assume
excellent efficiency for custom FPGA-based supercomputers on GreenGraph500 benchmark.
In this paper breath first search (BFS) algorithm implementation on FPGA systems are
discussed. One node consisting of FPGA Kintex Ultra Scale with 4 RLDRAMIII memory
controllers, and BFS algorithm are examined. 32 nodes system performance are estimated,
energy-efficient calculated using GreenGraph500 criteria.



